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Abstract 

The Early Cretaceous Bluesky Formation (Mannville Group) in the Peace River area of west-

central Alberta, Canada, is a complexly stratified tide-dominated sediment body composed of monolithic 

and heterolithic sandstone. The Bluesky Formation is tide-dominated and was deposited during the latter 

part of a third-order transgressive systems tract.  

The Bluesky Formation is divisible into two valley-bounded sequences, informally referred to in 

this study as the “lower Bluesky unit” and the “upper Bluesky unit”. The lower Bluesky unit is composed 

of tide-dominated deltaic deposits. The upper Bluesky unit is composed of tide-dominated estuarine 

deposits. The lower Bluesky unit has abundant dynamically deposited mudstone layers (comprising 5-40% 

of most facies), many of which are interpreted to have been deposited under conditions of moderate to high 

suspended-sediment concentration (1-1000 g L-1) and appreciable current speeds (> 0.2 ms-1). The upper 

Bluesky unit, by contrast, has more sparsely distributed mudstone layers (comprising 0-15% of most facies) 

deposited primarily during slackwater and under conditions of relatively low suspended-sediment 

concentrations (< 1 g L-1). Both units are composed predominantly of subtidal and lower intertidal channel-

bar and tidal-flat deposits. However, the most seaward deposits of the deltaic lower Bluesky unit contain 

sandstone-dominated heterolithic delta-front and mouth-bar deposits, whereas the most seaward 

environments of the estuarine upper Bluesky unit contain monolithic tidal sand-ridge deposits. 

The Bluesky represents deposition in slightly more seaward locations than the underlying Gething 

Formation, which is composed of lower-energy mudstone-rich facies of a fluvially dominated depositional 

system. Both the lower and upper Bluesky units are broadly aggradational with several autogenic internal 

erosional discontinuities, suggesting that high-energy tidal sedimentation generally kept pace with 

accommodation created by relative sea-level rise. 
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A new and robust method for interpreting tidal facies is presented in this study. The approach uses 

a broadly applicable process-driven facies classification scheme that ensures a manageable number of 

facies. Recent improvements in the understanding of tidal systems and their facies models are incorporated 

into the method, most significantly highlighting the importance of mud and the realization that the set of 

geomorphic elements that comprise tidal systems is relatively small despite their complex lithofacies. 
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Chapter 1 

General Introduction 

Coastal areas where tidal forces are dominant over those of wave and river processes are 

said to be tide-dominated (Dalrymple and Choi, 2007). Tidal dominance occurs most commonly 

within embayments and at river mouths (Archer and Hubbard, 2003; Dalrymple, 2010b) because 

the tidal wave is compressed into a smaller cross-sectional area and the tidal prism increases, 

generating strong tidal currents.  It is especially noteworthy that eight of the world’s twelve largest 

deltas are strongly tide-influenced or tide-dominated (Middleton, 1991), most likely because the 

low gradient of the rivers promotes deep inland penetration of the tide, yielding large tidal prisms 

and strong tidal currents (Dalrymple, 2010b). These dynamic environments move enormous 

volumes of water, mud and sand on a daily basis. As a result, the systems are capable of eroding or 

depositing large volumes of sediment over the scale of decades, which can result in the seaward 

growth or landward movement of shorelines by up to tens of kilometres within human lifetimes. 

Because many heavily populated areas lie along tide-dominated coastlines (Goodbred and Saito, 

2012), there is obviously great interest in tidal processes and their cumulative effect on coastal 

change, which is reflected in the wealth of literature that has been generated for Quaternary tidal 

deposits in such areas as the Dutch coastline along the North Sea (e.g., Oomkens and Terwindt, 

1960; Terwindt, 1971; de Boer et al., 1988; van den Berg et al., 2007) and the mouth of the tidally 

influenced Changjiang (Yangtze) River delta in China (e.g., Milliman et al., 1985; Yang et al., 

2001; Hori et al., 2001, 2002; Fan and Li, 2002; Wei et al., in press) to name just two. Overall, 

there are hundreds of studies of modern tidal environments that explore sedimentary processes in 

tidally influenced coastal areas. By contrast, the number of studies of ancient tidal deposits that 

undertake detailed facies analysis of tidally influenced and tide-dominated successions is limited 
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to a small number of well-documented examples (primarily from the Western Interior Seaway of 

North America),  comprising the following works: Mellere and Steel (1995a,b); Mellere and Steel 

(1996); Willis et al. (1999); Martinius et al. (2001); McCrimmon and Arnott (2002); Willis and 

Gabel (2001, 2003); Plink-Björklund and Steel (2006); Feldman et al. (2008); Hovikoski et al. 

(2008); Ponten and Plink-Björklund (2009); Tanavsuu-Milkeviciene and Plink-Björklund (2009); 

Olariu et al. (2012); and Legler et al. (2013). Because of the scarcity of examples, there has been a 

general lack of systematic research on tidal deposits, particularly with respect to the approach 

toward facies analysis and the sophistication and reliability of the facies models against which the 

ancient examples are compared (Legler, 2013).  With regard to the facies analysis of tidal 

successions, no two studies have taken the same approach, and the facies classification schemes 

developed are commonly very complex, with a multitude of closely similar facies, and do not 

appear to be easily applied to other examples, unlike the common set of facies that are typically 

recognized in wave-dominated deposits.  With regard to facies models, Dalrymple (2010b) has 

noted that the number of case studies is typically too small to yield models that have had local 

variability distilled away, leaving the universal “essence” of the environment in question. 

In this context, the goal of this study, therefore, is to present a detailed investigation of the 

tide-dominated Bluesky Formation (Cretaceous) in the Peace River area of west-central Alberta.  

This core-based study has the overarching goal of facilitating the interpretation of ancient tide-

dominated deposits by addressing the following topics: (1) the creation of a process-based 

classification of the mudstone layers that characterize most tidal successions, in order to develop 

an indicator of the suspended-sediment concentration at the time of deposition; (2) the formulation 

of a facies-classification method that is general enough to be applied to the deposits of any tide-

dominated system, but robust enough to adequately identify most environments in terms of their 

bathymetric position (i.e., subtidal, intertidal, supratidal) and their position within the fluvial-to-
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marine transition; and (3) investigation of the stratigraphic response of tide-dominated systems 

(both estuaries and deltas)  to relative sea-level change.  

The succession chosen for this study comprises the Bluesky Formation (Cretaceous) in the 

Peace River area of west-central Alberta (Fig. 1.1, Fig. 1.2).  This siliciclastic succession is the 

host for a heavy-oil accumulation and, as a result, it is intensely drilled with multiple cores that 

penetrate much or all of the deposit’s thickness.  The available core and well-log database provides 

an ideal opportunity to investigate vertical and horizontal variations in the deposits at scales ranging 

from the finest-scale individual sandstone and mudstone layers to the scale of the entire deposit 

(Fig. 1.2). The succession under study has been investigated previously and was originally 

interpreted to be a single genetically-related deposit of “estuarine” origin, based on its heterolithic 

character and marginal-marine trace-fossil assemblage (Howard, 1976; Rottenfusser, 1986). The 

most recent detailed work (Hubbard et al., 1999, 2002) subdivided the Bluesky into a lower and 

upper unit, interpreted as river-dominated deltaic and wave-dominated estuarine, respectively. Both 

of these interpretations under-recognized tidal influence in the Bluesky succession and also 

required a complex paleogeographic model because cross-bedded sansdtones of the upper Bluesky 

were correlated into heavily bioturbated and finer-grained sandstones and mudstones of what has 

been interpreted here as the Gething Formation. The intepretations of Hubbard et al. (1999, 2002) 

were also made at a time when models for tide-dominated deposits were not well developed and 

wave-dominated deltaic and estuarine facies models were receiving much attention. Since then, 

there have been significant advances in our knowledge of tidal systems (see recent synthesis in 

Davis and Dalrymple, 2012), which allows these deposits to be examined with fresh eyes. Chapter 

2 and Chapter 3 of this thesis demonstrate, however, that although there are, indeed, two clearly 

distinguishable lithological units within the Bluesky Formation, both units have sedimentological 

characteristics that indicate overall tide dominance. 
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Figure 1.1: Stratigraphic column for the Lower Mannville Group in the Peace River area of west-

central Alberta, showing the stratigraphic position of the Bluesky Formation. Modified from 

Hubbard et al. (1999).  

 

GENERAL BACKGROUND 

 The interpretation of SSCs from mudstone layers is a critical criterion in the facies-analysis 

methodology developed for this study. In order to set the context for this study, it is therefore 

important to provide a brief review of the current state of our understanding of depositional 

processes relating to mud suspensions of variable suspended-sediment concentration (SSC). It is 

also important to provide an overview of the definitions, sedimentary processes and morphological 

elements that characterize tide-dominated deltaic and estuarine successions.  
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Figure 1.2: Location of the study area. (A) Map of Canada showing the broad area of interest in 

which the Gething and Bluesky formations were deposited. (B) Map of Alberta showing the the 

location of major oil-sands deposits. The towns of Peace River and Fort McMurray are indicated 

by stars. The study area is shown with a red box. The location of Figure 1.5 is given. (C) Map of 

the study area showing the distribution of wells and those for which cores were analyzed. The main 

depositional axis of the Bluesky Formation sediment body is shown in gray.  
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Mud Behaviour in Tidal Systems and the Expression of Mud Deposits in Ancient Sediments 

Tidal systems with an abundant source of mud are known commonly to have high 

concentrations of suspended fine-grained sediment because of the mud-trapping effects of estuarine 

circulation, clay flocculation and sediment resuspension by strong tidal currents (Allen et al., 1980; 

Dalrymple and Choi, 2007). It has been recognized recently that where the suspended-sediment 

concentration (SSC) exceeds one gram per litre, significant mud deposition can occur even in the 

presence of current velocities in the main flow that would normally exceed the threshold of mud 

erosion (e.g., Kuehl et al., 1988; Nittrouer and Wright, 1994; Allison et al., 1995; Kineke et al., 

1996; Traykovski et al., 2000; Baas and Best, 2002; Gabioux et al., 2005; Lamb and Parsons, 2005; 

Macquaker and Bohacs, 2007; Baas et al., 2009; Schieber and Southard, 2009; Scheiber and Yawar, 

2009; Baas et al., 2011). Where SSC exceeds 10 g L-1, dense, near-bed suspensions, commonly 

referred to as fluid mud, tend to form (McAnally, 2007). Although the fluid-mud layers are known 

to be common in modern settings, particularly in channel bases near the turbidity maximum (e.g., 

Inglis and Allen, 1957; Kirby and Parker, 1983; Schrottke et al., 2006; McAnally, 2007; 

Papenmeier et al., 2014), they have only rarely been reported in ancient tidal deposits (e.g., Ichaso 

and Dalrymple, 2009; Mackay and Dalrymple, 2011 (Chapter 2); Legler, 2013). The incongruity 

between our relatively high awareness of dynamically deposited mudstone layers in modern 

settings and the likely under-reporting of their existence in ancient deposits is probably a result of 

the lack of established criteria for identifying them in ancient deposits (cf., Ichaso and Dalrymple, 

2009).  To establish criteria for recognizing dynamically deposited mudstone layers, it is important 

to link the characteristics of mudstone layers that are observed in tidal deposits with the processes 

that form them. This study attempts to make this link by comparing four mudstone types that 

capture the full variability of mudstone layers in the Bluesky with the collective findings from 

recent flume studies of sediment-fluid interactions and flow types that occur as SSC and current 
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speeds change (e.g., Baas and Best, 2002; Lamb and Parson, 2005; Schieber et al., 2007; Baas and 

Best, 2008; Schieber and Southard, 2009; Baas et al., 2011). For each mudstone type, we were able 

to ascribe a flow type, a possible range of SSCs (from less than 1 g L-1 to as high as 1000 g L-1) and 

estimate whether or not the mudstone layer could have been deposited under appreciable currents 

(i.e., > 0.2 m s-1). Three consistently occurring mudstone assemblages were observed within the 

Bluesky: based on the relative proportions of each of the four mudstone types, these assemblages 

were interpreted to represent low-SSC, moderate-SSC and high-SSC conditions within the 

environment of deposition. The four mudstone types and the three assemblages in which they occur 

in the Bluesky Formation are the focus of Chapter 2 of this thesis, and their fundamental importance 

for the development of a genetically significant facies-classification scheme for tidal deposits is 

examined in Chapter 3.   

Tide-Dominated Depositional Systems:  

Definitions, Sedimentary Processes and Morphological Elements 

Ancient siliciclastic tide-dominated deposits are defined in a geological context according 

to two distinct depositional environments that are based on their sedimentation-accommodation 

regimes: (1) tide-dominated deltas (TDD), which form when fluvial-supplied sediment fills 

accommodation faster than accommodation is created leading to regression of the shoreline; and 

(2) tide-dominated estuaries (TDE), which form when accommodation is created faster than it can 

be filled with sediment that is supplied by both fluvial and marine processes, leading to 

transgression of the shoreline (Dalrymple, 2006; Bhattacharya, 2010; Dalrymple et al., 2012). For 

both tide-dominated deltas (TDD) and tide-dominated estuaries (TDE), tidal currents are the 

dominant factor in dictating geomorphology and the net sediment-transport pathways for sand and 

mud (Fig. 1.3, Fig. 1.4). The similar predominance of tidal forces in both systems results in similar 
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morphological characteristics: both types of system have funnel-shaped geometries and they share 

some common morphological elements (e.g., compound dunes, channels, tidal bars and tidal flats). 

This has created ambiguity surrounding the definitions of and distinctions between tide-dominated 

deltas and estuaries, especially in the ancient, but even in modern settings (Rahmani, 1988; Walker, 

1992; Willis, 2005; Dalrymple, 2006; Ponten and Plink-Björklund, 2007; Legler et al., 2013).  

 

 

Figure 1.3: Diagrammatic summary of a tide-dominated delta. (A) Schematic diagram showing the 

positions of constituent geomorphological elements. (1B) The longitudinal distribution of energy 

types through the fluvial-to-marine transition. (1C) Longitudinal distribution of sand grain size 

(indicated schematically by the size of the particles) and the abundance of mudstone.   
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System-scale process and stratigraphic models for both tide-dominated deltas (Dalrymple 

et al., 2003; Dalrymple and Choi, 2007; Goodbred and Saito, 2012) and tide-dominated estuaries 

(Dalrymple and Zaitlin, 1994; Dalrymple et al., 2012) have recently been developed, based on 

observations from numerous modern tidal settings and ancient tide-dominated deposits. The 

Cobequid Bay – Salmon River estuary (Bay of Fundy, Nova Scotia) provides the most 

comprehensively studied, system-scale example for an end-member tide-dominated estuary 

(Dalrymple et al., 1990; Dalrymple et al., 1991; Dalrymple and Zaitlin, 1994). It has a very large 

tidal range (average 12.2 m) and a fluvial sediment supply that is greatly outpaced by sediment 

input from the seaward end (and bedrock margins) of the depositional system. Recent system-scale 

studies of the Fitzroy River estuary in Australia (Ryan et al., 2007; Bostock et al., 2007), Australia 

and the Qiangtang estuary in China (Zhang et al., 2014), provide useful examples of tide-dominated 

systems that are undergoing the transition from estuarine to deltaic. Other modern macrotidal 

estuaries with detailed studies of specific depositional environments and their associated facies 

models are: the Severn estuary in England (Kirby and Parker, 1983; Harris and Collins, 1985; 

Allen, 1990; McLaren et al., 1993; Hewlett and Birnie, 1996); Mont-Saint-Michel Bay in France 

(Tessier, 1993; Billeaud et al., 2007); and the Ord River estuary in Australia (Wright et al., 1975). 

Modern examples of tide-dominated deltas for which generalised system-scale stratigraphic-

evolution models have been proposed include: the Fly River delta in Papua New Guinea 

(Dalrymple et al., 2003); the Trusan River delta in Malaysia (Lambiase et al., 2003); the tide-

influenced Mahakam River delta in Indonesia (Allen and Chambers, 1998; Gastaldo et al., 1995); 

the Han River delta in South Korea (Choi et al., 2004; Cummings et al., 2014); and the tide-

dominated Yangtze River delta in China (Hori et al., 2001; Hori et al., 2002). Other useful studies 

of modern deltaic systems, but which do not offer system-scale generalised facies models include: 

the Colorado River delta in the USA (Meckel, 1975); the tidal-fluvial segment of the Guayas River 
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delta  in Ecuador (Smith, 1987); the Irrawaddy River delta in Myanmar (Rodolfo, 1975); the 

Amazon River delta in Brazil (Kuehl et al., 1986; Nittrouer et al., 1986; Jaeger and Nittrouer, 1995); 

the Weser River in Germany (Schrottke et al., 2006); and the Yellow River in China (Li et al., 

1998a,b). From these examples, it is observed that depositional conditions including energy type 

(river currents, tidal currents and waves), energy level, SSCs and sediment-transport pathways vary 

systematically with geomorphic position, such as from the channel thalweg to the adjacent tidal-

bar crest or tidal flats, and with proximal-distal position through the fluvial-marine transition, from 

the landward limit of tidal influence through the tide-dominated zone to the seaward limit of tidal 

sedimentation on the shelf (cf., Dalrymple et al, 1992; Dalrymple and Choi, 2007). These 

systematic spatial changes in processes allow for the prediction of spatial trends in the 

characteristics of sandstone layers and mudstone layers. These spatial variations in processes, and 

the resultant sedimentary response, which are summarized in Figures 1.3 and 1.4, are the 

foundation for the facies-analysis methodology employed in this study and, for that reason, are 

repeatedly used throughout the body of work. 

A comparison of Figures 1.3 and 1.4 shows that TDDs and TDEs have some basic 

similarities; however, they are fundamentally different from one another in two important ways. 

First, the spatial distribution of sand grain size and of SSCs (which will be reflected in the character 

and abundance of mudstone layers) are different in TDDs and TDEs. Tide-dominated estuaries 

become coarser and have decreasing mud in a seaward direction due to the combination of efficient 

trapping of mud in landward areas and inefficient landward transport of marine-sourced coarser 

sand during transgression (Fig. 1.4C; Dalrymple et al., 2012). Conversely, deltaic deposits become 

progressively finer and muddier towards their seaward terminus, as the result of efficient seaward 

transport of mud and the inefficient export of river-supplied sand (Fig. 1.3C). Secondly, there are 

differences in the constituent morphological elements observed in deltas and estuaries. Mouth-bars 



 

11 

 

and delta-front areas with moderate- to high-SSC mudstone assemblages are unique to tide-

dominated deltas (Fig. 1.3A), whereas tide-dominated estuaries contain low-SSC (or completely 

mud-free) tidal sand ridges in their most seaward areas (Fig. 1.4A). Channel-bar and tidal-flat 

deposits, which comprise a large proportion of the geography of both TDDs and TDEs, are common 

to both deltas and estuaries, although the channels of deltas are likely to be muddier in their seaward 

part than in estuaries. A third aspect that differentiates tide-dominated deltas and estuaries, but 

which is not expressed clearly in the Bluesky deposit, is the presence of regressively stacked (for 

deltaic) versus transgressively stacked (for estuarine) facies: such stacking patterns not only 

provide the foundation in many ancient deposits for the determination of deltaic or estuarine 

origins, but they are part of their geological definitions (Dalrymple, 2006). Chapter 4 addresses the 

issue of why regressive and transgressive stacking patters are not obvious in the Bluesky Formation, 

and what the implications are for the interpretation of tide-dominated successions in low-

accommodation settings.  

Facies Analysis of Tidal Deposits 

  Sedimentary successions are generated by the interaction of constantly changing 

hydrodynamic and biological conditions. These dynamic interactions manifest themselves in the 

rock record as stratigraphic units of variable thickness, lithology, biota, internal structure and three-

dimensional form. Facies analysis is the fundamental tool by which we use these sedimentary 

criteria to interpret ancient deposits by reference to a set of idealized models that are representative 

of a particular depositional environment (Miall, 2000; Dalrymple, 2010a). This is accomplished 

through two critical steps: (1) the simplification of detailed observations through the use of a facies 

classification scheme that subdivides rock successions into the “fundamental building blocks” of 

the deposit (Dalrymple, 2010a); and (2) the application of appropriate facies models (sensu Walker, 



 

12 

 

 

 

Figure 1.4: Diagrammatic summary of a tide-dominated delta. (A) Schematic diagram showing the 

positions of constituent geomorphological elements. (1B) The longitudinal distribution of energy 

types through the fluvial-to-marine transition. (1C) Longitudinal distribution of sand grain size 

(indicated schematically by the size of the particles) and the abundance of mudstone.   

 

1992; Dalrymple, 2010a) that allows the observations to be organized into an environmental 

reconstruction. This methodology is standard for studies of nearly all ancient sedimentary deposits; 

however, the degree of success with which it has been applied to tide-dominated deposits is much 

less than for their wave- and river-dominated counterparts (Willis, 2005; Dalrymple, 2010b; Legler, 

2013). Deposits of tide-dominated depositional systems do not lend themselves readily to the 

efficient application of the standard facies modelling approach because of the absence to date of a 
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universally applicable set of criteria for the creation of a genetically distinct set of facies. 

Additionally, there is an insufficient number of analogue studies from which suitable facies models 

can be developed for tide-dominated environments, especially given the morphologic and facies 

complexity of tidal systems. This study evaluates critically the usefulness of various criteria for 

facies analysis and discusses facies successions that represent particular environments, thereby 

contributing to the pool of examples from which idealized facies models can be distilled (cf., 

Walker, 1992; Dalrymple, 2010b).  

Deposits of tide-dominated systems display enormous lithological variability, commonly 

producing heterolithic successions with complexly interstratified sandstone and mudstone layers at 

various vertical scales. The abundance of heterolithic successions in tidal deposits arises from the 

strongly bimodal, or even polymodal, nature of the energy regime caused by tidal and seasonal 

variations in flow, coupled with the mixing of salt and fresh water: these conditions result in a high 

flux of suspended-sediment between the bed and the water column, producing complex 

interbedding of sandstone and mudstone (Reineck and Singh, 1980). The sedimentary structures 

and grain size of the sandstone layers are well understood in terms of the flow conditions that they 

represent (e.g., Collinson and Thompson, 1989). Sandstones, in terms of their sedimentary 

structures and grain size, reflect peak-flow conditions in terms of current speed and predominant 

energy type (current or waves) and can under some conditions be used to infer water depth and the 

depositioinal environment (Chapter 3). Unlike sandstone layers, the depositional conditions 

responsible for mudstone layers are not well established and mudstone layers have generally had 

relatively little usage as a criterion for the classification of heterolithic facies, except for their 

relative abundance.  They have the potential, however, to be particularly useful as a tool for 

inferring bathymetric or proximal-distal position based on the SSC conditions that they represent. 

Therefore, the facies that are developed in this study (Chapter 3) are based on a combination of 
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sandstone-layer and mudstone-layer characteristics. When the process interpretations for each data 

set are combined, a relatively short list of candidate environments of deposition is produced 

(Chapter 3). Robust interpretations of geomorphic elements and proximal-distal position within the 

fluvial-to-marine transition are then made by considering vertical combinations of facies (i.e., 

facies successions).   

Tidal Systems and their Response to Relative Sea-Level Change 

 Tidal dominance is known to occur in the vicinity of river mouths under conditions of both 

rising and falling sea level (Willis et al., 2003; Yoshida et al., 2007; Dalrymple, 2010b). Although 

the same tidal processes can occur at any point in a relative sea-level cycle, differences in the 

sedimentation-accommodation relationship will affect both the architecture and stacking pattern of 

the ultimate deposit (Mellere and Steel, 1995a,b; Willis and Gabel, 2003; Plink-Björklund and 

Steel, 2006). Idealized stratigraphic responses to changes in relative sea level are manifested by 

either the progradational stacking or retorgradational stacking of facies for resgressive deltaic 

successions and transgressive estuarine successions, respectively (Dalrymple et al., 1992). In tidal 

deposits, however, strong tidal ravinement in channel bases is known to significant erosion in 

deeper-water environments during relative sea-level fall (e.g., Willis and Gabel, 2003) and to 

significantly remove more landward facies during relative sea-level rise (e.g., Dalrymple and 

Zaitlin, 1994). Although these conformability-limiting processes occur in other settings, tidal 

systems are particularly efficient at reworking large volumes of sediment, repeatedly, along the 

same trend. This allows major tidal systems to maintain the same axial position for periods of time 

that exceed single rises and falls in sea level (Berné et al., 2002; Dalrymple, 2010b). A reasonable 

assumption, from first principles, is that reconstructions of sequence-stratigraphic evolution of tidal 

systems is hampered by this spatial persistence. Recognizing sequence boundaries in tidal systems 
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is, therefore, particularly problematic (Willis and Gabel, 2003; Dalrymple, 2010b). Conditions of 

low accommodation cause the amalgamation of units and promote the generation of “cryptic” 

sequence boundaries. In this regard, tidal systems are similar to fluvial systems, in that channel 

deposits become amalgamated and top-truncated in low-accommodation settings, whereas muddy 

overbank deposits become more abundant as accommodation increases (Shanley and McCabe, 

1994; Catuneanu, 2006). Even tidal deposits from rift basins, where accommodation rates are 

known to have been high during deposition, show a high degree of self-generated erosion (Mellere 

and Steel, 1996; Legler et al., 2013).  

REGIONAL GEOLOGY AND PREVIOUS WORK 

The Early Cretaceous fill of the Western Canada Sedimentary Basin formed as a west-

south-west dipping foreland in response to overthrusting of Cordilleran terranes on the western 

margin of the North American plate during the Columbian Orogeny (Jackson, 1984; Leckie and 

Smith, 1992). The Lower Mannville Group represents the first major basin-fill phase associated 

with transgression of the Boreal Sea from the north as the foreland was depressed (Fig. 1.5) 

(Jackson, 1984; Hayes et al., 1994; Cant and Abrahamson, 1996). The surface on which these 

deposits rest is interpreted across the basin as a second-order unconformity (in the scheme of Vail 

et al., 1977) with a 10-20 m.y. hiatus (Cant and Abrahamson, 1996). The Lower Mannville is 

capped by a basin-wide maximum flooding surface, which occurs within the study area at the base 

of the Wilrich Member of the Spirit River Formation (Cant and Abrahamson, 1996). The study area 

lies at the eastern boundary of an area where the Lower Mannville Group is referred to as the 

Bullhead Group and the Upper Mannville as the Fort St. John Group. Authors have used both the 

former scheme (Fig. 1.5; e.g., Jackson, 1984; Smith, 1984; Cant, 1996; Cant and Abrahamson, 

1996) and the latter scheme (e.g., Hayes et al., 1994; Hubbard et al., 1999, 2002) for the stratigraphy 
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in the Peace River area. Both nomenclatures are deemed equally valid for the area, but this study 

uses the former naming scheme (i.e., Lower and Upper Mannville Group) as it is more widely used 

across the basin and more recognisable to academic and industry workers.  

Five particularly well-researched synthesis papers have comprehensively reported on the 

stratigraphy, paleoenvironments and paleogeography of the Lower Mannville Group within the 

region that encompasses the study area: Jackson (1984); Smith (1984); Hayes et al. (1994); Cant 

(1996); and Cant and Abrahamson (1996). In the study area, the Lower Mannville consists of the 

Gething Formation, overlain by the Bluesky Formation (Fig. 1.1), which is the particular focus of 

this study.  These units are equivalent to the upper part of the Lower Mannville elsewhere in the 

basin, but rest directly on the sub-Cretaceous unconformity because older units pinch out by onlap 

further west (e.g., the Cadomin Formation; Fig. 1.5).  Regionally, the equivalent strata consist of 

river-dominated and wave-dominated environments (Smith, 1984; Jackson, 1984; Hayes et al., 

1994). In this context, the Bluesky in the study area is anomalous, in that it is considerably thicker, 

much more sand-rich, and shows abundant evidence of tidal sedimentation in a restricted 

depositional environment based on the ichnological character of the deposits (Fig. 1.6). 

SCIENTIFIC APPROACH 

 The study area lies in the Peace River area of west-central Alberta, at depths of 500-700 m 

below ground level (Fig. 1.2). At these depths, seismic data are unable to resolve stratigraphic detail 

at the thickness of the units discussed here. The study area is 40 km by 40 km in size (Fig. 1.2B). 

Thirty-five well cores were examined at the lamina and bed scale (Appendix B). Core quality is 

variable depending on the vintage of the cores, but most cores were cut longitudinally into halves, 

allowing for good visibility of sedimentary structures and fine-scale interstratification (down to the 

millimetre scale). Heavy-oil impregnation of porosity gives the sandstones a light to dark brown 
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colour and has obscured some sedimentary structures and non-mud-lined burrows within sandstone 

units. Grain size, bed partings and the presence of accessory clasts, such as wood fragments and 

bioclasts, are unaffected by oil stain. Mudstone layers are invariably unstained because of their low 

permeability, which allows for millimetre-scale interpretation of lamination, grain size and 

lithology (i.e., changes in the proportion of silt versus clay) with the use of a hand lens.  

 

 

Figure 1.5: Regional dip section from the present-day Alberta – British-Columbia border to the 

Alberta-Saskatchewan border (approximately 600 km distance), and passing through the study area. 

The location of the line is shown in Figure 1.2. Note the implied thickening of the Bluesky 

Formation near its easterly pinch-out edge. Modified from Jackson (1984).  

 

Two-hundred and fifteen well logs were interpreted for this study (Appendix A). Well logs 

are of variable quality, with recently acquired log data (generally after 1980) being of better quality 

with a larger suite of wireline tools. Well names used in this study follow the “Unique Well 

Identifier Format” following the Dominion Land Survey System, describing the following items, 

in order: legal subdivision (LSD), Section, Township, Range and Merdian (e.g., Well “2-3-85-

18w5” is the second legal subdivision of the third section of the eighty-fifth township and 

eighteenth range, west of the fifth meridian).  
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Most lithological boundaries between major stratigraphic units are picked from well logs 

with relatively high confidence. Other lithological boundaries (including a significant boundary 

within the Bluesky Formation) are more difficult to discern in logs: these boundaries were picked 

 

Figure 1.6: Paleogeographic reconstruction of the Western Canadian Sedimentary Basin in the 

earliest Albian (modified from Hayes et al., 1994). The Peace River Oil Sands and the Athabasca 

Oil Sands are and the towns of Peace River and Fort McMurray (red stars) are shown on the map 

as spatial reference points. The study area lies within the red box shown near the town of Peace 

River. The two-letter abreviations shown along the coastline are as follows: WD = wave-

dominated; TD = tide-dominated; RD = river-dominated. The type of dominant energy shown for 

these particular locations is based on generalizations of environments of deposition from the 

spectrum of available studies, many of which are cited throughout this paper. 

 

in core and calibrated to well logs and correlated throughout the study area with low to moderate 

confidence. Wells are typically spaced several hundred to a few thousands of metres apart, although 
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one roughly 10 km x 10 km area (Township 85-18 west of the fifth meridian) has a well spacing 

that is typically only a few hundred metres. Seismic data were used only qualitatively in areas away 

from well control for the purposes of determining the relative thickness changes in the major 

stratigraphic units of interest. 

Lithofacies characterization and interpretation is one of the overarching themes of this 

thesis: therefore, the various facies classification criteria used in this study are discussed in detail 

within each of the relevant chapters, within the context of each chapter’s particular scientific 

objectives. In general, however, facies interpretations were made principally using core, which was 

then calibrated to well logs wherever core data were not available.   

THESIS ORGANISATION 

This thesis is organised into three main chapters following a logical expansion of concepts 

and ideas from a process-based, bed-scale interpretation of mudstone layers, to a methodological 

study of facies analysis and environmental reconstruction at the deposit scale, to the application of 

deposit-scale facies analysis for the purposes of reconstructing the regional paleographic and 

sequence-stratigraphic evolution a tide-dominated marginal-marine depositional system. More 

specifically, Chapter 2 examines the sedimentary characteristics of individual mudstone layers and 

relates them to published experimental data to reconstruct suspended-sediment conditions and flow 

conditions at the time of their deposition. The interpretations of SSC derived from mudstone-layer 

characteristics are used as one part of a two-fold approach to a facies interpretation methodology 

that is employed in the subsequent chapters of the thesis. Chapter 2 has already been published 

(Mackay and Dalrymple, 2011). Chapter 3 presents a lithofacies analysis, with an emphasis on 

independent characterisation of the constituent mudstone layers and sandstone layers in decimetre 

to metre-thick intervals. These two independent sets of data are then combined to interpret 
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geomorphic elements and the proximal-distal position (particularly with respect to the turbidity 

maximum) where these geomorphic elements formed within the depositional system. Criteria for 

distinguishing between deltaic and estuarine successions are also presented. Chapter 4 examines 

the paleogeographic evolution and sequence-stratigraphic architecture of the Gething and Bluesky 

formations, and sheds light on the preservation potential of different environments, as well as the 

preservation potential of high-frequency lowstand deposits, under conditions of tide dominance 

and low accommodation within a lower-frequency (i.e., third-order) transgressive systems tract. 

Chapters 3 and 4 are both intended for publication but have not yet been submitted.  

  



 

21 

 

REFERENCES 

Allen, G. P., and Chambers, J. L. C., 1998, Sedimentation in the Modern and Miocene Mahakam 

delta: Jakarta, Indonesian Petroleum Association, Field Trip Guidebook, p. 236. 

Allen, G.P., Salomon, J.C., Bassoullet, P., Du Penhoat, Y., and De Grandpré, C., 1980, Effects of 

tides on mixing and suspended sediment transport in macrotidal estuaries: Sedimentary 

Geology, v. 26, p. 69-90. 

Allen, J.R.L., 1990, The Severn estuary in southwest Britain: its retreat under marine transgression, 

and fine-sediment regime: Sedimentary Geology, v. 66, p. 13-28. 

Allison, M.A., Nittrouer, C.A., Kineke, G.C., Seasonal sediment storage on mudflats adjacent to 

the Amazon River: Marine Geology, v. 125, p. 303-328. 

Archer, A.W., and Hubbard, M.S., 2003, Highest tides of the world, in Chan, M., and Archer, A.W., 

eds., Extreme Depositional Environments: Mega End Members in Geological Time: Geological 

Society  of America Special Paper 370, p. 151-173. 

Baas, J.H., and Best, J.L., 2002, Turbulence modulation in clay-rich sediment-laden flows and 

some implications for sediment deposition: Journal of Sedimentary Research, v. 72, p. 336-340. 

Baas, J.H., and Best, J.L., 2008, The dynamics of turbulent, transitional and laminar clay-laden 

flow over a fixed current ripple: Sedimentology, v. 55, p. 635-666. 

Baas, J.H, Best, J.L., and Peakall, J., 2011, Depositional processes, bedform development and 

hybrid bed formation in rapidly decelerated cohesive (mud-sand) sediment flows: 

Sedimentology, v. 58, p. 1953-1987. 



 

22 

 

Baas, J.H., Best, J.L., Peakall, J., and Wang, M., 2009, A phase diagram for turbulent, transitional 

and laminar clay suspension flows: Journal of Sedimentary Research, 2009, v. 79, p. 162-183. 

Berné, S., Vagner, P., Guichard, F., Lericolais, G., Liu, Z., Trentesaux, A., Yin, P., and Yi, H., 

2002, Pleistocene forced regressions and tidal sand ridges in the East China Sea: Marine 

Geology, v. 188, p. 293-315. 

Bhattacharya, J. P., 2010, Deltas, in James, J.P. and Dalrymple, R.W., eds., Facies Models 4, GAC, 

p. 233-264. 

Billeaud, I., Tessier, B., Lesueur, P., and Caline, B., 2007, Preservation of highstand coastal 

sedimentary bodies in a macrotidal basin: example from the Bay of Mont-Saint-Michel, NW, 

France: Sedimentary Geology, v. 202, p. 754-775.  

De Boer, P.L., Van Gelder, A., and Nio, S.D., 1988, Tide-Influenced Sedimentary Environments 

and Facies: Reidel, Dordrecht, 530 p. 

Bostock, H.C., Brooke, B.P., Ryan, D.A., Hancock, G., Pietsch, T., Packett, R., and Harle, K., 

2007, Holocene and modern sediment storage in the subtropical macrotidal Fitzroy River 

estuary, Southeast Queensland, Australia: Sedimentary Geology, v. 201, p. 321-340. 

Cant, 1996, Sedimentological and sequence stratigraphic organization of a foreland clastic wedge, 

Mannville Group, Western Canada Basin: Journal of Sedimentary Research, v. 66, p. 1137-

1147. 

Cant, D.J., and Abrahamson, B., 1996, Regional distribution and internal stratigraphy of the Lower 

Mannville: Canadian Society of Petroleum Geology Bulletin, v. 44, p. 508-529. 

Catuneanu, O., 2006, Principles of sequence stratigraphy: Elsevier, Amsterdam, 386 p.  



 

23 

 

Choi, K.S., Dalrymple, R.W., Chun, S.S., and Kim, S.P., 2004, Sedimentology of modern inclined 

heterolithic stratification (IHS) in the macrotidal Han River delta, Korea: Journal of 

Sedimentary Research, v. 74, p. 677-689. 

Collinson, J.D., and Thompson, D.B., 1989, Sedimentary Structures: Unwin Hyman, London, 207 

p. 

Cummings, D.I., Dalrymple, R.W., Choi, K., and Jin, J.H., in press, Geomorphology, 

Sedimentology, and Seismic Stratigraphy of the Tide-dominated Han River Delta, Korea: 

Elsevier. 

Dalrymple, R.W., 2006, Incised valleys in time and space: an introduction to the volume and an 

examination of the controls on valley formation and filling, in Dalrymple, R.W., Leckie, D.A., 

Tillman, R., eds., Incised Valleys in Time and Space: Society of Economic Paleontologists and 

Mineralogists Special Publication 85, p. 5-12. 

Dalrymple, R.W., 2010a, Interpreting sedimentary successions: facies, facies analysis and facies 

models, in James, N.P., and Dalrymple, R.W., eds., Facies Models 4: Geological Association of 

Canada, St. Johns, Newfoundland, p. 3-18. 

Dalrymple, R.W., 2010b, Tidal depositional systems, in James, N.P., and Dalrymple, R.W., eds., 

Facies Models 4: Geological Association of Canada, St. John’s, Newfoundland, p. 201-231. 

Dalrymple, R.W., Baker, E.K., Harris, P.T., and Hughes, M.G., 2003, Sedimentology and 

stratigraphy of a tide-dominated, foreland-basin delta (Fly River, Papua New Guinea), in Hasan 

Sidi, F., Nummedal, D., Imbert, P., Darman, H., and Posamentier, H.W., eds., Tropical Deltas 

of Southeast Asia—Sedimentology, Stratigraphy, and Petroleum Geology: SEPM, Special 

Publication 76, p. 147–173. 



 

24 

 

Dalrymple, R.W., and Choi, K., 2007, Morphologic and facies trends through the fluvial-marine 

transition in tide-dominated depositional systems: a schematic framework for environmental 

and sequence-stratigraphic interpretation: Earth Science Reviews, v. 81, p. 135-174. 

Dalrymple, R.W., Mackay, D.A., Ichaso, A.A., and Choi, K.S., 2012, Processes, morphodynamics, 

and facies of tide-dominated estuaries: in Principles of Tidal Sedimentology, Davis R.A. and 

Dalrymple R.W., eds., New York, Springer, p. 79-107. 

Dalrymple, R.W., Knight, R.J., Zaitlin, B.A., Middleton, G.V., 1990, Dynamics and facies model 

of a macrotidal sand-bar complex, Cobequid Bay-Salmon River Estuary (Bay of Fundy): 

Sedimentology, v. 37, p. 577-612. 

Dalrymple, R.W., Makino, Y., and Zaitlin, B.A., 1991, Temporal and spatial patterns of rhythmite 

deposition on mud flats in the macrotidal Cobequid Bay–Salmon River estuary, Bay of Fundy, 

Canada, in Smith, D.G., Reinson, G.E., Zaitlin, B.A., and Rahmani, R.A., eds., Clastic Tidal 

Sedimentology: Canadian Society of Petroleum Geologists, Memoir 16, p. 137–160. 

Dalrymple, R.W., and Zaitlin, B.A., 1994, High-resolution sequence stratigraphy of a complex, 

incised valley succession, Cobequid Bay – Salmon River estuary, Bay of Fundy, Canada: 

Sedimentology, v. 41, p. 1069-1091. 

Darlymple, R.W., Zaitlin, B.A., and Boyd, R., 1992, Estuarine facies models: conceptual basis and 

stratigraphic implications: Journal of Sedimentary Petrology, v. 62, p. 1130-1146. 

Davis, R.A., and Dalrymple, R.W., 2012, Principles of Tidal Sedimentology: New York, Springer, 

621 p. 



 

25 

 

Fan, D., and Li, C., 2002, Rhythmic deposition on mudflats in the mesotidal Changjiang estuary, 

China: Journal of Sedimentary Research, v. 72, p. 543-551. 

Feldman, H.R., McCrimmon, G.D., and De Freitas, T.A., 2008, Fluvial to estuarine valley-fill 

models without age-equivalent sandy shoreline deposits, based on the Clearwater Formation 

(Cretaceous) at Cold Lake, Alberta, Canada, in Hampson, G.J., Steel, R.J., Burgess, P.M., and 

Dalrymple, R.W., Recent advances in models of siliciclastic shallow-marine stratigraphy:  

Gabioux, M., Vizon, S.B., and Paiva, A.M., 2005, Tidal propagation over fluid mud layers on the 

Amazon shelf: Continental Shelf Research, v. 25, p. 113-125. 

Gastaldo, R.A., Allen, G.P., and Huc, A.-Y., 1995, The tidal character of fluvial sediments of the 

modern Mahakam River delta, Kalimantan, Indonesia, in Flemming, B.W., Bartholomae, A., 

eds., Tidal Signatures of Modern and Ancient Sediments: Special Publication of the 

International Association of Sedimentologists, vol. 24, pp. 171–181. 

Goodbred, S.L., and Saito, Y., 2012, Tide-dominated deltas, in Davies, R.A., and Dalrymple, R.W., 

eds., Principles of Tidal Sedimentology: New York, Springer, p. 129-149. 

Harris, P.T., and Collins, M.B., 1985, Bedform distributions and sediment transport paths in the 

Bristol Channel and Severn Estuary, UK: Marine Geology, v. 62, p. 153-166. 

Hayes, B.J.R., Hayes, B.J.R., Christopher, J.E., Rosenthal, L., Los, G., McKercher, B., Minken, 

D.F., Tremblay, Y.M., and Fennell, J.W., 1994, Cretaceous Mannville Group of the Western 

Canada Sedimentary Basin, in Mossop, G.D. and Shetsen, I., comps, Geological Atlas of the 

Western Canada Sedimentary Basin, Calgary, Canadian Society of Petroleum Geologists and 

Alberta Research Council, p. 317-334. 



 

26 

 

Hewlett, R., and Birnie, J., 1996, Holocene environmental change in the inner Severn estuary, UK: 

an example of the response of estuarine sedimentation to relative sea-level change: The 

Holocene, v. 6, p. 49-61. 

Hori, K., Saito, Y., Zhao, Q., Cheng, X., Wang, P., Sato, Y., and Li, C., 2001, Sedimentary facies 

and Holocene progradation rates of the Changjiang (Yangtze) delta, China: Geomorphology, v. 

41, p. 2333-248. 

Hori, K., Saito, Y., Zhoa, Q., and Wang, P., 2002, Architecture and evolution of the tide-dominated 

Changjiang (Yangtze) River delta, China: Sedimentary Geology, v. 146, p. 249-264. 

Hovikoski, J., Räsänen, M., Gingras, M., Ranzi, A., and Melo, J., 2008, Tidal and seasonal controls 

in the formation of Late Miocene inclined heterolithic stratification deposits, western 

Amazonian foreland basin: Sedimentology, v. 55, p. 499-530. 

Howard, E.A., 1976, Geology of the tar-bearing sandstones in the Peace River oil sands deposit, 

Alberta (abstract): Geological Assocation of Canada, 29th annual meeting, Mineralogical 

Association of Canada, 21st annual meeting, p. 66. 

Hubbard, S.M., Pemberton, S.G., and Howard, E.A., 1999, Regional geology and sedimentology 

of the basal Cretaceous Peace River Oil Sands deposit, north-central Alberta: Canadian Society 

of Petroleum Geologists, v. 47, p. 270-297. 

Hubbard, S.M., Gingras, M.K., Pemberton, S.G., and Thomas, M.B., 2002, Variability in wave-

dominated estuary sandstones: implications on subsurface reservoir development: Bulletin of 

Canadian Petroleum Geology, v. 50, p. 118-137. 



 

27 

 

Ichaso, A.A., and Dalrymple, R.W., 2009, Tide- and wave-generated fluid mud deposits in the Tilje 

Formation (Jurassic), offshore Norway: Geology, v. 37, p. 539-542.   

Inglis, C.C., and Allen, F.H., 1957, The regimen of the Thames Estuary as affected by currents, 

salinities, and river flow: Proceedings of the Institute of Civil Engineering, London, v. 7, p. 827-

868. 

Jackson, P., 1984, Paleogeography of the Lower Cretaceous Mannville Group of Western Canada, 

in Masters, J.A., ed., Elmworth – Case Study of a Deep Basin Gas Field: American Association 

of Petroleum Geologists, Memoir 38, p. 49-77.  

Kineke, G.C., Sternberg, R.W., Trowbridge, J.H., and Geyer, W.R., 1996, Fluid-mud processes on 

the Amazon continental shelf: Continental Shelf Research, v. 16, p. 667-696. 

Kirby, R., and Parker, W.R., 1983, Distribution and behaviour of fine sediment in the Severn 

Estuary and Inner Bristol Channel, U.K.: Canadian Journal of Fisheries and Aquatic Science, v. 

40, p. 83-95. 

Kuehl, S.A., Nittrouer, C.A., and DeMaster, D.J., 1988, Microfabric study of fine-grained 

sediments: observations from the Amazon subaqueous delta: Journal of Sedimentary Petrology, 

v. 50, p. 12-23. 

Lambiase, J., Damit, A., Simmons, A.R., Abdoerrias, R., and Hussin, A., 2003, A depositional 

model and the stratigraphic development of modern and ancient tide-dominated deltas in NW 

Borneo, in Sidi, F.H., Nummedal, D., Imbert, P., Darman, H., and Posamentier, H.W., eds., 

Tripical Deltas of Southeast Asia – Sedimentology, Stratigraphy, and Petroleum Geology: 

Society of Economic Petroleum Geologists and Mineralogists Special Publication 76, p. 109-

123. 



 

28 

 

Lamb, M.P., and Parsons, J.D., 2005, High-density suspensions formed under waves: Journal of 

Sedimentary Research, v. 75, p. 386-397. 

Leckie, D.A., and Smith, D.G., 1992, Regional setting, evolution, and depositional cycles of the 

Western Canada foreland basin, in Macqueen, R.W. and Leckie, D.A., eds., Foreland Basins 

and Fold Belts: American Association of Petroleum Geologists Memoir 55, p. 9-46. 

Legler, B., Johnson, H.D., Hampson, G.J., Massart, B.Y.G., Jackson, C.A., Jackson, M.D., El-

Barkooky, A., and Ravnas, R., 2013, Facies model of a fine-grained, tide-dominated delta: 

Lower Dir Abu Lifa Member (Eocene), Western Desert, Egypt: Sedimentology, v. 60, p. 1313-

1356. 

Li, G., Wei, H., Han, Y., and Chen, Y., 1998a, Sedimentation in the Yellow River delta, part I: flow 

and suspended sediment structure in the upper distributary and the estuary: Marine Geology, v. 

149, p. 93-111.  

Li, G., Wei, H., Yue, S., Cheng, Y., and Han, Y., 1998b, Sedimentation in the Yellow River delta, 

part II: suspended sediment dispersal and deposition on the subaqueous delta: Marine Geology, 

v. 149, p. 113-131. 

Mackay, D.A. and Dalrymple, R.W., 2011, Dynamic mud deposition in a tidal environment: the 

record of fluid-mud deposition in the Cretaceous Bluesky Formation, Alberta, Canada. Journal 

of Sedimentary Research, v. 81, p. 901-920. 

Macquaker, J.H.S., and Bohacs, K.M., 2007, On the accumulation of mud: Science, v. 318, p. 1734-

1735. 



 

29 

 

Martinius, A.W., Kaas, I., Næss, A., Helgeses, G., Kjærefjord, J.M., and Leith, D.A., 2001, 

Sedimentology of the heterolithic and tide-dominated Tilje Formation (Early Jurassic, Halten 

Terrace, offshore mid-Norway), in Martinsen, O.J., and Dreyer, T., eds., Sedimentary 

Environments Offshore Norway – Palaeozoic to Recent: NPF Special Publication 10, p. 103-

144. 

McAnally, W.H., Friedrichs, C., Hamilton, D., Hayter, E., Shrestha, P., Rodriguez, H., Sheremet, 

A., and Teeter, A., 2007, Management of fluid mud in estuaries, bays, and lakes. I: present state 

of understanding on character and behaviour: Journal of Hydraulic Engineering, v. 133, p. 9-22. 

McLaren, P., Collins, M.B., Goa, S., and Powys, R.I.L., 1993, Sediment dynamics of the Severn 

Estuary and innter Bristol Channel: Journal of the Geological Society, v. 150, p. 589-603. 

McCrimmon, G.G., and Arnott, R.W.C., 2002, The Clearwater Formation, Cold Lake, Alberta: a 

worldclass hydrocarbon reservoir hosted in a complex succession of tide-dominated deltaic 

deposits: Bulletin of Canadian Petroleum Geology, v. 50, p. 370-392. 

Meckel, L.D., 1975, Holocene sand bodies in the Colorado Delta area, northern Gulf of California, 

in Broussard, M.L., ed., Deltas – Models for Exploration: Houston Geological Society, p. 239-

265. 

Mellere, D., and Steel, R.J., 1995a, Facies architecture and sequentiality of nearshore and ‘shelf’ 

sandbodies; Haystack Mountains Formation, Wyoming, USA: Sedimentology, v. 42, 551-574. 

Mellere, D., and Steel, R.J., 1995b, Variability of lowstand wedges and their distinction from 

forced-regressive wedges in the Mesaverde Group, southeast Wyoming: Geology, v. 23, p. 803-

806. 



 

30 

 

Mellere, D., and Steel, R.J, 1996, Tidal sedimentation in Inner Hebrides half grabens, Scotland: 

The Mid-Jurassic Bearreraig Sandstone Formation, in De Batist, M., and Jacobs, P., eds., 

Geology of Siliciclastic Shelf Seas: Geological Society of London, Special Publication 117, p. 

49–79. 

Miall, A.D., 2000, Facies analysis, in Miall, A.D., ed., Principles of sedimentary basin analysis: 

Berlin, Springer-Verlag, p. 389-449. 

Middleton, G.V., 1991, A short historical review of clastic tidal sedimentology, in Smith, D.G., 

Reinson, G.E., Zaitlin, B.A., and Rahmani, R.A., eds., Clastic Tidal Sedimentology: Canadian 

Society of Petroleum Geologists Memoir 16, p. ix-xv. 

Milliman, J.D., Shen, H., Yang, Z., and Meade, R.H., 1985, Transport and deposition of river 

sediment in the Changjiang estuary and adjacent continental shelf: Continental Shelf Research, 

v. 4, p. 37-45. 

Nittrouer, C.A., Kuehl, S.A., DeMaster, D.J., and Kowsmann, R.O., 1986, The deltaic nature of 

Amazon shelf sedimentation: Geological Society of America Bulletin, v. 97, p. 444-458. 

Nittrouer, C.A., and Wright, L.D., 1994: Transport of particles across continental shelves: Reviews 

of Geophysics, v. 32, p. 85-113. 

O’Connell, S.C., 1988, The distribution of Bluesky facies in the region overlying the Peace River 

Arch, northwestern Alberta: in James, D.P. and Leckie, D.A., eds., Sequences, Stratigraphy, 

Sedimentology: surface and subsurface: Canadian Society of Petroleum Geologists Memoir 15, 

p. 387-399. 



 

31 

 

Olariu, C., Steel, R.J., Dalrymple, R.W., and Gingras, M.K., 2012, Tidal dunes versus tidal bars: 

The sedimentological and architectural characteristics of compound dunes in a tidal seaway, the 

lower Baronia Sandstone (Lower Eocene), Ager Basin, Spain: Sedimentary Geology, v. 279, p. 

134-155. 

Oomkens, E., and Terwindt, H.J., 1960, Inshore estuarine sediments in the Haringvliet 

(Netherlands): Geologie en Mijnbouw, v. 39, p. 701-710. 

Papenmeier, S., Schrottke, K., Bartholomä, A., and Flemming, B.W., 2013, Sedimentological and 

Rheological Properties of the water-solid bed interface in the Weser and Ems estuaries, North 

Sea, Germany: implications for fluid mud classification: Journal of Coastal Research, v. 29, p. 

797-808. 

Plink-Björklund, P., and Steel, R., 2006, Incised valleys on an Eocene coastal plain and shelf, 

Spitsbergen – part of a linked shelf-slope system, in Darlymple, R.W., Leckie, D.A., and 

Tillman, R.W., eds., Incised Valleys in Time and Space: Society of Economic Paleontologists 

and Mineralogists Special Publication 85, p. 281-308. 

Pontén, A., and Plink-Björklund, P., 2007, Depositional environments in an extensive tide-

influenced delta-plain, Middle Devonian Gauja Formation, Devonian Baltic Basin: 

Sedimentology, v. 54, p. 969–1006. 

Pontén, A., and Plink-Björklund, P., 2009, Regressive to transgressive transits reflected in tidal 

bars, Middle Devonian Baltic Basin: Sedimentary Geology, v. 218, p. 48-60.    

Rahmani, R.A., 1988, Estuarine tidal channel and nearshore sedimentation of a Late Cretaceous 

epicontinental sea, Drumheller, Alberta, Canada, in de Boer, P.L., van Gelder, A., and Nio, S.D., 



 

32 

 

eds., Tide-influenced sedimentary environments and facies: Reidel Publishing Company, 

Dordrecht, The Netherlands, p. 433-471. 

Reineck, H.E., and Singh, I.B., 1980, Depositional Sedimentary Environments: Springer-Verlag, 

Berlin, 549 p. 

Rodolfo, K.S., 1975, The Irrawaddy Delta: tertiary setting and modern offshore sedimentation, in 

Broussard, M.L., ed., Deltas – Models for Exploration: Houston Geological Society, Houston, 

p. 339-356. 

Rottenfusser, B.A., 1985, Peace River Oil Sands – Regional Geology: Joint Oil Sands 

AOSTRA/ARC Research Program, Industry Access Report No. 8586-24, 109 p. 

Ryan, D.A., Brooke, B.P., Bostock, H.C., Radke, L.C., Siwabessy, P.J.W., Margvelashi, N., and 

Skene, D., 2007, Bedload sediment transport dynamics in a macrotidal embayment, and 

implications for export to the southern Great Barrier Reef shelf: Marine Geology, v. 240, p. 197-

215. 

Schieber, J., and Southard, J.B., 2009, Bedload transport of mud by floccules ripples – Direct 

observation of ripple migration processes and their implications: Geology, v. 37, p. 483-486. 

Schieber, J., Southard, J., and Thaisen, K., 2007, Accretion of mudstone beds from migrating 

floccules ripples: Science, v. 318, p. 1760-1763. 

Schieber, J., and Yawar, Z., 2009, A new twist on mud deposition – mud ripples in experiment and 

rock record: The Sedimentary Record, v. 7, p. 4-8. 



 

33 

 

Schrottke, K., Becker, M., Bartholomä, A., Flemming, B.W., Hebbeln, D., 2006, Fluid mud 

dynamics in the Weser estuary turbidity zone tracked by high-resolution side-scan sonar and 

parametric sub-bottom profiler: Geo-Marine Letters, v. 26, p. 185-198. 

Shanley, K.W., and McCabe, P.J., 1994, Perspectives on the sequence stratigraphy of continental 

strata, AAPG Bulletin, v. 78, p. 544-568. 

Smith, D.G., 1987, Meandering river point bar lithofacies: modern and ancient examples compared, 

in Etheridge, F.G., Flores, R.M., Harvey, M.D., eds., Recent Developments in Fluvial 

Sedimentology: SEPM Special Publication Number 39, p. 83-91.  

Tanävsuu-Milkeviciene, K. and Plink-Björklund, P., 2009, Recognizing tide-dominated versus 

tide-influenced deltas: Middle Devonian strata of the Baltic Basin Source: Journal of 

Sedimentary Research, v. 79 p. 887-905. 

Tessier, B., 1993, Upper intertidal rhythmites in the Mont-Saint-Michel Bay (NW France): 

perspectives for paleoreconstruction: Marine Geology, v. 110, p. 355-367. 

Terwindt, J.H.J., 1971, Lithofacies of inshore estuarine and tidal inlet deposits: Geologie 

Mijnbouw, v. 3, p. 515-526. 

Traykovski, P., Geyer, W.R., Irish, J.D., and Lynch, J.F., 2000, The role of wave-induced density-

driven fluid mud flows for cross-shelf transport on the Eel River continental shelf: Continental 

Shelf Research, v. 20, p. 2113-2140. 

Vail, P.R., Mitchum, R.M., and Thompson III, S., 1977, Seismic stratigraphy and global changes 

of sea-level, part 4: global cycles of relative changes of sea-level, in Payton, C.E., ed., Seismic 



 

34 

 

Stratigraphy – Applications to Hydrocarbon Exploration: American Association of Petroleum 

Geologists Memoir 26, p. 83-97. 

Van den Berg, J.H., Boersma, J.R., and van Gelder, A., 2007, Diagnostic sedimentary structures of 

the fluvial-tidal transition zone – Evidence from deposits of the Rhine and Meuse: Netherlands 

Journal of Geoscience, v. 86, p. 287-306. 

Walker, 1992, Facies, facies models and modern stratigraphic concepts, in Walker R.G. and James, 

N.P., eds., Facies Models – Response to Sea-level Change: St. John’s, Geological Association 

of Canada, p. 1-14. 

Wei, W., Tang, Z., Dai, Z., Lin, Y., Ge, Z., and Gao, J., in press, Variations in tidal flats of the 

Changjiang (Yangtze) estuary during 1950s-2010s: future crisis and policy implication: Ocean 

& Coastal Management, http://dx.doi.org/10.1016/j.ocecoaman.2014.05.018. 

Willis, B.J., 2005, Deposits of tide-influence river deltas, in Giosan, L., Bhattacharya, J.P., eds., 

River Deltas – Concepts, Models, and Examples: Society of Economic Paleontologists and 

Mineralogists Special Publication 83, p. 87-129.   

Willis, B.J., and Gabel, 2001, Sharp‐based, tide‐dominated deltas of the Sego Sandstone, Book 

Cliffs, Utah, USA: Sedimentology, v. 48, p. 479-506. 

Willis, B. J., and Gabel, S. L., 2003, Formation of deep insicions into tide-dominated river deltas: 

implications for the stratigraphy of the Sego Sandstone, Book Cliffs, Utah, U.S.A. Journal of 

Sedimentary Research, 73, 246-263. 

Wright, L.D., Coleman, J.M., and Thom, B.G., 1975, Sediment transport and deposition in a 

macrotidal river channel: Ord River, Western Australia: Estuarine Research, v. 2, p. 309-321. 



 

35 

 

Yang, S., Ding, P., and Chen, S., 2001, Changes in the progradation rate of the tidal flats at the 

mouth of the Changjian (Yangtze) River, China: Geomorphology, v. 38, p. 167-180. 

Yoshida, S., Johnson, H.D., Pye, K., and Dixon, R.J., 2004, Transgressive changes from tidal 

estuarine to marine embayment depositional systems: The Lower Cretaceous Woburn Sands of 

southern England and comparison with Holocene analogs: American Association of Petroleum 

Geologists Bulletin, v. 88, p. 1433-1460. 

Yoshida, S., Steel, R.J., and Dalrymple. R.W., 2007, Changes in depositional processes-An 

ingredient in a new generation of sequence stratigraphic models: Journal of Sedimentary 

Research, 77, 447-460. 

Zhang, X., Lin, C., Dalrymple, R.W., Gao, S., and Li, Y., 2014, Facies architecture and depositional 

model of a macrotidal incised-valley succession (Qiantang River estuary, eastern China), and 

differences from other macrotidal systems: Geological Society of America Bulletin, v. 126, p. 

499-522. 

  



 

36 

 

Chapter 2 

Dynamic mud deposition in a tidal environment: the record of fluid-

mud deposition in the Cretaceous Bluesky Fromation, Alberta, Canada 

Duncan A. Mackay1,2 and Robert W. Dalrymple1 

1 Department of Geological Sciences and Geological Engineering, Miller Hall, Queen’s 

University, Kingston, Ontario K7L-3N6, Canada. 

2Email: duncanamackay@gmail.com 

ABSTRACT 

 Mudstone layers in the tide-dominated Bluesky Formation (i.e., the “mud drapes”) have 

enormously variable sedimentary characteristics: they range from 0.1 – 20 cm thick, can be 

homogeneous or internally stratified, and can have sharp or gradational upper and lower contacts. 

Based on recent flume studies, this diversity is interpreted to reflect the wide range of suspended-

sediment concentrations (SSC; < 1 g L-1 to > 100 g L-1) and flow velocities (slack water to several 

metres per second) that are typical in tidal environments. Four recurring mudstone types are 

present, each of which is interpreted to have formed under distinct depositional conditions: (1) 

Unstratified Mudstone Type 1 (UM1): “classic” mud drapes generated by slow settling from 

suspensions with SSC values less than 1 g L-1; (2) Stratified Mudstone Type 1 (SM1): cross-

stratified mudstone layers deposited by turbulent or transitional turbulent flows with appreciable 

current speeds (> 0.2 ms-1) and moderate SSCs (1-10 g L-1); (3) Stratified Mudstone Type 2 (SM2): 

horizontally laminated mudstone layers formed under conditions of transitional plug flow with 
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moderate to high SSCs (1-100 g L-1) and appreciable currents (> 0.2 ms-1); and (4) Unstratified 

Mudstone Type 2 (UM2): thick mudstone lamina and beds (> 2 mm thick), with no internal 

lamination and common soft-sediment deformation, deposited by unstable plug flow or quasi-

laminar plug flow, with moderate to high SSCs (1-1000 g L-1) and current speeds ranging from 

slack water to 1-2 ms-1.  UM2 and SM2 mudstone types are equivalent to what recent studies have 

interpreted as the lithified product of fluid mud and may have been deposited dynamically, under 

current speeds above the threshold of mud erosion in clear-water flows.  This indicates that, in 

high-SSC settings, “mud drapes” could form over significant portions of the tidal cycle (i.e., not 

only at slack water) and perhaps continuously over multiple tidal cycles if fluid-mud layers persist.  

Thus, tidal rhythmites might be poorly developed in areas with high SSC values. 

INTRODUCTION 

Mudstone “drapes” are a characteristic feature of tidally deposited heterolithic successions, 

and have typically been treated as resulting from the passive settling of suspended sediment during 

slack-water periods. It has recently been recognised, however, that mud can also accumulate 

dynamically from near-bed high-density suspensions with suspended-sediment concentrations 

(SSCs) that exceed 1 g L-1, even in the presence of current velocities in the main flow that exceed 

the threshold of mud erosion (e.g., Kuehl et al., 1988; Nittrouer and Wright, 1994; Allison et al., 

1995; Kineke et al., 1996; Traykovski et al., 2000; Baas and Best, 2002; Gabioux et al., 2005; Lamb 

and Parsons, 2005; Macquaker and Bohacs, 2007; Baas et al., 2009; Schieber and Southard, 2009). 

This paper establishes criteria to distinguish between tidal mudstones that are formed by passive 

deposition in the absence of currents, from those formed in turbulent flow, transitional flow (sensu 

Baas et al., 2009) and laminar (plug) flow. The recognition that significant mud deposition can 

occur during non-slack-water conditions is especially significant for environmental reconstructions 
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and for the decoding of tidal periods from heterolithic deposits (e.g., Kvale et al., 1989; Chan et al., 

1994; Kvale et al., 1999; Hovikoski et al., 2005). 

 Tidal systems, which are typified by the presence of abundant suspended fine-grained 

sediment, because of the mud-trapping effects of estuarine circulation, clay flocculation and 

sediment resuspension by strong tidal currents (Allen, 1980; Dalrymple and Choi, 2007), are 

particularly prone to mud deposition by dynamic processes. Fluid-mud bodies (i.e., dense, near-

bed suspensions with sediment concentration > 10 g L-1) are known to be common in modern tidal 

channels, particularly near the turbidity maximum (Inglis and Allen, 1957; Kirby and Parker, 1983; 

McAnally et al., 1993). However, only a few ancient tidal examples of fluid-mud deposits have 

been clearly documented (e.g., Bhattacharya and MacEachern, 2009; Ichaso and Dalrymple, 2009), 

likely because criteria for identifying dynamically deposited mudstone layers in ancient successions 

are not well established.  

 Linking mudstone characteristics and their dynamic depositional conditions is difficult 

because near-bed sediment-fluid interactions at moderate to high SSCs (> 1 g L-1) are complex and 

not well-understood. Recent experimental work (e.g., Baas and Best, 2002; Lamb and Parsons, 

2005; Schieber et al., 2007; Baas and Best, 2008; Schieber and Southard, 2009; Baas et al., 2011) 

and observational studies of mudstones in modern and ancient successions (e.g., Kuehl et al., 1988; 

Schieber, 1999; Traykovski et al., 2000; Wheatcroft and Borgeld, 2000; Fan et al., 2004; Hovikoski 

et al., 2008a; Bhattacharya and MacEachern, 2009; Ichaso and Dalrymple, 2009; Schieber and 

Yawar, 2009), however, have begun to shed light on these process-sedimentation relationships.  

 The reconstruction of conditions for mud deposition in tidal settings is additionally 

challenging because, aside from the complexities of near-bed small-scale sediment-fluid-
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interactions, there are also larger system-scale processes that must be taken into account. Turbidity 

levels fluctuate by orders of magnitude over short time periods during tidal flow deceleration and 

flow acceleration. As well, the turbidity maximum, which affects the volume of suspended 

sediment in a particular environment, fluctuates in magnitude and location over periods of days and 

months because of tidal and fluvial processes (Ganju et al., 2004; Doxoran et al., 2008).  

 This paper uses subsurface core examples from the tide-dominated and heterolithic 

Bluesky Formation (Canada) to present a process-oriented facies scheme for the diverse array of 

“mud drapes” that are abundant in this unit (Fig. 2.1). The wide variability of observed mudstone-

layer characteristics is interpreted to be the result of widely varying SSC values and current 

velocities, making the deposits of the Bluesky Formation an excellent case study for linking 

lithological characteristics of the mudstone layers to a broad spectrum of depositional conditions 

in tidal environments.  We believe that these results have broad application to tidal deposits 

elsewhere. 

THE EFFECTS OF SUSPENDED-SEDIMENT CONCENTRATION ON FLOW 

 The addition of suspended sediment to “clear-water” flows, up to values of hundreds of 

grams per liter, produces a series of velocity-independent changes in the nature of the flow. As 

near-bed SSCs increase during flow deceleration towards slack water, there is a progression from 

fully turbulent flow to transitional flow (sensu Baas and Best, 2002; Baas et al., 2009), in which 

elements of both turbulent and laminar flow are present, and, ultimately, to plug flow (Fig. 2.2). 

Figure 3 shows the phase fields for the different types of flow (described below), as a function of  
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Figure 2.1: Heterolithic sandstones from the Bluesky Formation, Alberta, Canada, showing 

representative mudstone types in terms of their thickness, abundance and stratigraphic organization. 

Sandstone is dark grey or black because of oil staining. Mudstones are light grey and have no oil 

staining.  Each set of core photos (A—F) shows 2.25 m of continuous core. The locations of figures 

presented later in the paper are indicated by inset boxes. A-C) Cores with consistent mudstone 

thicknesses. D-F) Cores with variable mudstone thicknesses. A) Well 3-10-85-18w5, 584.75 – 

587.00 m depth. B) Well 11-16-84-16w5, 675.20 - 677.40 m depth. C) Well 10-22-84-17w5, 

619.75 - 621.95 m depth. D) Well 8-30-84-17w5 628.50 - 630.75 m depth. E) Well 7-26-84-18w5, 

615.50 - 617.75 m depth. F) Well 7-26-84-18w5, 624.30 - 626.50 m depth. 

 

depth-averaged SSC (which represents the importance of inter-particle forces that tend to suppress 

turbulence) and depth-averaged current speed (which represents the importance of shear stress and 

turbulence). The phase boundaries used here are approximate − their position will vary somewhat 

with changes in water depth, water temperature, salinity, the presence of strongly cohesive clays, 

flows with mixtures of cohesive and non-cohesive particles, the degree of flocculation, and bed 

roughness − but the general relationship between the fields should not change. In this paper, the 

potential effects of relative changes in SSC and flow velocity on mud layer deposition are more 

important than the precise values of SSC and current speed attached to the different flow types.  

Thus, the values used in this paper should be treated as being approximate.  

The progression of flow types that occurs with the addition of suspended sediment is 

illustrated in Figure 2.3 (cf. Baas et al., 2009), with each successive flow type shown in Figure 2.2 

represented by the letters A, B, C and D, respectively.  The clear-water end member (point A) 

consists of fully turbulent flow (Fig. 2.2A). The addition of suspended sediment has no appreciable 

effect on the flow structure until the SSC reaches approximately 1 g L-1, at which point the structure 

of the turbulence begins to be altered, producing transitional turbulent flow. Within this flow type 

(Fig. 2.3, point B), turbulence is enhanced near the bed and attenuated slightly within the free-flow 

outer portion of the boundary layer (Baas and Best, 2008; Fig. 2.2B). Turbulence is enhanced 

particularly in the separation zone downstream of bedforms, and reaches a maximum at the point  
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Figure 2.2: Spectrum of flow types, following terminology and schematic illustrations of Baas et 

al. (2009) that occur as the suspended-sediment concentration increases. The vertical scale of the 

images ranges from centimetres (for A-D) to decimeters (only for C and D). See Figure 3 for 

approximate conditions under which each flow type occurs. The vertical red line represents the 

critical threshold velocity for the movement of mud in clear water. Spirals on the right side of each 

diagram indicate turbulent eddies, whereas horizontal lines indicate laminar flow. Note that eddy 

size increases away from boundaries, whereas the relative intensity of the turbulence (i.e., the 

magnitude of the turbulent velocity fluctuations relative to the mean speed at a given level) 

decreases upward. A) Fully turbulent flow in clear water. B) Transitional turbulent flow under low 

to moderate SSC conditions. Note that the shape of the velocity profile is unchanged from clear-

water flows, but that the intensity of turbulence near the bed is higher. C) Transitional plug flow 

under moderate to high SSC conditions. A poorly developed plug of cohesive particles develops 

beneath a lutocline (horizontal dashed line). The velocity gradient in the plug is low and the plug 

is separated from the bed by a shear layer with turbulence decreasing away from the bed.  D) Quasi-

laminar plug flow under high SSC conditions. A well-developed plug of cohesive sediment is 

separated from the bed by a zone of strong laminar shear. K-H refers to the possible presence of 

Kelvin-Helmholtz waves on an interface. In C) and D) note the free-flow zone above the lutocline, 

a feature not shown by Baas et al. (2009).  The lutocline is thought to remain intact, despite the 

presence of the overlying flow, because the shear is weak and/or the SSC at the base of the 

overlying flow is still sufficiently high to inhibit erosion. 

 

of reattachment. With a further increase in SSC values above 10 g L-1 (Fig. 2.3, point C; i.e., within 

the range of “fluid mud”), inter-particle cohesive forces begin to dominate over shear forces and a 

mobile, near-bed high-density suspension forms. Fluid muds behave as a pseudo-plastic layer 

beneath a lutocline (a thin zone of significant downward increase in SSC) and move by gravitational 

or advective processes (McAnally, 2007), separated from the stationary bed by a very thin zone 

(millimeters to centimeters thick) of high shear; these mobile plugs may have both turbulent and  
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Figure 2.3: Phase fields, as a function of depth-averaged current velocity and depth-averaged 

suspended-sediment concentration, for turbulent flow, transitional flow and quasi-laminar plug 

flow, using the data of Baas et al. (2009). The erosional field is based on van Maren et al. (2009) 

using the predicted values for sub-saturated flow and Richardson numbers comparable to those of 

Baas et al. (2009). The positions of letters (A), (B), (C) and (D) correspond to the vertical velocity 

profiles for the different flow types illustrated in Figure 2. 
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laminar flow within the viscous sub-layer (i.e., beneath the plug), in which case they are referred 

to as transitional plug flows (Fig. 2.2C). If SSC values increase above approximately 100-500 g L-

1 (Fig. 2.3, point D), quasi-laminar plug flow develops (Fig. 2.2D), wherein laminar shearing 

becomes predominant beneath the mobile, non-deforming plug. Eventually, the cohesive plug will 

freeze to the bed (referred to as unstable plug flow; Fig. 2.3). A similar progression of flow types 

can also occur as the flow strength decreases. Conversely, increasing flow strength will tend to 

generate greater turbulence, which resuspends the fine-grained sediment, causing SSC values near 

the bed to decrease, thereby reversing the progression of flow types described above. 

REGIONAL GEOLOGICAL SETTING AND DATABASE 

The Lower Cretaceous (Aptian) Bluesky Formation (Fig. 2.4) hosts an actively producing 

in situ heavy-oil field in the Peace River area of west-central Alberta, Canada (Fig. 2.5). The 

Bluesky Formation is part of a 3rd-order transgressive systems tract and records flooding of a basin-

axial drainage system that emptied north-westward into the Boreal Sea of the Western Canadian 

Foreland Basin (O’Connell, 1988; Smith, 1994; Cant and Abrahamson, 1996; Hubbard et al., 1999). 

Regionally, the Bluesky Fm. is a thin (0-5 m) sandstone unit that ranges in depositional character 

from tide-dominated marginal marine to wave-dominated shelf (Leckie and Smith, 1992; 

O’Connell, 1988). The succession is undeformed and dips gently (<5o) westward. 

The study area is 40 km by 40 km in size (Fig. 2.5, inset), with the top of the Bluesky 

Formation lying at a depth of 500–700 m below the surface. Within the study area, the Bluesky 

Formation is a sandstone-dominated heterolithic body that thickens to 10-30 m along a 20 km long 

by 10 km wide northwest to southeast trend (Fig. 2.5, inset). Forty drill cores that are spread more 

or less uniformly throughout the sandstone body were logged at the lamina scale. Sandstones range 

in colour from light brown to very dark brown because intense oil staining, and have grain size that  
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Figure 2.4: Stratigraphic column for the Lower Mannville Group in the Peace River area of west-

central Alberta, showing the stratigraphic position of the Bluesky Formation. Modified from 

Hubbard et al. (1999). 

 

varies from lower very fine sand to gravel (fine sand is predominant). Sedimentary structures are 

commonly not visible within the sandstones because of the oil staining and relatively uniform grain 

size. However, structures can be inferred locally by the presence of partings between bedsets and 

foreset laminae, or where the oil staining is less (e.g., Fig. 2.6E, F, I).  Mudstones are not oil stained 

and are lighter coloured than the sandstones. Silt-rich mudstones are light brown, whereas clay-

rich mudstones are grey, becoming darker grey with decreasing silt content. Lithological analysis 

of mudstones was conducted only by direct macroscopic observation. The terminology used to 

classify layer thickness follows Collinson and Thomson (1989). The term “layer” is used to refer 
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to a lithologically homogeneous unit of any thickness. Layers thicker than 1 cm are referred to as 

beds, whereas those thinner than 1 cm are laminae. Further subdivisions that are specific to this 

study are: (1) thin laminae: < 2 mm; (2) thick laminae: 2-10 mm; (3) thin beds: 10-20 mm; and (4) 

thick beds: >20 mm. 

 

Figure 2.5: Location of the study area. A) Map of Canada with an inset of Alberta, showing the 

location of major oil-sands deposits. The study area lies within the Peace River Oil Sands deposit 

and is shown by the box. B) Map of the study area showing the distribution of wells and those for 

which cores are available. The main depositional axis of the Bluesky Formation sediment body is 

shown in gray.  

 

THE TIDAL NATURE OF THE BLUESKY FORMATION 

The sandstone-dominated heterolithic deposits that occur in the study area have been 

interpreted previously as estuarine in origin, with varying degrees of tide (Howard, 1976; 

Rottenfusser, 1985) and wave influence (Hubbard et al., 1999, 2001). The authors of this paper, 

however, interpret the Bluesky as the deposits of tide-dominated deltaic and tide-dominated 
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estuarine environments (Mackay and Dalrymple, 2005, 2008). Evidence against a wave-dominated 

interpretation includes the absence of low-energy mudstone-dominated facies representative of a 

central-basin environment, and the lack of wave-generated bedforms (e.g., hummocky cross 

stratification) that might indicate the former presence of a wave-formed barrier (cf., Hubbard et al., 

1999, 2001).  

By contrast, the Bluesky Formation contains pervasive evidence of tidal deposition (Fig. 

2.6). It is distinctly bimodal (interbedded sandstone and mudstone in discrete layers) and 

pervasively heterolithic (Fig. 2.1), with attributes that are closely similar to tide-dominated 

marginal-marine deposits from both the modern (e.g., Fly River delta, Dalrymple et al., 2003; 

Amazon River delta, Kuehl et al., 1986) and the ancient (McCrimmon and Arnott, 2002; Feldman 

et al., 2008).  The relative proportions of sandstone and mudstone range from mudstone-dominated 

heterolithics (> 75% mudstone) to clean sandstone. Current-generated sedimentary structures are 

predominant with moderately common bi-directional cross-stratification (Fig. 2.6A), indicating 

tidal-current reversals. Cross-bedded, poorly sorted, medium- to coarse-grained gravelly 

sandstones commonly contain rounded mud-pebble rip-ups (Fig. 2.6B) that are likely derived 

locally from associated thick mudstone layers (Fig. 2.6C); similar associations are interpreted as 

re-worked fluid-mud deposits in the bases of tidal channels (Dalrymple et al., 2003; Schrottke et 

al., 2006; Ichaso and Dalrymple, 2009). Parallel-planar lamination and wave-ripple cross-

lamination are locally abundant. Wave ripples are restricted to formsets that are commonly visible 

beneath “mud drapes”. Many of the mudstone layers are greater than one centimeter thick (Fig. 

2.6C) and have attributes compatible with other tidally deposited ancient fluid-mud deposits, 

including an abundance of soft-sediment deformation, internal homogeneity and a common 

association with relatively coarse sand (cf., Ichaso and Dalrymple, 2009).  
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Figure 2.6: Cores showing tidal indicators in the Bluesky Formation. A) Bi-directional cross-

stratification. (Well 3-10-85-18w5, 574.50 m depth). B) Mudstone rip-ups on cross-bed foresets 

and bottomsets. (Well 8-30-84-17w5, 630.30 m depth). C) Thick mudstone with mantle-and-swirl 

structures (ms), indicative of rapid mud deposition and high pore-water content. (Well 10-22-84-

17w5, 613.25 m depth). D) Horizontal tidal rhythmites with thick-thin layer alternations that 

represent deposition by the dominant tide (dt) and subordinate tide (st). (Well 2-3-85-18w5, 603.15 

m depth). E) Double mud drapes deposited passively on a cross-bed foreset. (Well 7-36-85-18w5, 
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616.20 m depth). F) Paired mudstone beds separated by thin sandstone laminae, interpreted as a 

subordinate-tide deposit (st). (Well 7-29-8418w5, 687.00 m depth). G) Low-diversity trace-fossil 

assemblage consisting of Planolites (P). (Well 11-16-84-16w5, 674.00 m depth). H) Quasi-cyclic 

grouped mudstone layers, possibly representing several tidal slack-water periods during neap tides. 

(Well 8-17-84-16w5, 677.00 m depth). I) A possible neap-spring-neap succession in horizontal 

sandstone laminae. (Well 12-10-85-18w5, 585.50 m depth).  

 

 

 Evidence of tidal action is also provided by the stratigraphic organisation of layers. The 

diurnal inequality of the tides is represented by successions of lamina in clean sandstone that show 

alternating thick-thin layers (Fig. 2.6D,E). Semi-diurnal and diurnal tidal periodicities are also 

indicated by paired mudstone layers (“double mud drapes”; e.g., Fig. 2.6E,F), which are typically 

interpreted as tidal slack-water deposits (cf., Visser, 1980; Tessier and Gigot, 1989; Nio and Yang, 

1991; Dalrymple et al., 1991; Fenies et al., 1999; Hovikoski et al., 2005). Rhythmic thickening and 

thinning of laminae in clean sandstones (Fig. 2.6I) are interpreted as cyclic neap-spring changes in 

the strength of the peak tidal currents. Neap-spring tidal cyclicity is also inferred to explain 

centimeters-thick heterolithic packages containing fewer than 14 sandstone-mudstone alternations 

that are bounded by sandier intervals (e.g., Figs. 2.1B, C, 2.6H,; cf., Boersma and Terwindt, 1981; 

Tessier and Gigot, 1989; Greb and Archer, 1995; Coueffe et al., 2004).  

Low bioturbation indices in the Bluesky Fm. (e.g., Fig. 2.6) indicate relatively high 

deposition rates. Sandstones typically have BI values of 0-1, with uncommon intervals of complete 

reworking (BI 6). Mudstones generally have slightly higher BI values, with values most commonly 

ranging from 0-2, but with rare successions whose BI values are 4-5. Where bioturbation is present 

(Fig. 2.6G), brackish-water conditions are indicated by diminutive traces and a low-diversity suite 

of both vertical and horizontal trace fossils that record the activity of both deposit-feeding and 

suspension-feeding animals (Howard et al., 1975; Lettley et al., 2007; MacEachern and Gingras, 
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2008). Common ichnogenera include Planolites, Arenicolites, Thalassinoides and Skolithos. 

Uncommon ichnogenera include Rosselia, Teichichnus, Asterosoma, Chondrites and 

Palaeophycus, which occur only in isolated, heavily bioturbated intervals. 

MUDSTONE ANALYSIS 

 Mudstone layers in the Bluesky Formation are either homogeneous and structureless, or 

are internally stratified with alternations of more silt-rich and more clay-rich layers. Varying 

amounts of disseminated sand and fine organic detritus are commonly present. Soft-sediment 

deformation is abundant. Mudstone layers are typically ungraded.  Layer thickness is the most 

strikingly variable characteristic of mudstones in the Bluesky, ranging from less than 1 mm to 15 

cm, even within sections as short as 1-2 m (e.g., Fig. 2.1D, F). Slow deposition of thick mudstone 

layers over long time periods is unlikely because of the predominance of relatively high-energy 

sandstones within heterolithic successions, low bioturbation indices, and the lack of grading within 

mud layers. Low bioturbation indices indicate relatively high and continuous sedimentation rates 

rather than episodic fallout of sediment from dilute suspensions (MacEachern et al., 2005; Neill 

and Allison, 2005; Bhattacharya and MacEachern, 2009). The lack of grading indicates hindered 

settling from high-density suspensions (cf. Mehta, 1991; Winterwerp, 2002; McAnally, 2007). 

Many mudstone layers in the Bluesky Formation are therefore interpreted as having been deposited 

rapidly, over time spans of minutes to hours. These short durations, in combination with the 

abundance of strong tidal indicators, favours a tidal origin for the mudstone layers. Flume studies 

and field observations have demonstrated that mudstone layers ranging from < 1 mm to 1 m thick 

can be deposited over individual tidal half-cycles from water columns with SSC values ranging 

from one gram per liter to hundreds of grams per liter (Table 2.1).  
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Table 2.1: Summary of published work linking mud-layer thickness with suspended-sediment 

concentration. Mud-layer thicknesses are before burial compaction. 

 

Authors SSC Values Resultant Mud Layer Thickness 

Reineck and Wunderlich (1968); Terwindt and Breusers (1972, 1982) << 1 g/L < 2 mm 

Hawley (1981); Terwindt and Breusers (1982); Owen (1970) 1-10 g/L 2-10 mm 

Kirby and Parker (1983); Schrottke et al. (2006) 10s - 100s g/L Few centrimeters to several 
decimeters 

 The characteristics of individual mudstone layers in the study area were described and 

analyzed in terms of their thickness, texture, the presence or absence of internal lamination, 

grading, and the nature of their upper and lower contacts (Table 2.2). Four discrete mudstone types 

(Fig. 2.7) are identified and divided into two general groups: (1) unstratified mudstones (UM), 

which are composed of lithologically homogenous mudstone laminae and beds with no internal 

lamination; and (2) stratified mudstones (SM), which are internally laminated with layers defined 

by variations in the silt and clay content, with uncommon sand-rich or organic-rich lenses or 

laminae. Two unstratified mudstone types (UM1, UM2) are distinguished primarily on the basis of 

their thickness, whereas two stratified mudstones types (SM1, SM2) are differentiated primarily by 

their internal lamination.  

UM1: Description and Origin 

 Thin unstratified mudstone layers (UM1; Table 2.2) consist of claystone- or siltstone-rich 

laminae less than 2 mm thick (1 mm average) (e.g., Fig. 2.8). UM1 layers are most commonly 

sharply based and do not show soft-sediment deformation. UM1 is comparable to mud layers that 

are commonly referred to as “mud flasers” or “wavy-laminated muds” in the case of more laterally 

continuous (but still very thin) layers. 
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Table 2.2 
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Figure 2.7: Schematic illustrations and core examples showing the four mudstone types observed 

in the Bluesky Formation. In the schematic illustrations, sandstones are represented by light yellow. 

Relatively finer-grained (i.e., clay-rich) mudstone layers are shown in dark grey and relatively 

coarser-grained (i.e., silt-rich) layers are shown in light grey. Examples: UM1– unstratified 

mudstone type 1 (Well 15-21-84-17w5, 599.50 m depth); UM2– unstratified mudstone type 2 (Well 

11-16-84-16w5, 588.80 m depth); SM1– stratified mudstone type 1 (Well 10-22-84-17w5, 620.65 

m depth); SM2– stratified mudstone type 2 (Well 7-26-84-18w5, 601.95 m depth.h). 
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Figure 2.8: Examples of UM1 mudstone layers. A) A thin mudstone lamina passively drapes a 

scour. A weakly-developed second drape accumulated in the trough of the overlying current-ripple 

set. (Well 10-22-84-17w5, 621.65 m depth). B) Paired thin UM1 laminae. The lower layer is partly 

gradational with the underlying very fine sandstone. (Well 8-30-84-17w5, 607.70 m depth). C) A 

group of UM1 mudstone layers interpreted to represent neap-tide deposition. The group consists of 

approximately 20 individual UM1 layers, many of which are paired (double-arrows) and separated 

by a thin sandstone lamina that was deposited during the subordinate tide (st). Thicker intervening 

sandstones are interpreted as deposits of the dominant tides (dt). Diminutive Planolites (P) are 

present (BI 1). Note the upward-thinning, flattening, and fining of the intervening sandstone 

laminae, a trend that is interpreted as an overall decrease in peak tidal velocities during the passage 

from spring tides toward neap tides. (Well 10-22-84-17w5, 613.25 m depth). 
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The draping of UM1 mudstone layers with a uniform thickness over ripple formsets is 

consistent with passive gravitational settling of mud from the water column in essentially still 

water. SSC levels are interpreted to have been less than 1 g L-1 because of their thinness (cf. 

McCave, 1970). Thus, UM1 layers are comparable to the classic “slack-water drapes” that are 

commonly reported in studies of modern and ancient tidal deposits (e.g., Reineck and Wunderlich, 

1968; Rahmani, 1988; Nio and Yang, 1991).  

UM2: Description and Origin 

 The thickly laminated (2-10 mm) and bedded (> 10 mm thick) unstratified mudstones 

assigned to the UM2 category (Table 2.2) consist of homogeneous claystone- or siltstone-rich 

mudstone layers that commonly display a sharp basal contact and load structures at their top (Figs. 

2.9A-D,2.10A). Layers of UM2 may also be gradational downward and upward with stratified 

mudstone layers (e.g., Figs. 2.9B, C, 2.10B, 11), or they may be stacked one on top of another with 

contacts that are indicated by very subtle textural changes and/or soft-sediment deformation (e.g., 

Fig. 2.9B).  

 The absence of internal lamination, the general lack of grading and the significant 

thicknesses of UM2 layers indicate that UM2 layers were deposited under conditions of moderate 

(1-10 g L-1) to high (> 10 g L-1; i.e., fluid muds) SSC values, in the absence of significant turbulent 

forces near the bed that would sort the grains and allow the formation of grading and create 

lamination (Baas and Best, 2002). The absence of turbulence is interpreted to be the result of either 

a weak current throughout the entire water column or because of suppression of turbulence near 

the bed by the high SSC values (i.e., under conditions of unstable plug flow or quasi-laminar plug 

flow; Figs. 2.2D, 2.3D, point D). Because UM2 may form in a spectrum of conditions ranging from 

completely slack water to unstable plug flow, assigning a depth-averaged current speed in which  
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Figure 2.9: Examples with a predominance of UM2 mudstone layers. A) A thin sandstone layer 

deposited by the subordinate tide (st) separates a pair of UM2 layers, each of which represents a 

single slack-water period. Load structures (ls) are present at the top of the upper mudstone bed. The 

top of the basal mudstone lacks load structures because of the small thickness of the subordinate-

tide sand layer. (Well 15-21-84-17w5, 612.00 m depth). B) Thickly bedded fluid-mud deposits 

composed predominantly of UM2 layers, with some SM2 layers. Prominent mantle-and-swirl 

structures (ms) are present at the top of two of the UM2 beds. A distinct interval of SM2 is present 

at the base of the uppermost UM2 layer. As well, the lower mudstone layer contains a potential 

interval of SM2 with weakly developed very thin silty lamination (emphasized by parallel dotted 

lines) and a distinct sandy layer. The lowermost mudstone bed is a composite of three UM2 layers, 

separated from one another by mud-on-mud contacts (shown with dashed lines): the upper mud-

on-mud contact shows loading of the upper mudstone layer into the underlying one. (Well 7-26-

84-17w5, 625.25 m depth). C) Similar associations of UM2 and SM2 as in B, but with pronounced 

load (ls) and flame structures (fs) at the top of beds, and with upward injection of sandstone (si) 

into the base of the mudstone beds. The uppermost mudstone interval is a composite pair of UM2 

layers, separated by a thin discontinuous sandstone layer deposited by the subordinate tide (st). 

Note the paired UM1 interval (double white arrow) near the top of the heterolithic succession. (Well 

7-26-84-17w5, 625.30 m depth). D) A pair of UM2 layers. The lower mudstone has an SM1 interval 

at its base. The upper mudstone has a prominent load structure at its top (ls). Note the absence of 

loading on the lower mud layer. (Well 10-22-84-17w5, 613.20 m depth). E) A pair of UM2 layers 

separated by a thin sandstone layer deposited by a subordinate tide. The upper mudstone layer has 

an erosional upper surface (es), indicated by “truncated” Arenicolites (Ar) burrows. (Well 6-33-84-

17w5, 612.35 m depth). 

 

 

UM2 layers form is difficult, particularly because the fluid mud from which these layers formed 

might have been vertically and temporally decoupled from currents in the water column above the 

lutocline (Jianhua and Wolanski, 1997; Traykovski et al., 2000).  

 The great thickness of UM2, compared to UM1, is interpreted to be the result of higher 

SSC values (greater settling velocities and sediment accumulation rates) rather than longer low-

energy periods, the length of which is constrained by the tidal cyclicity. Rapid deposition over a 

single tidal slack-water period is indicated by a number of lithological features including the 

common occurrence of load structures (e.g., Fig. 2.9A, C, D) and mantle-and-swirl structures along 

the uppermost surface (e.g., Figs. 2.6D, 2.9B), both of which result from high water content and 

high pore pressure (Sills and Elder, 1986; Mehta, 1991; Lobza and Schieber, 1999; Bhattacharya 
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and MacEachern, 2009). The presence of paired UM2 layers (Fig. 2.9A) is also indicative of a tidal 

slack-water origin for each layer.  

SM1: Description and Origin 

 Type 1 stratified mudstones (SM1; Table 2.2) consist of 3-20 mm thick cross-laminated 

mudstones in which the foresets pass gradationally (either downcurrent or upcurrent) into coarse 

siltstone or very fine sandstone (Figs. 2.10B, 2.12). Ripple formsets have lower amplitudes than 

normal current ripples and may have rounded crests. It is particularly noteworthy that the ripples 

may be finer grained at their crests than in the trough (e.g., Figs. 2.12A, 2.13C). 

 SM1 layers are interpreted to have formed under turbulent flow, transitional turbulent flow 

or transitional plug flow (sensu Baas et al., 2009) as indicated by the presence of traction-current 

bedforms, under a range of moderate SSCs that are at least 1g L-1 (sufficiently high that thick 

mudstone layers were created), but not so high that cohesive forces and laminar flow predominate 

over turbulence (i.e., no higher than a few tens of grams per liter).  

 The predominant occurrence of ripples with foresets dipping in only one direction in each 

layer (e.g., Fig. 2.12A) indicates that each SM1 layer formed primarily under the influence of a 

unidirectional current during a single half tidal cycle. Bi-directionally dipping lamination (Fig. 

2.12B) indicates possible tidal-current reversals. Rounded and typically sandy ripple crests (e.g., 

Fig. 2.12A) strongly resemble washed-out ripples, which occur when flows are near the transition 

between the ripple and upper-plane-bed stability fields (Baas and De Koning, 1995; Baas, 1999). 

However, very similar rounded ripple forms have also been produced at velocities well below upper 

plane-bed conditions in transitional turbulent flows and transitional plug flows (Baas et al., 2011). 

Conditions favoring the latter interpretation are likely to be more common beneath the turbidity  
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Figure 2.10: Grouped UM2 mudstone layers. A) A group of UM2 layers deposited over multiple 

tidal cycles (neap tides?); the stratigraphic context is shown in Figure 6B. UM2 layers are 

interpreted as the deposits of weak currents (i.e., Figure 2.14, Flow Path A), but with moderate 

SSC values, thus explaining the absence of the deposits of transitional flow (i.e., SM1 and SM2 

layers), as well as the absence of upper-flow-regime bedforms in the intervening sandstones. 

Mudstones are homogeneous, claystone-rich and sharply based, but conformable with the 

underlying sandstone. Alternations of thick and thin sand layers are the result of semi-diurnal tidal 

forcing and were deposited by dominant (dt) and subordinate-tides (st), respectively. Round-crested 

sandy ripple formsets (rcr) are either washed-out ripples or were created beneath a high-

concentration near-bed suspension (cf. Baas et al., 2011). Bioturbation index ranges from 1 in the 

lower several mudstone beds to 2 or 3 in the upper two beds. Trace fossils include abundant 

diminutive Planolites (P) and sparse Arenicolites (Ar) and Skolithos (Sk). (Well 11-16-84-16w5, 

677.00 m depth). B) A heterolithic succession with a strong association of UM2 and SM1. Mantle-

and-swirl structures (ms) are present at the top of two of the UM2 beds. SM1 layers conformably 
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underlie a number of the UM2 layers, suggesting that flow conditions changed from turbulence-

modified transitional flow (SM1) into quasi-laminar plug flow or unstable plug flow (UM2). Cross-

stratification associated with SM1 layers is indicated by white ellipses, with prominent foresets 

high-lighted by dark arrows showing downlap. The two centimeters-thick UM2 layers in the bottom 

third of the photo are interpreted as a semi-diurnally deposited paired mudstone set. (Well 8-30-

84-17w5, 628.65 m depth). 

 

 

maximum in tidal systems. Similar ripple forms are abundant in tidal-channel sediments from the 

estuarine turbidity maximum of the Pliocene Rhine and Meuse rivers (van den Berg et al., 2007). 

 Alternating sand-mud laminations within actively migrating current ripples (i.e., not simply 

mud layers that drape sandy ripples) similar to those in Figure 2.12A have been produced 

experimentally by the reworking of bi-modal sediment (i.e., sand and mud) during transitional 

turbulent flow or transitional plug flows (Baas et al., 2011).  Ripples that are sandier at their crests 

and pass downward into muddier bottomsets (e.g., Figs. 2.10B; 2.12A, upper ripple set) indicate 

that shear stresses could have been higher on ripple crests than in the troughs. Baas and Best (2008) 

suggest that, at SSC values above several grams per liter, unidirectional flow over a rippled bed 

will tend to infill ripple troughs with mud, as a result of turbulence suppression in the lee of the 

ripple (e.g., Fig. 2.10B). On the other hand, ripples that pass down current from mud on the upper 

part of the lee face into sand in the trough (Fig. 2.12A, lower ripple set; Fig. 2.13C) are explained 

by two possible mechanisms. The first is that shear stresses at the ripple crest were lower than those 

in the ripple trough (e.g., Allen, 1984; Baas and Best, 2008; cf., Bridge and Best, 1988). Baas and 

Best (2008) demonstrate that within the lower-SSC portion of the transitional turbulent flow field 

(i.e., at experimental SSC values of 1.2 – 69.4 g L-1 and a velocity of ~ 33 cm/s), turbulence is 

enhanced on the lee side of the ripple, which could cause the material deposited in the ripple trough 

to be coarser than the material higher up on the lee face. At higher SSC values, turbulence becomes  
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Figure 2.11: A composite mudstone layer composed of silty stratified mudstones (SM2) that pass 

gradationally upward into UM2. The mudstone overlies an erosional surface (heavy dashed white 

line); some sand is present in the base of the scour. The lower third of the mudstone bed is 

interpreted as having been deposited by transitional flow (i.e., layer-by-layer deposition) and has 

intervals of organic-rich mudstone (or) alternating with silt-rich mudstone (sr). Finely inter-

laminated sandstone layers (sl) are present within a silt-rich interval. Pyrite nodules (pn) are 

associated with organics. The UM portion of the mudstone layer possibly represents continued 

layer-by-layer deposition from transitional flow (i.e., as opposed to “freezing” of a cohesive-

sediment plug), where all of the coarser-grained non-cohesive suspended sediment settled to the 

bed during deposition of the lower half of the layer. (Well 8-30-84-17w5, 630.60 m depth). 
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Figure 2.12: Cross-stratified mudstones (SM1). A) Pairs of UM1 layers (indicated by double black 

arrows) separated by a composite SM1 layer (between dashed lines). Thin sandstone laminae 

interpreted as subordinate-tide deposits (st) separate UM1 layer pairs. The lower part of the two 

SM1 layers (outlined by long-dashed black lines and separated by short-dashed grey lines) is 

composed of a ripple with muddy foresets that pass downward and laterally into sandier bottomsets. 

The upper, round-crested ripple (rcr), has sandier foresets that pass downward and laterally into 

muddy bottomsets. (Well 10-22-84-17w5, 620.70 m depth). B) Laminated mudstone bed composed 

of two SM1 layers. The sandstone at the base of the bed passes gradationally upward into silty 

laminae that downlap to the right (black arrows). In the upper third of the bed, laminae downlap to 

the left. A possible grazing trace (gt) is present at the top of the thick mudstone bed. (Well 7-26-

84-17w5, 613.50 m depth). 

 

attenuated in the lee of the ripple and grain-size distributions down the lee face will reflect, again, 

the presence of a “shear-stress shadow” as is the case for low SSC values. The second mechanism 

for downward coarsening can occur within turbulent flow or transitional turbulent conditions and 

requires the formation of clay floccules whose settling velocity is higher than that of very fine sand. 
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Recent flume studies (e.g., Macquaker and Bohacs, 2007; Schieber et al., 2007; Schieber and 

Southard, 2009; Schieber and Yawar, 2009) have demonstrated that the clay floccules that form 

from low-density suspensions (0.03 g L-1 – 4.5 g L-1) are in hydraulic equivalence with sand in 

flows with speeds as high as 25 cm/s; at higher current speeds the floccules tend to be broken apart 

by shear stresses. Thus, if the floccules settle slightly faster than the sand, the floccules would not 

be carried as far down the lee face of the ripple, resulting in muddier crests and sandier troughs. In 

the Severn Estuary, where 70-80% of the particles in suspension are less than 1 μm in diameter, 

Kirby and Parker (1983) record settling rates for floccules that are equivalent to a mean Stokes size 

of 100 μm (maximum size 140-150 μm), values that are significantly greater than those for the 

coarse silt and lower very fine sand that is present in the ripples in SM1 layers. 

SM2: Description and Origin 

 Stratified mudstones with internal parallel lamination (SM2) (e.g., Figs. 2.9B, C, 2.11, 

2.13; Table 2) are typically composed of alternating thin distinct layers of varying clay and silt 

content with minor amounts of sandstone or finely disseminated organic material. Despite the 

internal lithological alternations, SM2 layers appear internally conformable, with no bioturbated 

intervals or scour surfaces to indicate amalgamation of discrete depositional events. The laminae 

range in thickness from < 1 mm (e.g., Figs. 2.11, 2.13A) to several millimeters (e.g., Figs. 2.9B, C, 

2.13B,C). They are roughly parallel to one another and are laterally continuous, with a notable 

absence of lenticular or cross-laminated coarse silt or sandy layers. Subtle grading is observed in 

thick SM2 layers (e.g., Fig. 2.13B).  

 The stratification style of SM2 is explained well by rapid deposition from quasi-steady 

transitional flow or plug flow, where traction-deposited bedforms are unstable, irrespective of 

current speed (Lowe, 1988; Lowe and Guy, 2000; Baas and Best, 2008). The lamination these flows 
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Figure 2.13: Mudstone-dominated successions that are interpreted to represent deposition during 

flow deceleration and flow acceleration around a tidal slack-water period. A) A distinct 

deceleration-acceleration event in which flow passed from transitional plug flow (SM2) into quasi-
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laminar/unstable plug flow (UM2) during deceleration, with a return to transitional plug flow 

(SM2) during acceleration. Note that the fluid-mud succession overlies a pronounced pebble lag 

and most likely accumulated in a channel-bottom setting. (Well 8-30-84-17w5, 629.95 m depth). 

B) A mudstone layer composed of amalgamated SM1 and SM2 units. The succession is interpreted 

as a single deceleration-acceleration event during which the fluid mud remained mobile (i.e., no 

plug flow). The sandy ripples beneath the mud layer are interpreted to be migrating perpendicular 

to the plane of the image. Subtle grading within the sandy laminae in SM2 is consistent with 

deposition from bursting cycles. (Well 7-26-84-17w5, 616.60 m depth). C) An amalgamated 

mudstone interval with SM1 at the base, passing upward into paired UM2 layers, then into an SM2 

layer and, ultimately, into current-rippled sandstone. The succession is interpreted as the deposit of 

a complete semi-diurnal tidal cycle, with the thin sand layer separating the UM2 layers representing 

deposition during the subordinate tide (st). Note that the mud in the SM1 layers occurs in the crests 

of the ripple forms, whose profiles are distinctly rounded. (Well 10-22-84-17w5, 617.50 m depth). 

 

 

is interpreted to form by fluctuations in the magnitude and nature (i.e., turbulent vs. laminar) of 

shear stresses that occur in the lower, near-bed shear zone, beneath a mobile fluid-mud plug: the 

result is alternating deposition of non-cohesive sediment (coarse silt and sand) and cohesive 

sediment (mud) (Baas and Best, 2002), despite time-averaged flow velocities within the external 

free-flow layer that are greater than the depositional threshold for mud. Three physical mechanisms 

have been invoked to explain these fluctuations and the associated sediment sorting that define the 

lamination: (1) shear sorting of cohesive and non-cohesive grains that results from short-period 

alternations between turbulent and laminar flow (e.g., Stow and Bowen, 1978, 1980; Kranck, 1984) 

that can occur in the boundary layer beneath the fluid-mud plug in a zone a few millimeters thick, 

immediately above the stationary bed; (2) repeated bursting cycles (Bridge, 1978; Hesse and 

Chough, 1980; Allen, 1984),  in which there are short-period fluctuations in the degree of 

turbulence; and (3) Kelvin-Helmholtz shear instabilities that cause sub-second to several-seconds-

scale velocity fluctuations and fluid mixing in the boundary layer beneath the zone of partial gelling 

(Fig. 2.2C) (Baas and Best, 2002; Baas et al., 2009). Surface wind waves in unconfined coastal 

settings have also been invoked to explain the formation of finely laminated mudstones (Kuehl et 
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al., 1988; Allison et al., 1995; Ichaso and Dalrymple, 2009). The authors here suggest, however, 

that the presence of fluid muds should attenuate most externally generated turbulence before it can 

reach the bed (cf., Lamb and Parsons, 2005). However, the presence of internal waves at the 

boundary between a mobile fluid-mud layer and the overlying free flow (Fig. 2.2C, D) might be an 

important factor contributing to any or all of the aforementioned grain-sorting mechanisms. These 

internal waves, which are known to be in phase with surface waves and are typically attributed to 

Kelvin-Helmholtz shear instabilities (Traykovski et al., 2000) are predicted to produce additional 

near-bed shear-stress fluctuations by “pressure pumping”, when superimposed on the 

unidirectional component of the flow. As well as being reported in unconfined coastal settings (e.g., 

delta-front and nearshore-shelf environments; Wright et al., 1988; Allison et al., 1995; Traykovski 

et al., 2000), these internal waves are also reported along the top of the lutocline in tidal channels 

in the presence of significant tidal currents (Jianhua and Wolanksi, 1997; Kineke et al., 2000). 

However, attributing the parallel lamination within SM2 layers to one particular grain-sorting 

mechanism is not yet possible because they are all reported to generate stratification similar to SM2 

and are all equally likely to occur in tidal environments.  

 SSC values during deposition of SM2 layers are interpreted to be less than for UM2 layers 

because of the apparent inability of the fluid-mud suspension to suppress boundary shear (i.e., there 

is only partial gelling of the suspension), as indicated by the periodic settling of coarser non-

cohesive grains through the suspension to form the coarser layers. SSC values were, however, likely 

higher than for SM1 layers, because SSC values were sufficiently high to prevent the occurrence 

of ripples by suppressing near-bed turbulence.  

 Undoubtedly, the visibility of lamination in the deposits of transitional flow is limited by 

the range of grain sizes present in the suspension: well-sorted suspensions may produce very faint 



 

67 

 

lamination (e.g., Fig. 2.9B) that is best observed in thin-section (e.g., Allison et al., 1995; Kuehl et 

al., 1988; Schieber, 1999; Soyinka and Slatt, 2008). Thus, the absence of stratification should not 

preclude the existence of transitional flow at the time of deposition of a mudstone layer (consider, 

example, the upper portion of the mudstone bed in Figure 2.11). 

DISCUSSION 

Many of the tidally deposited mudstone layers in the Bluesky Formation (i.e., the UM1, 

SM1 and SM2 types) represent a departure from the classic “slack-water drape” model for mud-

layer deposition in tidal systems. The variety of characteristics of mudstone layers is, however, 

consistent with the wide range of SSC values now known to exist in tidal systems (e.g., Nichols, 

1985; Dalrymple et al., 2003; Schrottke et al., 2006), and with the full range of depositional 

processes documented by a significant body of experimental work on mud sedimentation (e.g., 

Baas and Best, 2002; Schieber and Southard, 2009; Baas et al., 2011). Here, we attempt to produce 

a model for tidally deposited mud layers, in order to provide a basis for reconstructing flow and 

suspended-sediment histories for heterolithic tidal deposits.  Given that more experimental work is 

needed to constrain fully the relationship between process and the characteristics of the deposits, 

the model presented here must be considered a first attempt. 

A Model for the Deposition of Mud Layers from Decelerating Tidal Flows of Variable 

Suspended-Sediment Concentration 

 Over the course of an individual half tidal cycle, mud is generally dispersed throughout the 

water column when the current is strongest, but, as the tidal current weakens and slack-water is 

approached, mud settles to the bed (Kirby and Parker, 1983; Nichols, 1985). The formation of each 

mudstone type can be reconciled with a particular tidal-current flow path during flow deceleration 

(Fig. 2.14).  Three generic flow deceleration pathways are plotted, each representing the 
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progression of flow from higher-to-lower depth-averaged current speed and from lower-to-higher 

SSC values near the bed.  

 

Figure 2.14: Flow stability-field diagram (cf. Fig. 3)  showing the expected mudstone deposits 

associated with each flow type. The gray arrows indicate potential decelerating flow paths. Path A: 

a weak and dilute decelerating flow such as might occur during neap tide, or in areas removed from 

the turbidity maximum. Path B: a moderate-strength flow with moderate SSC values. Path C: a 

high-speed and high SSC decelerating flow that might typify spring tides in channel-bottom 

locations beneath the turbidity maximum. TF = Turbulent Flow. TTF = Transitional Turbulent 

Flow. TPF = Transitional Plug Flow. QLPF = Quasi-Laminar Plug Flow. UPF = Unstable Plug 

Flow. 

 

 Flow Path A (Fig. 2.14) represents deceleration of a relatively weak and dilute current. The 

resultant deposit of Flow Path A is a single thin, mudstone drape (UM1) that overlies sandy 

bedforms either sharply (Fig. 2.15A) or gradationally (Fig. 2.15B). A sharp contact (e.g., Figs. 

2.6E, 2.7, 2.8A,C, 2.15A) indicates that deposition took place from a suspension whose bulk 
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sediment composition was bimodal (i.e., very fine sand and/or coarse silt fraction was missing), or 

that the flow decelerated sufficiently rapidly from traction-dominated deposition into suspension 

fallout that no grain-size segregation occurred. Conversely, a gradational contact (e.g., Fig. 2.8B, 

lower mudstone lamina) occurs if the sediment is unimodal, or if the SSC was low enough and 

current deceleration was sufficiently slow that grain-size segregation occurred. UM1 layers are not 

interpreted as the eroded remnants of thicker mudstones because they occur in decimeters-thick 

successions with multiple, uniformly thick UM1 layers, associated with mudstone rip-ups of 

comparable thickness (e.g., Fig. 2.1A). If UM1 layers were eroded remnants of thicker mudstones, 

greater thickness variability, more abundant erosion surfaces, and thick mudstone clasts would be 

expected (cf., Hawley, 1981, 1982). 

 Flow Path B (Fig. 2.14) represents deceleration of a flow with moderate peak tidal currents 

and moderate SSCs. This flow path results in a layer of UM2 that is either underlain by an SM1 

layer (Fig. 2.15C) or sharply drapes current ripples (Fig. 2.15D). An underlying SM1 layer (e.g., 

Fig. 2.10B) will occur if: (1) the flow passes through the turbulence-transitional flow field slowly 

(Baas et al., 2011) and the flow is sediment-saturated (sensu Friend, 1993) such that deposition is 

promoted by the inability of the flow to carry any additional suspended load (van Maren et al., 

2009); or (2) if traction-current-generated silty bedforms (cf. Macquaker and Bohacs, 2007; 

Schieber and Southard, 2009; Schieber and Yawar, 2009) are hydrodynamically stable. Sharply 

based mudstone layers with no intervening SM1 layer (e.g., Fig. 2.10A) will result from Flow Path 

B if the flow decelerates rapidly (Baas et al., 2011), if the flow is sediment-undersaturated and/or 

if turbulence enhancement (sensu Baas et al., 2009) occurs during transitional turbulent flow. 

Erosion is less likely to precede mud deposition by Flow Path B if the flow decelerates rapidly 

because the flow is more likely to remain sediment-saturated and will spend less time in the 

transitional flow field.  
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Figure 2.15: The predicted successions produced by the flow-deceleration events shown in Figure 

2.14. A, B) Successions produced by deceleration of a weak flow with low SSCs (Figure 14, Flow 

Path A). A) Sharply based UM1 layer produced by rapid flow deceleration and/or bi-modal grain 

size. B) Gradationally based UM1 layer produced by slower deceleration and/or unimodal grain 

size. C, D) Successions produced by deceleration of a moderate-speed flow with moderate SSCs 

(Figure 14, Flow Path B). C) Succession produced by flow deceleration along Flow Path B (Figure 

14), with preservation of ripple cross-lamination produced by transitional turbulent flow (SM1), 



 

71 

 

beneath a fluid-mud layer (UM2). D) Sharply based UM2 layer, produced by Flow Path B (Figure 

14) in which no stratified mudstones are deposited during rapid flow deceleration. E, F) 

Successions produced by deceleration of a strong flow with high SSCs (Figure 14, Flow Path B). 

E) Preservation of the full suite of dynamically deposited, stratified mudstones, beneath a UM2 

layer. F) Sharply based UM2 layer, produced by Flow Path C (Fig. 14) in which no stratified 

mudstone is deposited because of rapid flow deceleration. Note that the succession is similar to that 

generated by flow deceleration along Flow Path B (cf. Fig. 15D), except that the UM2 layer is 

considerably thicker because of higher SSCs. 

 

 

  Flow Path C (Fig. 2.14) represents a decelerating flow with strong peak currents and high 

SSCs. The decelerating flow passes through the transitional flow fields (potentially causing erosion 

and/or depositing SM1/SM2 layers) before passing into the quasi-laminar plug-flow field 

(potentially depositing a UM2 layer from the base of a mobile fluid-mud plug), followed by direct 

freezing of the plug to the bed (unstable plug flow). Deposition of intervening stratified mudstones 

(Fig. 2.15E; examples include Fig. 2.9D, 2.10B, 2.13) will be promoted if the flow is sediment-

saturated and the flow stays within the transitional flow fields long enough for significant 

deposition to occur. If periods of transitional flow are very brief or completely absent, deposition 

will result in sharp-based UM2 layers without any preceding SM1/SM2 layers (Fig. 2.15F; 

examples include Figs. 2.9A-D, E, 2.10A) (cf., Baas et al., 2011). Sharp basal contacts can also be 

caused by the sudden “collapse” of the suspended sediment in the water column, which is likely to 

occur if flow deceleration is rapid. Kirby and Parker (1983) report mobile three-metre-thick fluid 

muds in the Severn River estuary that “freeze” within seconds as currents wane toward tidal slack 

water. Similar conditions have also been observed by Ganju et al. (2004) during flow deceleration 

in the turbidity maxima of the Petaluma River and Sonoma Creek, San Francisco Bay, California. 

The sharpness of the lower contact would also be enhanced if the available sediment was strongly 

bimodal. Where the basal contact of the mud layer is more erosive (e.g., Fig. 2.9A), as opposed to 
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passively draping underlying formsets, a period of turbulence-enhanced transitional flow, 

accompanied by sediment undersaturation, may have occurred.  

 Distinguishing between successions deposited by Flow Paths B and C (Fig. 2.14) might be 

difficult because both can result in the deposition of sharp-based fluid muds, with the potential for 

the creation of an SM1 layer first. A Flow-Path-C origin is favoured if the mudstone layer is 

especially thick, erosively based, and associated with upper-flow-regime bedforms.  

 In general, deceleration flow paths will tend toward Flow Path C in topographically low 

areas. Channel bottoms, in particular, are prone to high suspended-sediment concentrations during 

flow deceleration because of high turbulence during peak tidal currents, which promotes re-

suspension of mud, and deep water, which allows for a higher total suspended-sediment load 

(summed over depth) than in shallower parts of the channel (Winterwerp, 2002). For example, 

metre-thick fluid-mud bodies are formed during a single slack-water period in the troughs of large-

scale dunes beneath the turbidity maximum zone of the Weser River, Germany (Schrottke et al., 

2006). 

Mudstone Deposition over Multiple Tidal Cycles 

 Rhythmic tidal sedimentation is commonly interpreted from the stratigraphic arrangement 

of sandstones and mudstones, based on the assumption that there is a direct correlation between 

energy-level fluctuations and the thickness of sand and mud layers (e.g., Mossop and Flach, 1983; 

Rahmani, 1988; Hovikoski et al., 2008). For tidal environments with low SSC values and weak to 

moderate tidal currents, this assumption likely holds true. Indeed, the clearest evidence of semi-

diurnal or diurnal and neap-spring-neap cyclicity in the Bluesky Formation occurs in successions 

that contain UM1 mudstones (e.g., Fig. 2.8B, C). Even thickly laminated UM2 layers, likely 

deposited by Flow Path B (Fig. 2.14), appear to form quasi-cyclically arranged sandstone-mudstone 
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pairs that likely reflect alternating peak tidal currents and slack-water periods over multiple tidal 

cycles (e.g., Figs. 2.1B, 2.10A). For flows with high SSCs (i.e., Fig. 2.14, Flow Path C), however, 

there may not be a simple sedimentary response to the flow deceleration and acceleration associated 

with a single slack-water period. During deceleration towards slack water (flow transition from 

fully turbulent flow to plug flow) and the subsequent acceleration after slack water (flow transition 

from plug flow to fully turbulent flow), either deposition or erosion can occur during transitional 

flow states. Because fluid-mud bodies tend to be re-suspended after slack water, more quickly than 

it takes for them to form during flow deceleration (Kirby and Parker, 1983), stratified mud layers 

formed during flow deceleration are potentially more common than those formed during flow 

acceleration, although no particular trend was observed within the Bluesky Formation data-set. The 

effects of these transitional flow states on the recording of individual tidal cycles are discussed 

below. 

 “Over-Recording” of the Tidal Signal.— The deposition of stratified mudstone layers 

during tidal-current deceleration and acceleration, in addition to deposition of structureless mud 

layers at slack water, can result in the formation of several distinct mudstone layers, separated by 

apparently sharp surfaces, over one half tidal cycle. Thus, the tidal signal may be “aliased” or “over-

recorded” by flow deceleration and acceleration events in tidal channels with significant currents 

and moderately high to high SSCs (e.g., Fig. 2.10B). Flume experiments that evaluate the effects 

of rapid flow deceleration on mixed mud-sand sediment flows demonstrate the potential for the 

creation of several different sedimentary successions, depending on the rate of flow deceleration 

and the starting suspended-sediment concentration (Baas et al., 2011, their Figure 19). Many of the 

compound sand-mud layer successions interpreted as single tidal flow-deceleration deposits in the 

Bluesky (e.g., Figs. 2.12, 2.13) can be reconciled with the experiments of Baas et al. (2011). For 

example, the mudstone successions shown in Figure 2.13 (A, B) potentially represent single flow 
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deceleration-acceleration events (i.e., one slack-water period); these deposits record a succession 

of sandstone and mudstone layers that is far more complex than a simple, classic, “mud drape” 

overlying a simple sand layer. The example in Figure 2.13C possibly represents a full tidal cycle 

and two slack-water periods, with the peak subordinate tidal currents represented by a very thin 

sand lamina, the thinness being caused by the lack of sand due to burial beneath the preceding 

slack-water mud deposit, rather than by weak currents (cf. Dalrymple et al., 2003). Consequently, 

over multiple tidal cycles, any semi-monthly or monthly tidal signals are likely to become 

progressively more difficult to recognize by conventional bed-counting and/or bed-thickness 

analyses (cf., Hovikoski et al., 2008) as the suspended-sediment concentration increases. Thus, the 

examples in Figure 2.10A and B are both interpreted to represent deposition during a single neap-

tide interval. The succession in Figure 2.10B, which is composed of numerous SM1 and UM2 

layers, represents alternating bed-load and suspended-load deposition, under moderate to high SSC 

values. The example in Figure 2.10A is interpreted to represent lower SSC values (based on the 

presence of thinner UM2 layers and the absence of SM1 layers). The greater complexity of the 

example in Figure 2.10B reflects more complex flow transitions along Flow Path C (as compared 

to Flow Path B) rather than deposition over a longer period of time.  

 “Under-Recording” of the Tidal Signal.— The opposite effect (i.e., the presence of too few 

layers) may also occur during flow deceleration and acceleration following Flow Path C, where 

peak tidal currents are not recorded by the deposition of sand, but rather by a mud-on-mud contact 

that might not be visible easily (e.g, Fig. 2.9B, UM2 intervals in lower mud layer). This “under-

recording” may occur in two ways. (1) In the presence of high near-bed SSC values, a lutocline 

may persist over multiple tidal cycles (e.g., Kirby and Parker, 1983; Nichols, 1985; Kineke et al., 

1996), with the overlying free-flow portion of the flow “slipping” over the fluid-mud layer because 

of reduced friction at the top of the lutocline (Kineke et al., 1995; Jianhua and Wolanski, 1997; 
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Traykovski et al., 2000). These high near-bed SSC conditions are expected to be most common 

during neap tides (Gastaldo et al., 1994; Jaeger and Nittrouer, 1995; Kineke et al., 1996; Kuehl et 

al., 1996; Dalrymple et al., 2003), because of lower current speeds and turbulence near the bed, 

coupled with strong density stratification, which minimizes resuspension and promotes fluid-mud 

deposition. If sand is unable to settle through persistent fluid-mud layers because of the cohesive 

strength of the fluid mud, sand layers associated with peak tides will be absent. (2) Under-recording 

of tidal rhythms might also occur as the result of erosion of neap-tide fluid-mud layers by strong 

currents associated with subsequent spring tides. Complete removal is possible, but in cases where 

the lower portion of the mud layer attained a shear strength that was sufficiently high to resist 

erosion, partial preservation occurs, creating a sharp, erosive upper contact on a UM2 layer (e.g., 

Fig. 2.9E): Ross and Mehta (1989) report that mud layers can attain adequate shear strength to 

resist erosion within only 2-3 hours of deposition.  

 Thus, poor recording conditions for tidal rhythmites are predicted to exist in environments 

with strong peak tidal currents and high near-bed SSCs (> 1 g L-1, and certainly above 10 g L-1). 

These conditions are known to be common in the turbidity maximum zone, particularly in the bases 

of channels, in systems with significant tidal activity. It is paradoxical, therefore, that better tidal 

rhythmites might be preserved in systems with weaker tidal currents and/or in systems where, or at 

times when, SSC values are lower. A paucity of clear tidal rhythmites has been noted in modern 

deposits of the highly turbid tide-dominated Fly River delta (Baker et al., 1995; Dalrymple et al., 

2003). 

CONCLUSION 

 The abundance of high-density mud suspensions in coastal marine settings, and particularly 

in environments with strong tidal currents, is one of the most important recent advances to come 
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from studies of mud-rich marginal-marine environments. Tide-dominated depositional systems are 

particularly conducive to dynamic mud sedimentation because of the combination of high SSC 

values in the presence of fluctuating near-bed shear stresses. The inferred tide-dominated origin of 

the Bluesky Formation is, therefore, supported by the variety of mudstone-layer types, whose range 

of thicknesses, textures, and sedimentary structures, collectively indicate a broad spectrum of 

velocity and SSCs during their deposition.  

 Each of the four mudstone types described in this study represents a sedimentary response 

to a distinct set of depositional processes related to the relative importance of cohesive forces and 

shear forces acting during mud deposition, as a function of differences in the SSC and current 

speed. Unstratified mudstones reflect gravitational settling in the absence of a current (i.e., UM1) 

or, in the case of thickly laminated and bedded unstratified mudstones, dynamic settling from a 

mobile fluid-mud plug (i.e., deposition of UM2 from quasi-laminar plug flow), in which near-bed 

shear is predominantly laminar and weak, or absent entirely. Stratified mudstones represent 

deposition from a current in which SSC values are moderate to high, and turbulence is predominant 

but modified due to cohesive forces (i.e., deposition of SM1 from transitional turbulent flow),  or 

in which there is a mixture of turbulent and laminar conditions in the near-bed boundary layer (i.e., 

SM2 deposition from transitional plug flow). We propose that these latter three mudstone types 

(UM2, SM1 and SM2) be referred to as “dynamically deposited mudstones” and that the term 

“drape” be applied solely to UM1 mudstone types (i.e., those deposited simply by gravititational 

settling from slack water under low SSC conditions).  

 Unlike passively deposited mudstones such as UM1 layers that reflect a direct response to 

changes in energy levels alone, successions containing dynamically deposited mudstones reflect 

deposition-and-preservation conditions controlled by complex sediment-fluid interactions. There 



 

77 

 

is potential for multiple sand-mud layers to be deposited from a single decelerating or accelerating 

flow because changes in the near-bed SSC can result in short-period alternations of bed-load and 

suspended-load deposition (e.g., Fig. 2.13). Alternatively, no sand layers might be recorded over 

multiple tidal cycles because of decoupling of the bottom-boundary layer from the overlying free-

flow layer (e.g., Fig.2.9B), or because of erosion of sand-mud alternations during strong spring 

tides. Definitive tidal signatures (i.e., tidal rhythmites) might, therefore, be an uncommon 

characteristic of the turbidity-maximum zone in strongly tide-dominated systems. The presence of 

fluid-mud deposits in the Bluesky Formation is considered a stronger indication of tidal dominance 

than the presence of tidal rhythmites because the former indicate very elevated SSC values over 

long periods of time – one of the fundamental aspects of strongly tide-dominated depositional 

environments.  
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ABSTRACT 

 The heterolithic tide-dominated coastal deposits of the Bluesky Formation 

(Cretaceous), west-central Alberta, are interpreted using a facies classification scheme that keeps 

the number of facies limited to a relatively small and manageable number, drawing upon the 

lithological criteria that most meaningfully describe water depth and longitudinal position within 

the fluvial-to-marine transition. The sedimentary structures of sandstone layers reflect peak current 

speed, from which water depth (e.g., subtidal, intertidal, supratidal) can be inferred. The 

characteristics of mudstone layers (including their thickness, internal stratification and the nature 

of their upper and lower contacts) reflect suspended-sediment concentration (SSC). Three 

sandstone assemblages (cross-bedding dominated; cross-lamination dominated and parallel-planar-

lamination dominated) and three mudstone assemblages (reflecting low-, moderate- and high-SSC 

conditions) are combined in a 3x3 matrix to produce a total of nine facies. These facies in turn 
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define five recurring facies successions (0.5-20 metres thick) that represent the five geomorphic 

elements that comprise tidal environments: (1) compound dunes; (2) tidal channels and their 

adjacent bars; (3) tidal flats; (4) mouth bars; and (5) tidal sand ridges. In these successions, the 

vertical change in the sandstone assemblages defines the nature of the geomorphic element that 

created the succession, and the characteristics of the mudstone assemblages determine the 

proximal-distal location where it formed, with respect to the turbidity-maximum zone. 

The Bluesky is subdivided into a (lower) deltaic unit and an (upper) estuarine unit. 

Mudstone assemblages in the deltaic unit (moderate- to high-SSC) reflect higher SSCs than in the 

estuarine unit (low-SSC). The deltaic unit contains relatively fine-grained muddy mouth-bar 

successions which are unique to deltas, whereas the upper unit contains relatively coarse clean tidal 

sand-ridge deposits, which are unique to estuaries. Subtidal to lower intertidal channel-bar and 

tidal-flat deposits are the most abundant geomorphic elements in both units. Fluid-mud layers, 

which occur only in the deltaic unit, indicate high-SSCs associated with a setting in the turbidity 

maximum zone and/or in the base of a channel. The classification scheme developed in this study, 

and the identified geomorphic elements can be applied universally to the deposits of all tide-

dominated systems because these systems are all governed by the same fundamental principles. 

INTRODUCTION 

Challenges in Facies Analysis of Tide-Dominated Deposits 

Environmental reconstructions of ancient tidal deposits commonly have large numbers 

(commonly more than 15) of subtly different facies (e.g., Ranger and Pemberton, 1997; Hein and 

Cotterill, 2000; Martinius et al., 2001; McIlroy et al., 2005; Plink-Björklund, 2005; Lettley et al., 

2005; Ponten and Plink-Björklund, 2007; Musial et al., 2011) because of the complexity of tidal 

successions. Although these facies schemes describe the deposits comprehensively and allow for 
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detailed interpretations of depositional processes and environments, the criteria used to define the 

facies and their corresponding subenvironments are commonly inconsistent and lack universal 

applicability. Defining a standard facies scheme and interpreting depositional processes and 

detailed depositional environments from facies in tidal successions is particularly challenging for 

three reasons: (1) the successions consist of complexly interbedded sandstone and mudstone layers 

at a wide range of scales, which makes the delineation of simple facies very difficult; (2) spatial 

and temporal variations in the interplay of tidal, wave and fluvial energy are typically not unique 

to particular (sub-)environments; and (3) the morphology of tide-dominated environments is 

complicated, which makes it difficult to link facies and facies successions with the morphological 

elements and locations within the system. 

The Bluesky Formation (Cretaceous) of west-central Alberta is a pervasively heterolithic 

deposit that was formed in a tidally dominated setting (Mackay and Dalrymple, 2011). This unit 

provides an ideal core-based case study for examining problems of tidal lithofacies classification 

and environmental interpretation. The Bluesky Formation contains a wide range of depositional 

sub-environments, and consequently has a high degree of lithological variability with regard to bed 

thickness, the proportional abundance and sequential stacking patterns of the sandstone and 

mudstone layers, sandstone grain size, sedimentary structures, vertical lithological trends, and 

ichnological character. Although each of these variables is analysed in this study, this paper 

suggests that robust and more universal interpretations of tidal deposits are possible using a highly 

simplified, reductionist approach that focuses on the key lithological attributes that describe best 

the depositional processes and subenvironments of a particular tidal deposit. 

 

 



 

92 

 

A Fundamental Approach to Facies Analysis of Tidal Deposits 

As in traditional facies-based reconstructions of depositional environments (Walker, 1992; 

Dalrymple, 2010b), we advocate the delineation of genetically relevant facies, followed by the 

recognition of vertical facies successions, each of which represents a discrete sub-environment 

(e.g., tidal flat) in the context of either regressive tide-dominated deltas (Fig. 3.1) or transgressive 

tide-dominated estuaries (Fig. 3.2). Where we differ from previous researchers is in the a priori 

approach used to determine which attributes are best suited for extracting meaningful information 

about depositional processes within tide-dominated settings, and for reconstructing the 

morphological elements that form the building blocks of the deposit. (The traditional approach to 

facies analysis (Walker, 1992; Dalrymple, 2010b), by contrast, advocates an a posteriori approach 

to the delineation of facies, with the definition of facies occurring after the deposit has been 

described.) As a starting point, we recognize that environmental reconstructions in tide-dominated 

deposits must determine where a specific deposit formed in the complex three-dimensional 

topographic framework of the channels and bars that occur throughout the fluvial-marine transition.  

Thus, the criteria used to erect facies must allow a researcher to distinguish deep- from shallow-

water settings within the channels, which also reflects the lateral variation from channel thalweg 

onto the flanking tidal flats, and also the distance inland from the coast as the tidal limit is 

approached. 

With regard to the suite of physical processes and environmental conditions responsible 

for the range of facies in tidal environments, two stand out as having the greatest potential for 

distinguishing bathymetric and spatial location within such settings: current speed, which is 

reflected in the sedimentary structures of sandstone layers, and suspended-sediment concentration 

(SSC), which is reflected in the thickness and fabric (i.e., degree of internal lamination and cross- 



 

93 

 

 

Figure 3.1: Diagrammatic summary of a tide-dominated delta. (A) Schematic diagram showing 

the positions of constituent geomorphological elements. (B) The longitudinal distribution of energy 

types through the fluvial-to-marine transition. (C) Longitudinal distribution of sand grain size 

(indicated schematically by the size of the particles) and the abundance of mudstone. (D) 

Longitudinal variation in the abundance of low-, moderate- and high-SSC varieties of mudstone.  

(E) Longitudinal variation in the relative abundance of the main sedimentary structures in sandstone 

layers. (F) Variation in the degree to which various tidal and seasonal cycles are likely to be 

recorded in the deposits. (G) Variation in the diversity of trace-fossil suites, and of the intensity of 

bioturbation. Note the distinct difference in the prevalence of bioturbation between higher-energy 

subtidal and lower-energy intertidal deposits. 
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stratification) of the mudstone layers. Therefore, the facies scheme that we advocate focuses on 

these depositional characteristics of the individual sandstone and mudstone layers because current 

speed and SSC vary systematically with proximal-distal location through the fluvial-marine 

transition, and also with vertical/lateral position within channels (Lettley et al., 2005; Dalrymple 

and Choi, 2007; Hovikoski et al., 2008; Tanavsuu-Milkeviciene and Plink-Björklund, 2009; 

Mackay and Dalrymple, 2011). Grain size in sandstones and the ichnological character of both 

sandstone and mudstone layers, as well as the abundance and nature of any wave-generated 

sedimentary structures, are considered as secondary attributes for interpreting physical processes 

and environmental conditions because they less directly reflect bathymetric and spatial locations. 

Grain size might not reflect depth-related changes in current velocity because of the limited range 

of sediment caliber available within the system or local area, whereas sedimentary structures will 

reflect current velocity changes better, although subject to grain-size constraints. Ichnological 

character is considered a secondary interpretation tool because of the common absence (or near-

absence) of trace fossils in the majority of sections: although this reflects a stressed biotic system, 

it provides little data for distinguishing between different sub-environments.  

With regard to larger-scale facies successions, we propose that the great morphological 

complexity of tidal environments is constructed from only five fundamental morphological 

elements (Fig. 3.1A, 3.2A): (1) channels and their flanking tidal bars (either free-standing elongate 

bars and/or bank-attached tidal point bars), (2) tidal flats more distantly removed from tidal 

channels, (3) tidal sand ridges in estuary mouths and on shelves, (4) deltaic mouth bars and delta-

front areas, and (5) compound dunes, which can occur as smaller-scale elements within channels 

and on tidal bars and ridges. Each of these elements generates a distinctive general facies 

succession. The lithological characteristics of these morphological elements are, however, variable 

because they potentially occur throughout the fluvial-marine transition with its systematic spatial  
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Figure 3.2: Diagrammatic summary of a tide-dominated estuary. (A) Schematic diagram showing 

the positions of constituent geomorphological elements. (B) The longitudinal distribution of energy 

types through the fluvial-to-marine transition. (C) Longitudinal distribution of sand grain size 

(indicated schematically by the size of the particles) and the abundance of mudstone.  (D) 

Longitudinal variation in the abundance of low-, moderate- and high-SSC varieties of mudstone.  

(E) Longitudinal variation in the relative abundance of the main sedimentary structures in sandstone 

layers.  (F) Variation in the degree to which various tidal and seasonal cycles are likely to be 

recorded in the deposits.  (G) Variation in the diversity of trace-fossil suites, and of the intensity of 

bioturbation. Note the distinct difference in the prevalence of bioturbation in higher-energy subtidal 

and lower-energy intertidal deposits. 
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variations of the current speeds and SSC values (Fig. 3.1B, 3.2B), as well as of grain size and 

overall proportional abundance of sand and mud (Fig. 1C, 2C). Although some of these 

morphological elements are present in both tide-dominated estuaries and deltas (e.g., compound 

dunes, tidal channel/bar and tidal-flat successions), mouth-bar/delta-front succession are unique to 

deltas, whereas sand ridges are largely confined to estuaries and their associated shelves.  Thus, the 

morphological elements present in a succession, when coupled with the longitudinal grain-size 

trends (Figs. 3.1C,D and 3.2C,D; cf. Dalrymple and Choi, 2007) can be used to distinguish between 

estuaries and deltas with good confidence.  

Objectives of This Study 

The foregoing general analysis of sedimentation in tide-dominated environments provides 

a robust and simple framework for interpreting the deposits of such environments, at scales ranging 

from individual facies to larger facies successions.  The objective of this paper is, therefore, to 

illustrate this methodology by undertaking a detailed interpretation of the depositional 

environments present within the Bluesky Formation using core-scale facies analysis of the 

characteristics of the mudstone and sandstone layers.  

GEOLOGICAL SETTING AND DATABASE 

 The Lower Cretaceous Bluesky Formation (Lower Mannville Group) (Fig. 3.3) is a 

marginal-marine lithostratigraphic unit (Leckie and Smith, 1992; O’Connel, 1988) in the Western 

Canadian Sedimentary Basin (Fig. 3.4). In the study area, the Bluesky Formation overlies the sub-

Cretaceous unconformity, which separates older Paleozoic and Mesozoic sediments from foreland-

basin deposits associated with the Columbian Orogeny (Smith, 1994; Cant and Abrahamson, 1996; 

Hubbard et al., 1999). 
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Figure 3.3: Stratigraphic column for the Lower Mannville Group in the Peace River area of west-

central Alberta showing the stratigraphic position of the Bluesky Formation. Modified from 

Hubbard et al. (1999). Note that a local unconformity is interpreted to exist within the Bluesky 

Formation in the study area: this hiatus separates the muddier heterolithic lower Bluesky from the 

sandier heterolithic upper Bluesky Formation. 

 

The detailed study area (Fig. 3.4, inset) is approximately 40 x 40 km in size. The Bluesky 

Formation, which lies 500-700 m below the surface, appears in well-logs (approximately 200 in 

the study area), as a single “blocky” sandstone that has a northwest-southeast−trending elongate 

geometry that is approximately 10 km in width, 30 km in length and nearly 40 m in thickness along 

its axis (shaded area in Figure 3.4, inset). In core, however, the Bluesky Formation is a 

lithologically complex, heterolithic to monolithic sandstone body composed of amalgamated tide-

dominated deltaic and tide-dominated estuarine components (Fig. 3.5) (Chapter 2; see more 

below). The upper part of the Bluesky Formation, interpreted as estuarine (sensu Dalrymple et al.,  
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Figure 3.4: Location of the study area. (A) Map of Canada. Location of the paleogeographic map 

of Alberta and Saskatchewan are shaded dark grey. (B) Paleogeographic reconstruction of the 

Western Canadian Sedimentary Basin in the earliest Albian (modified from Hayes et al., 1994). 

The “Paleozoic Highlands” presumably reflect the forebulge on the continental side of the foredeep, 

reflecting crustal flexure due to tectonic loading by the advancing Columbian thrust wedge. The 

Peace River Oil Sands and the Athabasca Oil Sands are indicated by shaded areas surrounding the 

towns of Peace River and Fort McMurray, respectively (red stars). The sandstones containing the 

deposits are both roughly Aptian in age.  The study area lies within the box (see inset) near the 

town of Peace River. (C) Inset showing the distribution of well data within the study area, 

highlighting the main depositional axis of the Bluesky Fm. sediment body (gray), which is 

approximately 25 km long, 10 km wide, and up to 40 m thick. Sections A-A’ and B-B’ from Figure 

3.11 are shown in C. 

 

2012), is composed of cleaner and finer sandstone with mudstone comprising less than 10% of the 

overall succession. The lower part of the Bluesky Formation, which is interpreted as deltaic, is 

more heterolithic in nature with mudstone comprising 15-35% of the succession. The contact 

between the two units is commonly discernible only in core and is most commonly indicated by a  
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Figure 3.5: Architecture of the three main lithological units.  
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thin gravel lag or a distinctive change from coarser and muddier sandstones of the deltaic unit into 

the finer and cleaner sandstones of the estuarine unit. Tide-dominance is demonstrated by the 

common juxtaposition of high-energy sandy facies with abundant fluid-mud deposits (Fig. 3.6A-

D), widespread evidence of current reversals (Fig. 3.6D) as deduced from 3D examination of the 

core, the presence of diminutive trace fossils and brackish-water trace-fossil assemblages (Fig. 

3.6E) (Hubbard et al., 1999; Hubbard et al., 2002; Chapter 2), as well as a range of tidal bedding 

styles that reflect semi-diurnal/diurnal and semi-monthly/monthly tidal variations in tidal strength 

and/or suspended-sediment concentration (Fig. 3.6C,E,F) (cf., Visser, 1980; Boersma and 

Terwindt, 1981; Nio and Yang, 1991). In the following descriptions, the distinction between 

“lamina” and “bed” is placed at 1 cm. 

FACIES ANALYSIS 

As discussed in the Introduction, facies in this study are classified according to the 

predominant sandstone-layer type and predominant mudstone-layer type present, in order to 

evaluate the effects of current speed and turbidity, respectively. Sedimentary structures (and to a 

lesser extent, grain size) of sandstone layers generally reflect bedload transport/deposition during 

peak tidal flow and are used to interpret the energy level and also the predominant energy type 

(river currents, tidal currents or waves) and its strength. The mudstone layers, by comparison, are 

generally deposited during lower-energy periods, such as during tidal slackwater and neap-tide 

intervals, and their attributes provide evidence for the suspended-sediment concentration (SSC) 

and its temporal variation within the water column (Figs. 3.7 and 3.8). Because of the fine-scale 

complexity that can exist at a lamina to bed scale, we delineate facies at the scale of several 

decimeters to a few meters, using the predominant characteristics of both sandstone and mudstone 
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Figure 3.6: Selected core photographs from the Bluesky Formation. 
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Figure 3.6: Selected core photographs from the Bluesky Formation, showing a range of 

interbedding patterns of the sandstone and mudstone layers. Sand is dark coloured because of oil 

staining.  (A) Cross-bedded coarse sandstone with abundant, non-cyclically bedded, thick (i.e., 

fluid-mud; UM2) layers. Individual mudstone beds are interpreted to have been deposited over a 

time period ranging in length from one to several tidal slack-water periods. Three groups of thin-

laminated mudstone layers (UM1) at the base of the core are interpreted as the deposits of three 

neap-spring cycles during a time when SSC values were relatively low. (Well 7-26-84-18w5; 

624.25-625.00 m depth).  (B) Low-angle to horizontal parallel-planar laminated (PL) sandstones 

interbedded with paired, thick (i.e., fluid-mud; SM2) deposits. Mudstone pairs show weak pairing, 

which is interpreted as a two-day deposit during a time of particularly high turbidity. (Well 7-29-

84-18w5; 660.10-660.85 m depth).   (C) Cross-bedded sandstones (XB) interbedded with mudstone 

laminae and fluid-mud beds. Three groups of mudstone layers are interpreted to have been 

deposited around neap tide (N). The group of mudstones near the top of the photo have a similar 

origin, but were likely deposited during a period of lower SSCs, based on their smaller thickness. 

(Well 7-26-84-18w5; 616.65-615.95 m depth).  (D) Bidirectionally dipping cross-beds (XB). 

Mudstone rip-up clasts in the lower cross-bed set are interpreted as ripped up fluid-mud deposits. 

(Well 10-22-84-17w5; 622.75-622.00 m depth).  (E) Interbedded current-ripple cross-laminated 

sandstones (XL) and thickly laminated mudstone layers. Mudstone layers are considered to have 

been deposited around neap tide when peak tidal currents were weaker. (Well 11-16-84-16w5; 

675.90-675.15 m depth).   (F) Ripple cross-laminated sandstone (XL) with thin mudstone laminae 

(UM1) and thick mudstone laminae (UM2), representing a moderate-SSC mudstone assemblage 

(Facies XL-M). Mudstone layers interpreted as neap-tide associated deposits (N). Bioturbation 

includes Planolites (Pl) and Paleophycus (Pa). (Well 6-31-84-17w5; 629.50-630.25 m depth).  (G) 

Cross-bedded sandstones (XB) quasi-cyclically interstratified with heterolithic mudstone beds 

representing a mixed low- and moderate-SSC mudstone assemblage. Each of the three heterolithic 

mudstone beds are interpreted as multiple neap-spring tidal cycles (N), deposited over a single 

period of low river-flow. Erosional surfaces (white dashed line) within the heterolithic beds 

separate neap-tide cycles. Note that some cycles are distinctly different from one another in terms 

of the thickness of the mudstone layers, which suggests different SSC levels persisted throughout 

each of the spring-neap cycles. Bi-directional cross-bedding is present within the cross-bedded 

interval from 15 cm – 45 cm from the base of the photo. (Well 10-22-84-17w5; 621.22-621.97 m 

depth).   (H) Cross-bedded sandstone (XB) with a low-SSC mudstone assemblage (Facies XB-L).  

Bedset boundaries are dipping at 15°. Inclination of bedset boundaries is interpreted to represent a 

sloping compound-dune face. Note that mudstone layers within the upper cross-bed set (UM2) 

represent higher-SSCs than the mudstone layers (UM1) in the ripple cross-laminated set. (Well 2-

3-85-18w5; 627.34-628.09 m depth).  (I) Current-ripple cross-laminated sandstone (XL) with a 

low-SSC mudstone assemblage (Facies XL-L). Diminutive Planolites (Pl) are present within 

mudstone layers. (Well 6-34-84-17w5; 620.88-621.63 m depth).  (J) Current-ripple cross-laminated 

and parallel-laminated sandstone (XL, PL) with a low-SSC mudstone assemblage in which no 

mudstone is present (Facies PL-L and XL-L). (Well 12-10-84-18w5; 565.24-566.00 m depth). 
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layers to define facies. Thus, facies codes contain two parts, one based on the nature of the 

sandstone layers, and one based on the nature of the mudstone layers. 

Sandstone Assemblages 

Individual sandstone layers (i.e., intervals with no intervening mudstone layers) range from 

as thin as a single grain to as thick as several decametres (composed of stacked and amalgamated 

sandy bedsets). In the Bluesky these sandstone layers are composed predominantly of one of three 

recurring sedimentary structures: (1) cross-bedding (designated by the facies code XB; Fig. 

3.6C,D,G,H); (2) current-ripple cross-lamination (XL; Fig. 3.6E,F,I,J); and (3) horizontal to low-

angle parallel-laminated sandstones (PL; Fig. 3.6B,J). Thus, three sandstone assemblages are 

distinguished on the basis of whichever of these three structure types is predominant at the 

decimeters scale, even though more than one structure might be present. Wave-ripple cross-

lamination and structureless sandstones occur only as minor components and, therefore, do not 

warrant their own assemblage type in this study, although they might in other situations.  

Depositional Controls on the Distribution of Sandstone Assemblages— 

Bathymetric position is the primary control on the nature of the sandstone assemblages 

because water depth has the greatest influence on current speed (and wave-orbital speed). Cross-

bedded assemblages (XB) and current-ripple cross-laminated assemblages (XL) are formed by 

unidirectional or reversing tidal and/or river currents under lower-flow-regime conditions. They 

are each expected to occur abundantly throughout most of the length of tidal systems (Fig. 3.1D, 

3.2D) since they are associated with channels. Channel settings include the channels that dissect 

the mouth bars, distributary channels and tidal channels of the sub-aerial/sub-aqueous delta plain 

(Fig. 3.1A), as well as tidal channels of tide-dominated estuaries, including those in the tidal-fluvial 

transition (Fig. 3.2A). In channelized settings, cross-bedded assemblages (XB) predominate in the  
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Figure 3.7: Summary of the four mudstone types, with a schematic illustration and a typical 

example, recognized in the Bluesky Formation, with the interpreted suspended-sediment 

concentration ranges in which each occurs.  Based on Chapter 2, Figure 2.7. The abundance of each 

mudstone type within the three mudstone assemblages are given at the bottom of the figure. 
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subtidal to lower-intertidal area of major channels where currents are strongest, with ripple cross-

laminated sandstone assemblages (XL) increasing in abundance upward through the intertidal zone, 

onto emergent bars and tidal flats (Fig. 3.9). Cross-bedded sandstone assemblages (XB) are 

predicted to be proportionally most abundant where the tidal and fluvial energy is greatest, provided 

grain size is sufficiently large (i.e., > 0.15 mm): in tide-dominated deltas, this occurs in the inner 

portion of distributary channels (Fig. 3.1C), whereas in tide-dominated estuaries, this occurs in the 

landward portion of the outer estuary where tidal currents are strongest and in the inner part of the 

tidal-fluvial transition there fluvial currents are strongest (Fig. 3.2C). Current-ripple cross-

lamination (XB) is predicted to become increasingly more abundant in a seaward direction, where 

energy levels decrease overall because of the hypersynchronous behavior of the tide (Dalrymple et 

al., 2012), provided the grain size is fine enough. In unconfined trangressive shelf settings where 

tidal sand ridges commonly form, deposition is typically entirely subaqueous with occurrences of 

both ripple cross-lamination (XL) and cross-bedding (XB). In deeper water, cross-bedding will 

increase in abundance upward, where currents accelerate over the sand ridge, whereas in shallower 

water, ripple cross-lamination will increase in abundance upwards because of flow retardation 

across the top of the ridge (Dyer and Huntley, 1999; Reynaud et al., 1999).  

Horizontal and inclined parallel-planar laminated assemblages (PL) (e.g., Fig. 3.6B,J) 

could have formed under very strong (upper-flow-regime) unidirectional-, combined- or 

oscillatory-flow conditions in water depths from a few centimetres to a few tens of metres. 

Horizontal parallel lamination (e.g., Fig. 3.6J) is most likely to occur in shallow subtidal to 

intertidal zones in the upper-flow-regime sand flats of tide-dominated estuaries (Dalrymple et al., 

1990; Dalrymple et al., 2012) or in locally wave-dominated intertidal areas (Masselink and Short, 

1993; Yang et al., 2005). Inclined parallel lamination (e.g., Fig. 3.6B) is interpreted to have been 

formed from long- to short-wave-length hummocky or swaley cross-stratification, occurring most  
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Figure 3.8: Close-up photographs of the Bluesky Formation. 
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Figure 3.8: Close-up photographs illustrating the range of characteristics of mudstone layers in the 

Bluesky Formation. Low-SSC mudstone assemblages (likely deposited in SSCs below 1 g/L) are 

shown in A-E; moderate-SSC mudstone assemblages (likely deposited between 1 and 10 g/L) are 

shown in F-H; high-SSC mudstone assemblages (likely deposited in SSCs above 10 g/L) are shown 

in G-O. All of the sand is dark coloured because of oil staining. (A) Layers of UM1 in the 

bottomsets of a cross-bed. Chondrites (Ch) and small Planolites (Pl) burrows are present in the 

mudstone layers. (Well 2-3-85-18w5; 612.75 m depth). (B) Paired UM1 layers (vertical double 

arrow), interpreted as semi-diurnal tidal slack-water deposits, on cross-bed foresets in medium-

grained sandstone (Well 7-36-85-18w5, 616.20 m depth). (C) UM1 layers within a predominantly 

current-ripple cross-laminated sandstone with some combined-flow ripple (cf) formsetsPaired 

mudstone layers (double arrows) are common and are interpreted as semi-diurnal tidal slack-water 

deposits. The mudstone layers are interpreted as having been deposited around neap tide. (Well 7-

26-84-18w5, 603.50 m depth). (D) A low-SSC mudstone assemblage (predominantly layers of 

UM1, with less common and thin UM2 and SM2 layers) in a thinly inter-laminated heterolithic 

bed. This bed is bounded by medium grained cross-bedded sandstone (not shown visible in this 

photo, but can be seen in Fig. 3.6C). Paired mudstone layers are very common. The mudstone-

bearing deposit is interpreted to represent several neap-tide-toward-spring-tide cycles (inverted 

white triangles)that were likely to have been deposited during a period (season?) of low-river flow. 

Indistinct traces (it) are present throughout the uppermost mudstone bed. Diminutive Planolites (P) 

are also present. Note that one layer (near the top of the photo) is nearly completely homogenized 

biogenically (10-22-84-17w5, 621.90 m depth). (E) Several UM1 layers displaying upward 

thickening, interpreted to represent increasing SSC levels over several tidal cycles. Load structures 

are present within some of the thicker UM1 layers. The overlying organic-rich sandstone bed 

(containing a bitumen-filled gastropod mold) is interpreted as partially bioturbated. Chondrites 

(Ch) burrows lie at the base of a larger horizontal grazing trace (gt). (Well 7-29-84-18w5, depth). 

(F) Thick mudstone laminae (UM2) within a moderate-SSC mudstone assemblage. Less common 

thin mudstone layers (UM1). Mudstone layers occur in pairs (double arrows), interpreted to be 

semi-diurnal slackwater deposits with intervening sandstone layers that were deposited during the 

subordinate tide. The mudstone layers are interpreted to have been deposited around a single neap 

tide (i.e., over several days). Rounded formsets are interpreted as combined-flow ripples (cf), 

formed under the influence of both unidirectional and oscillatory currents. Trace fossils include 

Planolites (P), Arenicolites (Ar) and Skolithos (Sk). (Well 11-16-84-16w5; 677.00 m depth). (G) 

Cyclic packaging of thick UM2 laminae (3-10 mm). The whole interval is interpreted as 

representing approximately a single month of deposition, with the two muddy heterolithic intervals 

each representing deposition around a neap tide. Arenicolites (Ar) and Planolites (P) are present. 

Rounded formsets are interpreted as combined-flow ripples (cf), formed under the influence of both 

unidirectional and oscillatory currents. (Well 8-17-84-16w5, 677.00 m depth). (H) Thick UM2 

laminae (2-10 mm in thickness) amalgamated to form a heterolithic mudstone. Planolites (P), and 

Asterosoma (As) comprise the trace fossils. (Well, 8-17-84-16w5, 670.15 m depth). (I) Fluid-mud 

layers (SM2 and UM2) within cross-bed bottomsets, likely deposited around neap tide. Lamination 

(SM2) is most visible in the lowermost fluid-mud layer. Flame structures are present at the top of 

the same layer. Other layers are either structureless (UM2) or show very faint lamination, 

suggesting they were formed under very high SSCs (> 10 g/L), likely in the presence of a current. 

Paired mudstone layers (black arrows) are common. Load structures (ls) are present at the top of 

the lowermost mudstone layer. (Well 7-26-84-18w5; 616.25 m depth). (J) Two isolated pairs of 

SM2 layers (faint lamination is visible with a hand lens), each pair representing a semi-diurnal tidal 

deposit. Wave-ripple formsets are visible above and within the lower mudstone pair. Horizontal 
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parallel-laminated sandstone is predominant. (Well 7-29-84-18w5, 687.00 m depth).  (K) Thick 

SM1 and SM2 layers are overlain by sandstone and mudstone layers that are heavily bioturbated 

by what is interpreted as Rosselia (Ro) and Planolites (P). Note that the only bioturbation in the 

fluid-mud layers is in the lower portion of the core (SM2) and consists of Planolites burrows 

subtending from the overlying sandstone beds. (Well 7-29-85-18w5; depth) (L) Composite 

mudstone layers composed of UM2, SM2 and SM1. Wave-ripple formsets are visible beneath the 

lowermost mudstone layer. (Well 7-29-84-18w5, 693.35 m depth). (M) A thick fluid-mud layer 

composed of UM2 and SM2 layers with an entrained mudstone rip-up clast (mc). A break in 

deposition is interpreted below the layer with the mud clast: the SM2 layer with the mud clast is 

interpreted as transitional upward into the UM2 layer. Chert granules, representing channel-base 

deposition, overlie the fluid-mud layer. (Well 8-30-8417w5; 623.65 m depth).  (N) A thick fluid-

mud layer (SM2 passing gradationally upward into UM2) erosionally overlying (contact is dashed) 

a package of UM1 layers. The thick fluid-mud layer is interpreted as representing the deposit of a 

single waning tide under conditions of very high SSCs. The basal 1/3 of the fluid-mud layer is 

organic-rich. (Well 8-30-84-17w5, 630.60 m depth). (O) A thick fluid-mud pair (UM2) interpreted 

as the deposit of a semi-diurnal tidal cycle, with the thin intervening sand layer representing 

deposition during the subordinate tide. (Well 15-21-84-17w5, 625.30 m depth). 

 

 

abundantly in the outer parts of deltas and estuaries that are exposed to strong wave action (Figs. 1 

and 2) (e.g., Allen and Chambers, 1998; Dalrymple et al., 2003, 2012; Yang et al., 2005).  

Mudstone Assemblages 

Individual (i.e., non-amalgamated) mudstone layers typically range from less than 1 mm 

to 15 cm thick.  These mudstone layers show a wide range of characteristics.  Here, we recognize 

four types (Fig. 3.7) following the scheme of Chapter 2. Each mudstone type is described at the 

scale of millimetres to centimetres, in terms of their thickness, texture and internal organization. 

Unstratified mudstone type 1 (UM1) represents mudstone layers that formed during slackwater at 

SSCs below 1 g/L (Fig. 3.7A,B), with deposition most likely occurring by passive settling from 

suspension. Stratified mudstone type 1 (SM1) represents mudstones that formed under the influence 

of some current, but at SSCs of 1-10 g/L (Fig. 3.7C,D), with traction transport of individual silt 

grains and flocs to generate current ripples. Stratified mudstone type 2 (SM2) (Fig. 3.7E,F) and 

unstratified mudstone type 2 (UM2) (Fig. 3.7G,H), which comprise the deposits of fluid-mud (sensu  
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Figure 3.9: Summary of the distribution of depositional processes and lithological characteristics 

for tidal-channel deposits and the deposits of their adjacent bars and tidal flats. Tidal-flat 

successions are included in the same idealized section as channel successions because tidal flats 

have a strong spatial and hydrodynamic association with channels (cf. Dalrymple, 2010b). (A) 

Schematic transverse section through a tidal channel, tidal bar, and tidal flat (applicable to elongate 

mid-channel bars, bank-attached bars and tidal point bars, showing lithology, bathymetric position 

and nomenclature of sub-environments.  In this diagram, the upper part of the succession rises into 

the intertidal and supratidal zones, as is usually the case with tidal point bars, but the crest of mid-
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channel and elongate tidal bars may only reach into the upper subtidal or lower intertidal zone. (B) 

Proportional occurrence of sedimentary structures in sandstone layers. Note that wave-ripple and 

current-ripple cross-laminations are presented together for the purposes of graphical simplicity; 

however, wave-ripple cross-lamination is likely to be locally abundant on the channel-proximal 

part of the tidal flat. (C) Proportional occurrence of mudstone types in a high-SSC channel. (D) 

Proportional occurrence of mudstone types in a low-SSC channel. A spectrum of mudstone 

occurrences exist between the examples shown in C) and D). (E) Proportional abundance of tidal 

and seasonal cycles as a function of bathymetric position. Semi-diurnal cycles are most likely to be 

deposited in the channel because frequent erosion by high-energy currents precludes recording of 

longer-scale cycles intact. Neap-spring cycles are recorded best at mid-bar locations in the subtidal 

zone, because the slightly weaker currents here are less likely to erode neap-tide depositional 

events. Seasonal cycles are likely best recorded high on the bar and into the supratidal zone because 

the sedimentation rate is too slow to allow clear recording of short-term cyclicity. (F) Bioturbation 

indices as a function of bathymetric position. 

 

 

McAnally et al., 2007), formed at moderate to very high near-bed SSCs (i.e., > 10 g/L). Deposition 

of SM2 and UM2 occurred from a viscous plug, with or without some amount of sorting of the 

grains during deposition, creating mudstone layers that do (SM2) or do not (UM2) contain flat 

lamination. Physical descriptions of the mudstone types and the conditions under which they form 

are provided in Table 3.1. 

The occurrence of individual mudstone-layer types is highly variable at all vertical scales 

within the Bluesky; therefore, facies cannot be delineated on the basis of single occurrences of a 

particular type of mudstone layer.  For this reason, three mudstone assemblages are recognized at 

the decimetres to metres scale, based on the relative abundances of the four mudstone types and 

following the relative proportions given in Figure 3.7. Because these assemblages are based on the 

general characteristics of many mudstone layers in a defined interval, they reflect longer-term, 

average near-bed SSC values rather than the instantaneous SSC that exists during the deposition of 

a single layer. Low-SSC mudstone assemblages (L) (e.g., Fig. 3.8A-D) are composed predominantly 

of thin continuous mudstone laminae (< 2 mm thick) and discontinuous lenses (akin to “flasers”) 

(UM1 laminae). Thicker UM2 laminae (i.e., 0.2-1 cm thick) and minor amounts of cross-stratified  



 

112 

 

Table 3.1: Descriptions and process summaries of the four mudstone types (following from 

Chapter 2).  

  Thickness 

Stratification & 

Sedimentary 

Structures 

Process 

interpretation Comparable Examples 

Mudstone Type 

UM1  

< 0.2 cm No macroscale 

lamination visible. 

Occurs as a simple mud 

drape. Sharply based. 

Vertically homogeneous 

or weakly graded. 

Result of some 

combination of low 

SSCs (much less than 

1 g/L) and/or brief 

slack-water periods. 

The classic thin slack-water 

drapes commonly associated 

with tidal environments 

(e.g., Reineck and 

Wunderlich, 1968; Terwindt 

and Breusers, 1972, 1982, 

and Nio and Yang, 1991). 

Mudstone Type 

SM1 

0.2-0.5 cm Cross-stratified muddy 

current ripples. 

Deposited from weak 

flows (< 20 cm/s) 

whose turbulent shear 

forces were 

modulated by the 

presence of moderate 

SSCs (1-10 g/L). 

Similar ripples produced 

experimentally by 

Macquaker and Bohacs, 

(2007); Schieber et al., 

(2007); Schieber and 

Southard, (2009), and; Baas 

et al., (2011). Ancient 

examples observed by 

Schieber and Yawar, (2009). 

Mudstone Type 

SM2 

0.2-10 cm Weakly to strongly 

horizontally stratified 

within individual 

mudstone layers.  

Formed beneath a 

lutocline in a flow 

(current velocities of 

10?-200 cm/s) with 

elements of both 

turbulent and plug 

flow, in the presence 

of moderate SSCs (1-

10 g/L).  

Produced experimentally by 

Baas and Best, (2002), and 

Baas et al., (2009).  

Mudstone Type 

UM2 

0.2-15 

CM 

Ungraded, unstratified 

mudstone layers. Soft-

sediment deformation is 

common.  

Interpreted to have 

formed from fluid-

mud layers. Formed 

beneath a lutocline 

from unstable plug 

flow or quasi-laminar 

plug flow at moderate 

to very high SSCs (1-

1000 g/L) in current 

velocities ranging 

from slack water to 

100-200 m/s. 

Similar deposits observed in 

tidal deposits of the Jurassic 

Tilje Fm., Norway (Ichaso 

and Dalrymple, 2009). 

Fluid-mud layers are 

common in very turbid (SSC 

> 10 g/L) modern tidal-

channel deposits of the 

Severn River, England 

(Kirby and Parker, 1983), 

the Weser River, Germany 

(Schrottke et al., 2006) and 

the Fly River, Papua New 

Guinea (Dalrymple et al., 

2003).  
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mudstone layers (SM1) may also be present but are subordinate in abundance. Low-SSC mudstone 

assemblages represent environments where SSCs were persistently less than 1 g/L and only rarely 

exceeded a few tens of milligrams per liter. Intermediate-SSC mudstone assemblages (I) (e.g., Fig. 

3.8E-G) are characterized by a predominance of thick (i.e., 0.2-1 cm thick) UM2 laminae and SM1 

or SM2 layers, interbedded with a smaller number of UM1 layers. Overall, this assemblage 

represents SSC conditions that were typically between 1 g/L and 10 g/L during deposition of the 

mudstone layers. The high-SSC mudstone assemblage (H) is characterised by a predominance of 

SM2 layers and, in particular, by the presence of thick (i.e., > 1 cm thick) UM2 layers (Fig. 3.8H-

M). UM1 and SM1 layers are commonly present, and in some cases are abundant within isolated 

centimetres-thick heterolithic beds, but do not dominate overall. Occurrences of the high-SSC 

assemblage represent environments in which SSC conditions commonly exceeded10 g/L, albeit 

with some periods of lower SSCs.  

Depositional Controls on Mudstone Distribution—  

Mudstone layers in tidal systems have a particularly wide range of sedimentary 

characteristics because of the large spatial and temporal range of suspended-sediment concentration 

(SSC).  High-SSC mudstone assemblages are most likely to occur in topographical lows associated 

with channel-bottom settings (Fig. 3.9D), largely independently of the vertical current profile, 

because of gravitational down-slope movement of fluid mud, the greater total amount of fine 

sediment that is dispersed through the overlying water column at any location because of the greater 

depth (Winterwerp and van Kesteren, 2004), and the enhanced flocculation of clays associated with 

the salt wedge (Dyer, 1986). Mudstone assemblages should generally reflect lower SSC values at 

shallower depths away from channel axes (Fig. 3.9D), although tidal flats can have higher SSC 

values than their adjacent channel banks (bars) because the shallower water allows enhanced wave-
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generated resuspension of mud at high tide, which does not then flow off the flat because of the 

low slope. In terms of proximal-distal position, high-SSC mudstone assemblages are interpreted to 

be most common beneath the turbidity maximum within both tide-dominated deltas and tide-

dominated estuaries (Figs. 3.1E, 3.2E). Up-system and down-system of the turbidity maximum, 

facies with moderate-SSC and low-SSC mudstone assemblages are predicted to become 

proportionally more abundant (Fig. 3.1E, 3.2E). High-SSC assemblages are likely to occur further 

landward of the coast in estuaries and are not expected to be as widespread as in deltas: over long 

time periods (e.g., decades), mud is trapped in the intertidal and supratidal flats of the inner and 

middle estuary (Fig. 3.2A; Dalrymple et al., 2012), whereas in tide-dominated deltas, mud is 

exported to the prodelta and shelf because accommodation is limited within the delta plain (Fig. 

3.1A). Additionally, the overall greater river influence that might occur in a delta could act to 

increase the SSC because of the greater input of new sediment.  

Facies 

Facies are generated by combining the sandstone and mudstone assemblages for a 

particular interval, creating a two-part facies code, the first part of which represents the dominant 

type of sandstone in the interval, while the second part represents the dominant type of mudstone. 

Thus, the three sandstone types and the three mudstone types discussed above are combined to 

generate a total of nine potential facies (Table 3.2). Each of these facies represents a different 

combination of peak flow conditions and turbidity levels, and their abundance varies throughout 

the deposit as a whole, as well as within individual successions (Fig. 3.10A-H). Overall, facies with 

cross-bedded (XB) sandstone assemblages and current-ripple cross-laminated (XL) sandstone 

assemblages comprise roughly 50% and 35% of sandstones in the Bluesky Formation, respectively. 

This implies a predominance of deposition either by tidal or by river currents. Facies with parallel- 
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Table 3.2: Facies classification scheme for the Bluesky Formation.  

 

Facies XB-L : 

Predominantly 

cross-bedded 

sandstone with a 

low-SSC mudstone 

assemblage

Process Interpretation: High-energy 

tidal or river currents with relatively low 

SSC. Limited mudstone deposition (i.e., 

thin laminae) during slack water.

Facies XB-M: 

Predominantly cross-

bedded sandstone 

with a moderate-SSC 

sandstone 

assemablage

Process Interpretation: High-energy 

tidal or river currents with moderate SSC 

values (1-10 g/L). Mudstone deposition 

generally occurs during slack water, but 

may also occur in the presence of very 

weak currents before and after slack 

water (Mackay and Dalrymple, 2011). 

Facies XB-H: 

Predominantly cross-

bedded sansdtone 

with a high-SSC 

sandstone 

assemblage

Process Interpretation: High-energy tidal 

or river currents with persistently or 

periodically high SSC values, likely 

associated with a turbidity-maximum zone. 

Significant mudstone deposition (i.e., thick 

beds) generally occurs during periodic 

current reversals or from mobile fluid muds 

during periods of signficant current speed.

Predicted Estuarine Occurrences: 

Subtidal to lower intertidal channel bases 

and bars along the axis of the estuary or in 

fluvial channels. Least common in the 

middle estuary beneath the turbidity 

maximum. Upper part of outer estuary / 

inner shelf tidal sand ridges.

Predicted Estuarine Occurrences: 

Subtidal to lower intertidal channel bases 

and bars on the margins of the outer 

estuary and in channel bottoms from the 

landward  portion of the outer estuary 

through the middle estuary into the tidal-

fluvial transition. 

Predicted Estuarine Occurrences: 

Subtidal to lower intertidal channel-bar 

deposits from the landward portion of the 

outer estuary to the tidal-fluvial segment, 

depending on the typical seaward and 

landward excursion of the turbidity-

maximum zone.

Predicited Deltaic Occurrences: Fluvial 

channel bars and channel-bar deposits in 

the inner part of the tidal-fluvial 

transition. 

Predicted Deltaic Occurrences: 

Subtidal to intertidal channel bases and 

bars in terminal distributary channels and 

on the margins of inter-distributary 

islands in the distal delta front, as well as 

in the axis of the tidal-fluvial trunk 

channel and its marginal feeder channels. 

Predicted Deltaic Occurrences: Subtidal 

to lower intertidal channel bars throughout 

the distributary channels of the delta. 

Occurrence within the Bluesky Fm: 

Very abundant overall. Very common in 

facies successions SR and CB1. Common 

in TF1.

Occurrence within the Bluesky Fm: 

Abundant overall. Very common in facies 

succession CB2. Less common in CB3 

(typically in the upper part of CD 

successions) or, occurs as a secondary 

component in TF2.

Occurrence within the Bluesky Fm: 

Abundant overall. Very common in facies 

successions SR and CB1. Common in TF1.

Predominantly 

Current-Ripple 

Cross-

Laminated 

Sandstone (XL) - 

represents 

relatively weak 

currents or wave 

energy

Facies XL-M: 

Predominantly 

current-ripple 

cross-lamianted 

sandstone with a 

low-SSC mudstone 

assemblage

Process Interpretation: Moderate tidal 

or river currents with relatively low SSC 

values. Mudstone deposition limited to 

periods of slack water. 

Facies XL-M: 

Predominantly 

current-ripple cross-

laminated sandstone 

with a moderate-SSC 

sandstone 

assemablage

Process Interpretation: Moderate tidal 

or river currents withmoderate SSC 

values (1-10 g/L). Mudstone deposition 

generally occurs during periodic current 

reversals. 

Facies XL-H: 

Predominantly 

current-ripple cross-

laminated sansdtone 

with a high-SSC 

sandstone 

assemblage

Process Interpretation: Moderately strong 

tidal or river currents with persistently or 

periodically high SSC values. Significant 

mudstone deposition (i.e., thick beds) 

generally occurs during periodic current 

reversals or from mobile fluid muds during 

periods of signficant current speed beneath 

the turbidity maximum.

Predicted Estuarine Occurrences: 

Intertidal channel bar or sand flats in the 

outer estuary. Basal part of outer estuary 

/ inner shelf tidal sand ridges.

Predicted Estuarine Occurrences: 

Intertidal or subtidal channel bars or tidal 

flats throughout the middle estuary. 

Intertidal channel bars or tidal flats on 

the margins of the outer estuary or 

within the tidal-fluvial channel. 

Predicted Estuarine Occurrences: 

Subtidal to lower intertidal channel bars and 

tidal flats throughout the middle estuary.

Predicted Deltaic Occurrences: 

Intertidal sand flats flanking terminal 

distributary channels and along the 

adjacent open coast, especially in up-drift 

locations.

Predicted Deltaic Occurrences: 

Subtidal and intertidal sand flats 

throughout the system. 

Predicted Deltaic Occurrences: Mouth 

bar and delta front (UC). Subtidal to lower 

intertidal channel bars and tidal flats along 

the margins of distributary channels (UF).  

Occurrence within the Bluesky Fm: 

Very abundant overall. Common in SR 

and TF1. 

Occurrence within the Bluesky Fm: 

Abundant overall. Common in TF2 and 

DF. Rare in CB2.

Occurrence within the Bluesky Fm: Rare 

overall. Most abundant in TF3 with rare 

occurrences in CB3. 

Facies PL-L: 

Predominantly 

parallel-planar 

laminated 

sandstone with a 

low-SSC mudstone 

assemblage

Process Interpretation: High-energy, 

shallow-water deposition under tidal, 

wave or river currents with low SSC 

values. Limited mudstone deposition (i.e., 

thin laminae) during slack water.

Facies PL-M: 

Predominantly 

parallel-planar 

laminated sandstone 

with a moderate-SSC 

sandstone 

assemablage

Process Interpretation: High-energy 

tidal, wave or river currents with low 

SSC values (< 1 g/L).  Mudstone 

deposition generally occurs during 

periodic current reversals. 

Facies PL-H: 

Predominantly 

parallel-planar 

laminated sansdtone 

with a high-SSC 

sandstone 

assemblage

Process Interpretation: High-energy tidal, 

wave or river currents with persistently or 

periodically high SSC values.  Significant 

mudstone deposition (i.e., thick beds) 

generally occurs during periodic current 

reversals or from mobile fluid muds during 

periods of signficant current speed.

Predicted Estuarine Occurrences: 

Intertidal sand flats in the outer estuary; 

wave-influenced outer estuary marginal 

shoreface; wave-influenced (upper 

portion) of tidal sand ridges in the outer 

estuary / shelf. 

Predicted Estuarine Occurrences: 

Intertidal sand flats or mixed flats 

throughout the middle estuary. 

Predicted Estuarine Occurrences: 

Possible occurrences in the inner part of 

upper-flow-regime sand flats of the middle 

estuary. 

Predicted Deltaic Occurrences: 

Shallow-water parts of mouth bars. 

Intertidal to subtidal wave-influenced 

sand flats. 

Predicted Deltaic Occurrences: 

Intertidal to subtidal wave-influenced 

sand flats or subaqueous bar tops in the 

distal delta front. 

Predicted Deltaic Occurrences: Subtidal 

portions of mouth bars and delta front.

Occurrence within the Bluesky Fm: 

Moderate abundance overall. Very 

common in SR and TF1. Common 

occurrences in CB1.

Occurrence within the Bluesky Fm: 

Rare overall. Most common in DF with 

rare occurrences in TF2.

Occurrence within the Bluesky Fm: Rare 

overall. Occurs in some DF successions and 

CB3 successions.

Predominantly 

Parallel-Planar 

Laminated 

Sandstone (PL) - 

represents 

uppwer-flow-

regime currents or 

energetic wave 

conditions, either 

in relatively 

shallow water or, 

in the presence of 

grain sizes that are 

too fine to 

produce dunes
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Cross-Bedded 

Sandstone (XB) - 
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laminated sandstone assemblages comprise approximately 15% of the Bluesky Formation. High-

SSC assemblages are most commonly associated with cross-bedded sandstone assemblages, less 

so with parallel-laminated sandstone assemblages, and very rarely with ripple cross-laminated 

sandstone assemblages, because of the tendency of high-SSC conditions to occur predominantly in 

channel-bottom locations where the currents are strongest. Moderate-SSC assemblages occur 

equally abundantly in association with all three sandstone assemblages. Low-SSC assemblages 

occur most commonly in association with ripple cross-laminated sandstone assemblages, although 

low-SSC cross-bedded assemblages and low-SSC parallel-laminated assemblages can be abundant 

locally. As discussed above, these facies can be assigned with reasonable confidence to candidate 

depositional environments based on the expected vertical and longitudinal variation in current 

speed and average SSC within tide-dominated deltas and tide-dominated estuaries (Figs. 3.1, 3.2, 

3.9; Table 3.2; Willis, 2005; Dalrymple and Choi, 2007; Tanavsuu-Milkeviciene and Plink-

Björklund, 2009).  

FACIES SUCCESSIONS 

 The various facies typically are organized into recurring vertical successions (Fig. 3.10) 

that are several decimeters to many metres thick, because of systematic morphological and 

associated environmental change within the depositional environment (e.g., forward migration of 

compound dunes, lateral migration of channels or bars, progradation of mouth bars, etc.). Five 

distinct types of facies successions have been identified in the Bluesky Formation (Table 3.3), each 

representing the deposits of a particular morphological element within the system: compound dunes 

(CD), delta-front settings (MB), tidal sand ridges (SR), tidal channel-bars (CB) and tidal flats (TF). 

These elements are likely the dominant building blocks of all tide-dominated estuaries and deltas, 
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Figure 3.10: Summary of facies successions with examples from core.  
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Figure 3.10: Summary of facies successions with examples from core. Mud-layer type is shown 

thematically to the right of the core photos. See Legend for colour code. (A) CB1 showing 

compound dunes (CD). (B) Mouth bar (MB). (C) Tidal sand ridge (SR) with compound-dune 

deposits (CD). (D) Low-SSC channel-bar (CB1) and low-SSC tidal flat (TF1). (E) Low- and 

moderate-SSC channel-bar deposits (CB1, CB2) and low- and moderate-SSC tidal-flat deposits 

(TF1, TF2). (F,G) High-SSC channel-bar deposits (CB3) with compound dunes (CD). (H) 

Moderate-SSC mixed sand-mud tidal-flat deposits (TF3).  

 

although their abundance might vary from example to example. Compound-dune successions (CD) 

occur as smaller-scale successions within SR and CB successions.  

In addition to the mudstone and sandstone assemblages that are present within a facies 

succession, the following attributes are used for interpreting the successions: the vertical grain-size  
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Table 3.3: Facies succession characteristics. 
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trend of the sand fraction (i.e., upward-coarsening, upward-fining or uniform grain-size trends; 

vertical changes in the relative proportions of mudstone and sandstone layers (i.e., upward-

cleaning, upward-muddying or uniform bulk lithology), which is distinct from the vertical trend of 

sand size; the organization of sandstone and mudstone beds into periodic (i.e., tidal or seasonal) 

and/or disordered (i.e., non-cyclic) arrangements; the nature of the bioturbation, which is described 

in terms of trace-fossil assemblages and bioturbation intensity (BI; following the scheme of 

MacEachern and Bann, 2008); and the presence or absence of accessory clasts such as wood 

fragments and bioclasts. 

Compound-Dune (CD) Successions 

Description— 

 Compound-dune successions (CD) are 0.5-3 m thick and show a subtle upward-coarsening 

of their sand fraction and an overall upward-cleaning trend. The sandstone layers pass upward from 

ripple cross-laminated assemblages (Facies XL-L/M/H) into cross-bedded sandstones (Facies XB-

L/M/H) (e.g., Fig. 3.10A,C,D). In the Bluesky, grain sizes typically range from upper fine to lower 

medium at the base and are lower medium to upper medium at their top. Dip angles of up to 15o 

are observed in bed-set boundaries, with these master bedding planes dipping in the same direction 

as the cross beds that they bound (e.g., Fig. 3.6H; Fig. 3.10A). The mudstones within CD 

successions vary from low-SSC assemblages (e.g., Fig. 3.10A) to high-SSC assemblages (e.g., Fig. 

3.10D). Mudstone layers are typically deposited in association with 1-3 cm-thick ripple cross-

laminated cosets or within the bottomsets of crossbeds. A general upward-thinning of mudstone 

layers is commonly observed, along with an upward increase in the relative abundance of mudstone 

layers that represent lower SSC values (e.g., Fig. 3.10D). Bioturbation is completely absent where 

CD occurs within larger SR successions (e.g., Fig. 3.10C) and has BIs of 0-1 where CD occurs in 

CB successions (e.g., Fig. 3.10A,D). Common ichnogenera in CB-associated compound-dune 
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successions include Planolites, Thalassinoides, Skolithos and Chondrites, as well as mantle-and-

swirl structures associated with fluid-mud layers. 

Interpretation— 

Subtle upward-coarsening and the upward transition from ripple cross-laminated 

assemblages to cross-bedded assemblages result from generally stronger currents nearer the crest 

of the compound dune than in their corresponding trough (Dalrymple, 1984, 2010b; Olariu et al., 

2012). Ripple cross-laminated assemblages (Facies XL-L/M/H) were likely to have been deposited 

locally in dune troughs or higher on the dune during periods of weaker flow, such as during neap-

tide periods or seasonal low river flow. Cross-bedded facies were likely to have been deposited 

higher on the dune and preferentially during spring-tide periods or seasonal high river flow. 

Compound-dune successions that contain higher-SSC mudstone assemblages were deposited in 

higher-SSC settings, likely nearer to the turbidity-maximum zone (TMZ), whereas CD successions 

with lower SSC mudstone assemblages were formed in more landward or more seaward locations.  

The trapping of fluid muds in the troughs of compound dunes (e.g., Schrottke et al., 2006) 

contributes to the prevalence of thick mudstone layers in the lower part of high-SSC compound-

dune successions. The upward decrease in mudstone thickness and apparent SSCs (e.g., Fig. 3.10D) 

within CD successions likely occurs as a result of greater current speeds and more intense 

turbulence, which promotes erosion and lowers SSCs nearer dune crests, and also because of the 

upward decrease in SSC values that occurs as a result of grain settling.  Dipping bed-set boundaries 

and the forward-accretion architecture are consistent with deposition on a sloping lee face of 

compound dunes (Dalrymple, 1984, 2010b; Olariu et al., 2012). Variable occurrences of chert 

granules, phytodetritus and bioclasts reflect the range of environments in which compound dunes 

occur, and are not considered to be diagnostic criteria for the identification of compound dunes. 
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Delta-front/Mouth-Bar (MB) Successions 

Description— 

Delta-front/mouth-bar successions (MB) are, like CD successions, upward-coarsening and 

upward-cleaning (Fig. 3.10B), andare typically five to ten metres thick (i.e., substantially thicker 

than CD successions) and are commonly composed of smaller-scale (two- to four-metres thick) 

upward-cleaning successions (e.g., Fig. 3.10B). Bed-set boundaries typically have no clearly 

definable dip (i.e., they dip at < 5o). Sandstones in the basal portions of successions are normally 

very fine to lower fine-grained, with locally predominant current-ripple cross-lamination (XL) and 

parallel- to low-angle planar lamination (Facies PP-H/L; Fig. 3.10B). The upper part of MB 

successions consists of upper fine to lower medium cross-bedded sandstones and some parallel- to 

low-angle planar-laminated sandstone assemblages (Facies XB-H and Facies PP-H; Fig. 3.10B). 

The upward transition towards coarser and more abundantly cross-bedded sandstones is 

gradational. MB successions are commonly overlain erosively by CB successions. Moderate-SSC 

and high-SSC mudstone assemblages (e.g., Fig. 3.6B) are common in MB successions. Low-SSC 

mudstone (UM1, SM1) (e.g., Fig. 3.8E) can be locally abundant nearer the base of MB successions 

and generally disappear upwards, which is the opposite of the trend in CD successions. From base 

to top, sandstone beds thicken from 5-25 cm in thickness to 50-100 cm, with a concomitant decrease 

in mudstone from 20-40% near the base of MB successions, to 10-25% near the top (Fig. 3.10B). 

Individual mudstone layers are strongly grouped into 2-15 cm-thick heterolithic beds that are 

typically composed of 2-6 fluid-mud layers (SM2, UM2) (e.g., Fig. 3.6B). Wave-ripple formsets 

are commonly observed within these beds (e.g., Fig. 3.8J,L); indeed, MB successions contain the 

greatest abundance of wave-generated structures of all of the succession types. Paired mudstone 
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layers (including fluid-mud layers) are common (e.g., Fig. 3.8J). Stratified mudstones (SM1, SM2) 

are particularly common throughout MB successions (Fig. 3.8K, L).  

Bioturbation in MB is low overall, invariably decreasing upwards from BIs of 0-4 to BIs 

of 0-1 (e.g., Fig. 3.10B). Sporadic sandstone beds or heterolithic mudstone beds near the base of 

MB have BI values of 2-4 (e.g., Fig. 3.8K, 3.10B). Trace-fossil suites, overall, are a very 

impoverished expression of the proximal Cruziana Ichnofacies with some trace-fossil elements of 

the Skolithos Ichnofacies. Planolites is the most common trace fossil and is present in all examples. 

Also common, but only locally, are: Teichichnus, Rosselia, Arenicolites, Skolithos and 

Thalassinoides. Uncommon trace fossils include Chondrites and Helminthopsis. Grazing traces are 

common (e.g., Fig. 3.8E), as are burrows that subtend from the top of muddy heterolithic intervals 

(e.g., Fig. 3.8K). Elements of the Skolithos Ichnofacies become more predominant upwards. Traces 

in MB successions are generally diminutive relative to their archetypal Skolithos Ichnofacies 

counterparts (cf. MacEachern et al., 2007). Bioclasts (bivalves and gastropods) and phytodetritus 

are locally abundant, typically concentrated in beds in the lower part of MB successions (e.g., Fig. 

3.8E).  

Interpretation— 

Upward-coarsening and upward-cleaning MB successions are interpreted to represent the 

progradation of proximal mouth-bar and delta-front environments over more distal delta-front 

environments. The upward-transition from lower-energy (i.e., finer-grained) and wave-influenced 

(Facies PL) deposits with mixed low- and high-SSC assemblages (Facies RL-L/H and Facies PP-

L/H) into coarser-grained, cross-bedded and higher-SSC deposits (Facies XB- H, Facies RL- H and 

Facies PL- H) is indicative of a shift toward environments closer to the river mouth that have higher 

energy, stronger unidirectional currents and higher turbidity (e.g., Kuehl et al., 1986; Dalrymple et 
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al., 2003). These vertical trends, coupled with the occurrence of overlying channel-bar successions 

(e.g., Fig. 5: Well 7-29-84-18w5) are the result of progradation of mouth-bar or terminal-

distributary-channel deposits over the delta front (e.g., Willis et al., 1999; Dalrymple et al., 2003; 

Willis, 2005; Olariu and Bhattacharya, 2006; Dalrymple, 2010a; Ichaso and Dalrymple, 2014). 

Horizontal to low-angle bedset boundaries suggest that forward-accretion surfaces dip gently, 

presumably in a seaward or along-coast direction (cf. Dalrymple, 2010a). Smaller-scale upward-

coarsening cycles are interpreted as parasequences produced by autocyclic mouth-bar or “delta 

lobe” abandonment during an overall net progradation. 

Occurrences of horizontal and low-angle parallel-planar laminated sandstones (likely 

associated with hummocky cross-stratification) with subordinate amounts of wave-ripple cross-

lamination suggest some storm wave influence, which is common in the delta front and mouth bars 

of deltas (Fig. 1). These wave-influenced sedimentary structures likely formed during non-river-

flood periods when storm-wave activity was relatively strong, but superimposed on once- or twice-

daily current-speed and SSC fluctuations caused by tidal currents. Tidal modulation of wave energy 

is likely (cf., Yang et al., 2008), but cannot be proven. Cross-bed sets near the top of some MB 

successions (e.g., Fig. 10A) are interpreted as having formed in the proximal delta front during 

periods of strong river discharge.  

Mudstone layers were most likely to have formed during river-flood periods (cf., Ichaso 

and Dalrymple, 2009) in the presence of large quantities of river-supplied suspended sediment that 

augments the turbidity maximum and displaces it seaward of its low-flow location (cf., Kuehl et 

al., 1986; Nittrouer et al., 1986; Jaeger and Nittrouer, 1995; Dalrymple et al., 2003; Traykovski et 

al., 2004; Doxoran et al., 2008), although abundant pairing of fluid-mud deposits implies that tidal 

influence remained significant during such events. Progressively higher SSCs upwards are 
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interpreted as the result of deposition nearer to the mouths of terminal distributary channels with 

high near-bed SSCs. Grouping of mudstone layers in quasi-cyclic mudstone-dominated intervals 

with a spacing of several centimetres to a few decimeters is interpreted to represent neap-tide 

deposition (e.g., Fig 10A,B). 

The sporadic (i.e., non-cyclic) nature of the bioturbation in MB successions, as well as the 

suppression of Skolithos Ichnofacies elements (i.e., the predominance of deposit-feeding structures 

and a notable lack of filter-feeding structures) is consistent with a turbid, delta-front setting 

(MacEachern et al., 2005; MacEachern and Bann, 2008). Traces that subtend from the top of some 

centimetres- to decimetres-thick heterolithic mudstone deposits (e.g., Fig. 8K) suggests that 

turbidity conditions were inhospitable during river-flood events and that conditions were only 

suitable for colonization by burrowers during inter-flood periods when river discharge was low (cf. 

Ichaso and Dalrymple, 2009). Salinity stress is interpreted to have been considerable and persistent 

since many of the traces typically associated with proximal expressions of the Cruziana Ichnofacies 

(e.g., Cylindrichnus, Taenidium, Rhizocorallium, Phycosiphon, Terebillina) are notably absent. 

The co-occurrence of phytodetrital material, bioclasts and strongly bioturbated beds in the base of 

MB successions is consistent with observations from modern sediments in the tidally influenced 

Mahakam River delta front (Gastaldo and Huc, 1992). 

Delta-front/mouth-bar (MB) successions are differentiated from channel-deposited 

compound-dune (CD) successions, which also coarsen upward, by their less abundant cross-

bedding, their greater evidence of wave action (i.e., HCS) (e.g., Fig. 10B), higher bioturbation 

indices and more diverse trace-fossil suites. Also, the thickness of mudstone layers commonly 

thicken upward in MB successions, the opposite of that seen in channel-related CD successions.  

Tidal-Sand-Ridge (SR) Successions 
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Description— 

Facies succession SR is composed of 5-25 m thick, very well-sorted sandstones that 

coarsen upward overall from very fine and fine sandstone into medium-grained sandstone (Facies 

XB-L) (Fig. 3.10C). Cross-bedded assemblages are predominant toward the top of SR successions, 

with relatively common 0.5-1.5 m thick compound-dune (CD) successions (Fig. 3.10C). Bi-

directional cross-bedding is common. Current-ripple cross-laminated sandstone is typically 

predominant near the base of SR successions (Fig. 3.10C), with inclined parallel-lamination as a 

subordinate constituent. Parallel-planar laminated assemblages (Facies PP-L) with subordinate 

amounts of wave-ripple cross-lamination commonly occur in the uppermost 1-2 metres of SR 

successions (Fig. 3.10C). Bedding planes and master-bedding surfaces separating compound-dune 

successions typically dip at 5o. 

Mudstone layers invariably comprise less than a few percent of the total volume. Fluid-

mud beds (SM2 and UM2) are mostly absent from SR successions, although localised and isolated 

occurrences (i.e., a lone fluid-mud layer) are observed. Fine phytodetrital material is abundant near 

the base of SR successions, occurring as flasers in ripple troughs, or as thin beds (1-2 cm thick) 

that can include larger wood fragments.  

 Bioturbation is scarce within SR successions (BI 0-1) and trends are difficult to discern 

because of heavy oil stain and the lack of mudstones, although sandstones that appear structureless 

are common near the base of SR successions and are interpreted to be the result of bioturbation. 

One unstained core shows pervasive crytobioturbation throughout an SR succession: sedimentary 

structures are observable in this core, but the typical lamina and bed partings that are used to 

identify ripple-sets, cross-bed sets and parallel laminae in more heavily stained cores, are absent, 

which suggests that “structureless” sandstones may not, in fact, be bioturbated. 
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Interpretation— 

The presence of upward-cleaning and -coarsening successions in SR, characterised by a 

combination of low-SSC mudstone assemblages and compound-dune deposits, is consistent with 

successions produced by upward growth or lateral migration of tidal sand ridges or sandbanks in 

the unconfined outer portion of a tide-dominated estuary (e.g., Aliotta and Perillo, 1987; Harris 

1988; Dalrymple et al., 1991; Harris et al., 1992; Le Bot and Trentesaux, 2004; Ryan et al., 2007; 

Schmitt et al., 2007) or adjacent shelf (e.g., Swift, 1975; Dyer and Huntley, 1999; Michaud, 2011). 

Common bi-directional cross-bedding supports a tidal origin. The low-SSC cross-bedded facies 

(Facies XB-L) is interpreted as ridge-crest deposits, where tidal currents are stronger due to flow 

constriction (Huthnance, 1982; Suter, 2006). Facies XL-L is interpreted to have formed in the areas 

between tidal sand ridges, where currents were weaker and the preservation of mud layers was 

greater. Parallel-planar laminated sandstone assemblages (Facies PL-L) at the top of SR 

successions is interpreted as having formed on shallow sand ridges, where they have grown into 

the zone influenced by waves.  

The predominance of mud-free, predominantly cross-bedded sandstones in SR implies that 

these successions were deposited in areas that lie well seaward of the zone of elevated turbidity (cf. 

Dalrymple, 2010a). The paucity of mud is consistent with the formation of sand ridges during 

transgression, when fines would have been trapped on landward tidal flats and salt marshes because 

of the vertical aggradation that is caused by sea-level rise (Dalrymple et al., 2012). As well, the 

more rotary nature of tides in outer estuary or shelf settings minimizes the development of true 

slack-water periods, resulting in limited mud deposition (Dalrymple and Choi, 2007; Dalrymple, 

2010a). The absence of moderate- to high-SSC mudstone assemblages in SR, which would be 

expected in the delta front or prodelta, precludes a deltaic origin for these ridge deposits.  
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 Persistent and strong tidal currents and mobile sandy substrates also explain the apparent 

low bioturbation index and biodiversity.  

Tidal-sand-ridge (SR) successions can be confused with thick compound-dune (CD) 

successions because both coarsen upward and contain abundant cross-bedded sandstone. Even in 

outcrop studies, where compound-dune deposits and tidal sand ridges may be differentiated by 

comparing the direction of dune migration with the orientation of the master-bedding planes (i.e., 

dunes show forward accretion, whereas ridges/bars accrete laterally; Dalrymple, 2010a; Olariu et 

al., 2012), identifying and distinguishing between compound dunes and sandbanks/tidal ridges in 

unconfined non-channelised settings has been subject to uncertainty (Willis and Gabel, 2001; 

Blackwood and Steel, 2005; Willis, 2005; Olariu et al., 2012). In the Bluesky Formation, upward-

coarsening tidal-sand-ridge deposits are primarily differentiated from compound-dune deposits 

formed in channels based on their scale and their general depositional setting. Compound dunes 

scale to approximately 1/5 of water depth (Dalrymple and Rhodes, 1995), whereas tidal sand ridges 

can build into the intertidal zone and the zone of intense wave action, reaching thicknesses that are 

a large proportion of the water depth. Thus, CD successions should be thinner than SR successions 

in the same unit: in the Bluesky, interpreted CD deposits are 0.5-2.5 m thick, whereas SR 

successions are 5-25 m thick. Therefore, the upward-coarsening successions that approach or 

exceed 20 m and contain wave-generated structures are likely to be sand-ridge deposits rather than 

dune deposits because outer estuarine to shelf water depths are unlikely to have exceeded several 

tens of metres, according to paleogeographic reconstructions of the basin at the time (Smith et al., 

1984). Additionally, an abundance of intermediate- to high-SSC mudstone assemblages, such as 

those observed in channel deposits, is unlikely to occur in tidal-sand ridges in an outer-estuary to 

shelf setting because of landward trapping of fines.  
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Tidal-Channel/Bar (CB) Successions 

Description— 

CB successions (Fig. 3.10D-G) form 2-6 m-thick erosionally based successions that either 

fine up subtly (e.g., Fig. 12B; Fig. 13A,B) or have uniform grain-size profiles in terms of the sand 

component (Fig. 3.10D; Fig. 3.10E). CB successions are commonly composed of amalgamated CB 

deposits forming composite successions up to 15 m thick with no pronounced grain-size trend (e.g., 

Fig. 3.10F,G). Compound-dune successions (CD) are locally abundant within some CB 

successions, producing 0.75-2 m thick upward-coarsening profiles within the larger upward-fining 

to uniform successions (Fig. 3.10F,G). CB successions are composed predominantly of facies 

containing cross-bedded sandstone (Facies XB-L, XB-M and XB-H) with subordinate amounts of 

interbedded ripple cross-laminated facies (Facies XL-L, XL-M and XL-H) and parallel-laminated 

sandstone (Facies PP-L, PP-M and PP-H). Bed-set boundaries typically dip at less than 5o, although 

dips as high as 15o are present locally (e.g., Fig. 3.10E) Tidal channel-bar deposits (CB) display 

the greatest variability in mudstone assemblages of the five succession types, exhibiting a broad 

range of SSCs. Mudstones are typically concentrated in cross-bed bottomsets or in association with 

ripple cross-laminated beds (e.g., Fig. 3.6C, 3.8A). Mudstone layers within individual successions 

commonly show an upward trend towards progressively lower-SSC mudstone types (Fig. 3.10E). 

Outsized chert granules, pebbles, wood fragments and disarticulated bivalves are locally abundant, 

particularly near the base of CB successions (Fig. 3.10F,G). Pebble conglomerates (0.2 – 1.5 m 

thick) are common near the base of all CB successions, especially where they overlie the sub-

Cretaceous unconformity. Where CB successions pass upward into TF successions (see below) the 

CB successions have a noticeable upward fining throughout the transitional zone, along with an 

upward decrease in bedform size and an upward increase in the relative proportion of ripple cross-

lamination (Fig. 3.10D).  
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Three different types of CB successions are distinguished according to the different 

mudstone assemblages present. Facies-succession CB1 contains mudstone layers that are 

dominated by low-SSC mudstone assemblages. Such successions are typically composed of well 

sorted upper fine to medium cross-bedded sandstone (Fig. 3.6G,H; Fig. 3.10D,E). Cross-bed sets 

are typically 10-100 cm thick. Double mud drapes are common (Fig. 3.8B), and thin mudstone rip-

ups (less than 2 mm thick and up to a few centimetres long) are locally abundant on cross-bed 

foresets. Groups of fewer than 14 individual or paired mudstone layers commonly occur within 2-

20 cm-thick heterolithic ripple cross-laminated beds that are quasi-cyclically interstratified with 

decimetres-thick cross-bed sets (Fig. 3.10A). CB1 commonly fines gradationally upwards into TF1 

successions (see below), producing larger-scale successions that are 4-8 m thick (Fig. 3.10D). 

Bioturbation indices are low with typical values of 0-1. Isolated beds have BIs of 2-3 (e.g., Fig. 

3.8A). Despite the sparseness of the bioturbation, CB1 has the widest range of trace fossils of any 

type of channel-bar succession: Skolithos and Planolites are common, with less abundant 

Palaeophycus. Thalassinoides and Chondrites are invariably associated with channel bases (Fig. 

3.8A). 

CB2 successions are typically composed of well to moderately sorted, very fine to medium 

sandstone with moderate-SSC mudstone assemblages, and commonly fine upward gradationally 

into TF1 or TF2 deposits, producing successions that are 2-8 m thick (Fig. 3.10E). Cross-bed sets 

are 5-25 cm thick and are commonly separated by 1-5 cm thick ripple cross-laminated sandstones 

that probably represent bottomsets to the dunes. Single and paired thin mudstone laminae (UM1) 

and thick fluid-mud laminae (UM2) are both common. Mudstone layers occur as isolated layers on 

foreset or bedset boundaries (e.g., Fig. 3.10E) or they occur within 2-15 cm-thick heterolithic beds 

that are quasi-cyclically interbedded with 5-50 cm-thick cross-bed cosets (e.g., Fig. 1310E). These 

heterolithic beds can display smaller-scale internal quasi-cyclic thick-thin alternations in sand 
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layers, with each cycle comprising fewer than 28 mudstone layers (e.g., Fig. 3.8D). Mudstone 

pebbles are moderately abundant on cross-bed foresets (Facies XB-M) (Fig. 3.6D). Bioturbation 

indices range from 0-2. Thalassinoides and Planolites are the predominant traces, with less 

common Chondrites, Skolithos and Palaeophycus (e.g., Fig. 13E). Mantle-and-swirl structures 

(sensu Lobza and Schieber, 1999) are common in some fluid-mud layers. 

CB3 successions have uniform vertical grain-size profiles (Fig. 3.10F,G) and are 

composed of medium- to coarse-grained, predominantly cross-bedded sandstone with high-SSC 

mudstone assemblages (Facies XB-H) (Fig. 3.10F,G). One- to two-metre-thick compound-dune 

successions are relatively common, locally producing smaller-scale upward-cleaning and upward-

coarsening profiles within the larger upward-fining succession (e.g., Fig. 3.10F,G). Cross-bed sets 

are 10-75 cm thick.  Both internally laminated (SM2) and structureless fluid-mud beds (UM2) up 

to 15 cm thick are very common, especially in the lower part of these successions. Fluid-mud 

deposits (SM2 and UM2) commonly occur in several centimetres-thick heterolithic beds with 3 to 

several mudstone layers (Fig. 3.6C; 3.8I): these packages typically show quasi-cyclic interlayering 

with decimetres-thick sandstone beds, but show little internal organisation. Thin mudstone laminae 

(UM1) are present in subordinate amounts, typically occurring in locally preserved centimetres-

thick heterolithic mudstone beds composed of several to a few dozen grouped mudstone layers 

(e.g., Fig. 3.6A). These heterolithic beds exhibit quasi-cyclic thickening and thinning of the sand 

layers, invariably with fewer than 28 sand-mud alternations within each cycle. Large mudstone rip-

ups (a few centimeters thick and up to several centimeters long) are common in the lower part of 

CB3 successions and are interpreted as locally reworked fluid-mud layers (e.g., Fig. 3.10G). 

Successions of CB3 are commonly composite in nature (up to 20 m thick) because of channel 

amalgamation, with abundant scour surfaces (vertically separated by a few decimetres to several 

metres). Unlike CB1 and CB2 successions, CB3 successions are not commonly overlain by TF 
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deposits (e.g., Fig. 4 – well 8-17-84-16w5). CB3 invariably has BIs no higher than 1. Mantle-and-

swirl structures are relatively common within fluid-mud layers (e.g., Fig. 3.6A). Planolites and 

Thalassinoides are locally present in mudstone layers associated with cross-bed bottomsets (e.g., 

Fig. 3.10F). 

Interpretation— 

Tidal channel-bar successions are interpreted here as the deposits of both the channel 

thalweg and the inclined flank of the channel margin, including both exposed channel banks and 

subtidal elongate tidal bars (cf. Dalrymple, 2010a). These bars include elongate mid-channel bars, 

bank-attached bars and tidal point bars (see an extended discussion of these bar forms in Barwis, 

1978; Dalrymple and Rhodes, 1995), because of the general similarity of the vertical succession 

that each generates (i.e., an erosively based, upward fining succession) and the inability in core to 

reconstruct the full three-dimensional shape of the channel-bar body. The low dip angles observed 

throughout CB successions suggest that bar flanks typically dipped gently. The predominance of 

coarse cross-bedded sandstone (Facies XB-L/M/H), passing upwards into finer-grained ripple 

cross-laminated sandstone (Facies XL-L/M/H), is interpreted as the result of relatively strong flow 

in confined subtidal settings passing into areas of weaker flow at higher elevations nearer the 

channel margins, in the transition to any adjacent tidal flats (Fig. 9; Oomkens and Terwindt, 1960; 

Barwis, 1978; Clifton, 1982; Mossop and Flach, 1983; Smith, 1987, 1988; Choi et al., 2004). Subtle 

upward changes from higher-SSC to lower-SSC assemblages are interpreted to represent 

decreasing SSCs from the channel axis to the channel margin (e.g., Dalrymple et al., 2003; Ichaso 

and Dalrymple, 2009). Conglomeratic intervals or an abundance of coarse (i.e., “out-sized”) chert 

granules and pebbles are indicative of channel-thalweg lag deposits, with coarse material scavenged 

locally from the sub-cropping Paleozoic strata. Low bioturbation indices likely result from salinity 
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stress, rapid bedform migration and, in the case of CB3 and perhaps CB2, elevated suspended-

sediment concentrations and associated soupground conditions, which inhibit substrate 

colonisation (MacEachern et al., 2007). 

CB successions that contain compound-dune (CD) deposits occur only in CB3, which 

suggests that this succession type represents the deposits of the largest and deepest channels in the 

Bluesky Formation. Compound dunes are typically restricted to the subtidal and lower intertidal 

portions of channels because of the large size of such dunes and, thus, their need to form in 

relatively deep water (e.g., Dalrymple, 1984; Ashley 1990; Dalrymple and Rhodes, 1995). 

Reconstruction of paleo-water depth from compound cross-strata thickness (cf. Leclair and Bridge, 

2001) suggests that channel depths in CB3 ranged from 6-12 m. Very thick mudstone layers 

associated with high-SSC assemblages are also expected to form in deeper water, near channel 

bases. Thus, CB3 successions are interpreted as deposits that formed in channels beneath the 

turbidity maximum.  

The indistinct vertical grain-size trends that occur in all three CB succession types are 

interpreted as the result of frequent scouring from channel amalgamation and dune migration, as 

well as a narrow range of available grain sizes. 

CB1, CB2 and CB3 represent a spectrum of channel types that vary according to SSC 

values, presumably because of their respective proximal-distal positions relative to the turbidity-

maximum zone. CB1 represents the lowest SSC setting based on the low-SSC mudstone 

assemblage and is interpreted to have been deposited farthest from the turbidity-maximum zone. 

Such successions could have been formed landward of the turbidity maximum, in the more fluvially 

influenced to fluvially dominated part of either deltas or estuaries, or in the outer part of estuaries. 

The relatively wide diversity of traces within mudstone layers (in comparison with CB2 and CB3) 
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is consistent with a relatively seaward location or with a channel that has relatively little influence 

by river discharge. The deposits of CB2 represent low- to intermediate-SSC tidal channels and bars. 

CB3 represents the highest-SSC setting and is interpreted to have been deposited beneath the 

turbidity maximum. The association of high-SSC mudstone assemblages  in the base of compound-

dune successions in CB3 successions (see below) is consistent with observations from the tidally 

influenced portions of the Weser River, where decimetres-thick fluid-mud deposits pond in the 

troughs of dunes over individual tidal slack-water periods (Schrottke et al., 2006).  

Paired mudstone layers in all three types of CB successions are interpreted as semi-

diurnally deposited mudstone layers. Tidal rhythmicity recording longer periods (i.e., semi-

monthly, or longer) is poorly preserved in lower-SSC sandstones of CB1 because of limited mud 

deposition throughout the semi-monthly tidal period. Crudely developed decimetres-scale 

interbedding of heterolithic mudstone beds and clean sandstone beds in CB2 and CB3 is potentially 

a function of semi-monthly or monthly tidal forcing, with mudstone layers preferentially preserved 

around neap tide. Quasi-cyclically interlaminated sand and UM1 layers, in which there are more 

than 28 sand-mud alternations in a cycle (e.g., Fig. 6A) are interpreted as neap-spring cycles that 

are preserved during times of seasonal low flow, with preservation of both high- and low-tide 

mudstone layers. The lack of clear neap-spring cyclicity is attributed to a combination of frequent 

tidal scour by strong tidal currents, combined with high turbidity, which results in fluid-mud layers 

that can persist over multiple tidal cycles (Kirby and Parker, 1983; Schrottke et al., 2006), a 

situation that promotes mud deposition at any point in the tidal cycle and can also serve to limit the 

availability of sand by mantling the bed with mud so that individual slack-water periods become 

amalgamated (Dalrymple et al., 2003; Baas et al., 2009; Chapter 2). The rare preservation of 

seasonal cyclicity in all channel-bar successions can be attributed to the frequent scouring, high 
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sedimentation rates throughout the year and low accommodation (i.e., low, long-term sediment-

accumulation rates).  

Tidal-Flat (TF) Deposits 

Description— 

Tidal-flat deposits (TF) occur as 0.5-10 m-thick successions composed predominantly of 

ripple cross-laminated sandstone, commonly with minor amounts of cross-bedded or parallel-

laminated sandstone.  TF successions commonly overlie CB successions gradationally and 

typically become finer and muddier upward (Fig. 3.10D). Bioturbation is variable amongst TF 

successions, with BIs ranging from 0 to 5, and with trace-fossil assemblages whose diversity ranges 

from monospecific to as many as 8 different ichnogenera.  Differences in the predominant 

sedimentary structures, the nature of the mudstone assemblages and the degree of bioturbation 

allow three types of TF to be distinguished.  

TF1 (Fig. 3.10D,E) is composed of low-SSC mudstone assemblages and consists 

predominantly of ripple cross-laminated sandstone (Facies XL-L) with common isolated cross-bed 

sets up to 15 cm thick (Facies XB-L) and horizontal or low-angle parallel-planar laminated intervals 

(Facies PL-L) that are up to one-metre thick (e.g., Fig. 3.10D,E). In some TF1 successions, low-

angle parallel-planar laminated sandstones are locally predominant, with subordinate amounts of 

wave- and current-ripple cross-lamination (Fig. 3.10E). Low-angle parallel lamination is 

particularly common where it overlies the sub-Cretaceous unconformity: these successions tend to 

coarsen upward subtly. Mudstone layers are scarce in TF1 successions, with sparse thin mudstone 

laminae (UM1) or no mud at all (Fig. 3.6I,J). TF1 successions are 1-10 m thick. Distinct rhythmic 

thickening and thinning of sandstone laminae is observed in some TF1 successions. TF1 
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successions invariably have low bioturbation indices (BI 0-1) with trace-fossil assemblages that are 

restricted to rare occurrences of isolated Skolithos and Planolites (Fig. 3.6I). 

TF2 successions (Fig. 3.10E) have mixed low- to moderate-SSC assemblages with minor 

amounts of high-SSC mudstones. TF2 has abundant current-ripple cross-lamination (Facies XL-L, 

Facies RL-M) and subordinate amounts of cross-bedding (Facies XB-L, XB-M). TF2 successions 

are typically 0.5-3 m thick. Bioturbation indices (BI 1-3) are more variable than in TF1, with 

common Skolithos, Planolites and Thalassinoides, and uncommon Arenicolites, Chondrites, and 

Palaeophycus. Poorly sorted and gravelly TF2 successions are locally abundant close to the sub-

Cretaceous unconformity.   

TF3 successions (Fig. 3.10H) typically have moderate-SSC assemblages and the highest 

bioturbation indices (BI 2-5) of the different TF succession types. Sandstone layers in TF3 consist 

entirely of ripple cross-lamination (Facies XL-M, XL-H), with some evidence of wave action, as 

indicated by the presence of round-crested asymmetric ripple formsets beneath mudstone layers 

(e.g., Fig. 3.6E, 3.8F). TF3 successions are typically 2-10 m thick; thicker successions commonly 

contain smaller-scale (1-2 m-thick) upward-fining and upward-muddier successions (Fig. 3.10H). 

An overall upward increase in mudstone content and BI is typically observable in successions 

thicker than 3-4 m. The lower portions of TF3 have sparse bioturbation (BI 0-2) with traces that 

are typically diminutive, composed primarily of Planolites with less common Arenicolites, 

Thalassinoides, Palaeophycus, Piscichnus and grazing traces (Fig. 3.10A). The upper part of such 

successions have BIs that range from 3-6 (4 is average), with significant decimetres-scale vertical 

variability in BI (Fig. 3.10H). Horizontally and vertically oriented deposit-feeding structures are 

predominant (Fig. 3.8H) with common traces that include Planolites, Thalassinoides, Asterosoma, 

and Palaeophycus, and less commonly include Rosselia, Teichichnus and Planolites. Rare traces 
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in TF3 include Chondrites and Helminthopsis, which is typically present in the re-worked fills of 

larger burrows.  

Isolated pairs of mudstone laminae are common in all three tidal-flat successions (e.g., Fig. 

3.8C,F,G). Alternations between 3-15 cm-thick heterolithic mudstone-dominated beds and 5-75 

cm-thick ripple cross-laminated cosets are particularly common in TF2 successions (e.g., Fig. 3.6F, 

3.10E) and TF3 successions (e.g., Fig. 3.6E, 3.10H). The heterolithic mudstone beds within these 

quasi-cyclic packages typically have 3-10 individual or paired mudstone layers, irrespective of the 

mudstone assemblage (e.g., Fig. 3.8C,F,G). TF3 successions typically have weaker cyclicity where 

mudstone content is greater (e.g., compare differences between the upper and lower part of the core 

described in Fig. 3.10H).  

Interpretation.— 

Facies succession TF is interpreted as tidal-flat deposits on the basis of the predominance 

of current-ripple cross-lamination, flat bedding and the common upward-fining and upward 

increase in mudstone. As well, bioturbation indices are generally higher and more variable than in 

their associated, underlying channel-bar successions. Metres-scale uniform and upward-fining 

successions are interpreted as the result of aggradation and progradation, respectively, of tidal flats. 

The general upward increase in mudstone content is interpreted primarily as the result of weaker 

peak tidal currents higher on the flat. 

Differences in the mudstone assemblages present within the three TF successions are 

interpreted as the result of different SSC regimes. The presence of low-SSC mudstone assemblages 

in TF1 and the presence of cross-laminated sandstone and horizontal parallel-laminated sandstones 

(Facies XL-L/PP-L) suggest that TF1 successions are the deposits of relatively high-energy tidal 

sand flats with SSC values that are typically less than 1 g/L (Driese et al., 1981; Dalrymple et al., 
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1990; Greb and Archer, 1995; Plink-Björklund and Steel, 2006). The prominence of wave-

influenced facies (Facies PP-L) and subtle upward-coarsening profiles in some TF1 successions 

suggests a proportionally stronger wave regime in a relatively exposed seaward position in the outer 

part of an estuary or delta (cf. Dalrymple et al., 2012). The prominent occurrence of these more 

wave-influenced facies in successions immediately overlying Paleozoic bedrock suggests that local 

bedrock-bounded embayments with a limited tidal prism could have been wave-dominated, 

producing successions that are more consistent with open-coast tidal flats (cf., Yang et al., 2005).  

TF2 successions represent slightly higher-SSC regimes because of the greater abundance of 

moderate-SSC mudstone assemblages. Their lesser thickness and poorer grain sorting compared to 

TF1 suggests that TF2 successions represent tidal-flat deposits associated with smaller/shallower 

and more landward channels.  

Higher-SSC mudstone assemblages of TF3 are generally interpreted as the result of greater 

proximity to the turbidity maximum and/or location on the down-drift side of the river mouth where 

SSC values would have been higher (cf. Dalrymple, 2010a). Wave-influenced ripple forms in TF3 

are consistent with an intertidal-flat setting and imply a somewhat exposed depositional location. 

The slight upward thickening of mud in TF3 is interpreted as the result of the progradation of 

higher-SSC, more landward tidal flats (i.e., flats nearer to the turbidity maximum), as the whole 

system builds seaward. Alternatively, it might reflect greater resuspension of mud by waves, which 

inhibits flow of water off the tidal flat because of its low slope. The upward increase in bioturbation 

indices within all tidal-flat successions is interpreted as the result of upward-decreasing energy 

levels and more stable salinity values (cf. Yang et al., 2007). Higher levels of bioturbation in the 

upper portions of TF3 successions imply that deposition occurred seaward of the TMZ. 
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Common pairing of mud drapes and quasi-cyclic rhythmicity are attributed, respectively, 

to semi-diurnal and neap-spring-neap rhythmicity. Although paired mud drapes are typically 

associated with subtidal settings (Visser, 1980), they are known to occur in intertidal settings 

(Fenies et al., 1999). Parallel-laminated sandstones (Facies PP-L) in TF1 show rhythmic thickening 

and thinning that corresponds roughly with 28-day neap-spring-neap cycles of semi-diurnal tidal 

deposits (Chapter 2: Figure 2.6I). Quasi-cyclic bedding in TF2 and TF3 is also interpreted as the 

result of current strength associated with neap-spring tidal variations. The absence of cyclic 

interbedding of sandstones and heterolithic mudstones in TF1 is interpreted as a combination of the 

high-energy nature and low-SSC nature of the tidal flat. The relatively weak cyclicity observed 

near the top of TF3 successions (e.g., Fig. 3.10H) is consistent with lower deposition rates and less 

complete tidal records because of the less frequent submergence that occurs at higher elevations on 

the tidal flat and likely because of a stronger seasonal influence (Fig. 3.9).  

General Interpretation of Paleoenvironments 

Within the study area, the Bluesky Formation is predominantly composed of channel-bar 

(CB) and tidal-flat (TF) successions, with subordinate occurrences of tidal-sand-ridge (SR) and 

mouth-bar (MB) successions. Compound-dune successions (CD) are common in some channel 

deposits (CB3) and in tidal sand ridge (SR) deposits (Table 3.4). Each of these facies successions 

is composed only of subtidal to lower intertidal deposits (upper intertidal and supratidal deposits 

are absent from the study area). The strong bias towards the preservation of subtidal and lower 

intertidal environments in the Bluesky Formation is interpreted as the result of low accommodation 

and preferential tidal ravinement of shallower-water deposits during each transgression. 

In the lower Bluesky unit, seaward (i.e., to the WNW) fining of moderate- to high-SSC 

channel-bar (CB2, CB3) and tidal-flat successions (TF2, TF3) into moderate-SSC delta-
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front/mouth-bar successions (MB) (Fig. 3.11, section A-A’) suggests that this unit records deltaic 

deposition in the area that stretches from the turbidity maximum zone (in distributary channels) to 

the delta front (Fig. 3.2). Mudstone assemblages are particularly similar to those observed in 

subtidal deposits of the delta plain and lower reaches of the tidal-fluvial transition of the Fly River 

delta (cf., Alongi et al., 1992; Dalrymple et al., 2003). The near absence of bioturbation in these 

deposits, coupled with abundant fluid-mud layers, implies very high SSCs. Within the CB3 

successions that are abundant in the lower Bluesky, the presence of amalgamated channel deposits 

and the rare association with tidal-flat deposits (e.g., Fig. 3.10F,G) suggest that these successions 

were particularly prone to erosion as a result of low accommodation and tidal ravinement, which 

are more pronounced in deltaic systems than in estuaries that form at times of rising base level and 

transgression.  

The upper Bluesky unit, by contrast, is interpreted as the deposits of the outer portion of a 

tide-dominated estuary, primarily because of the presence of low- to moderate-SSC channel-bar 

(CB1, CB2) and tidal-flat successions (TF1, TF2) that coarsen seaward (i.e., to the WNW) and pass 

into SR successions (Fig. 3.11). Additionally, the scarcity and thinness of mudstone layers is 

consistent with the trapping of fines in landward locations as accommodation is created (Fig. 3.1). 

The presence of a low-diversity mixed Skolithos-Cruziana ichnofacies assemblage observed in the 

CB1-TF1 successions (e.g., Fig. 3.10D,E) and CB2-TF2 successions (e.g., Fig. 3.10E) that 

characterize the upper Bluesky suggests they formed seaward of the TMZ, in an area with moderate 

salinity levels and less environmental stress. Given these attributes, and the very sandy nature of 

the successions, they have more similarities with the distal portion of a tide-dominated estuary (e.g., 

the outer estuary tidal-bar deposits in the Cobequid Bay – Salmon River estuary: Dalrymple et al., 

1990; cf. Plink-Björklund and Steel, 2006) than with the distal portion of a tide-dominated delta.  
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Table 3.4: Proportional occurrence of the facies successions that comprise the lower and upper 

Bluesky units. 

Facies Succession 

Lower 

Bluesky (%) 

Upper 

Bluesky (%) 

SR* 0 15 

DF 15 0 

CB1 0 45 

CB2 20 10 

CB3* 40 0 

TF1 0 25 

TF2 10 5 

TF3 15 0 

Total 100 100 

   

* CD successions are common within 

SR and CB3.  

 

Inclined heterolithic stratification (IHS) with consistently dipping beds and bed-set 

boundaries, such as that described for other ancient tidally influenced deposits, and especially the 

broadly coeval McMurray Formation (Mossop and Flach, 1983; Smith, 1987; Smith, 1988; 

McCrimmon and Arnott, 2002; Labrecque et al., 2011), is not abundant in CB and TF successions 

of the Bluesky Formation. If IHS is present in the Bluesky Formation, dip angles are significantly 

lower than in other well-document examples: bedding planes in the Bluesky CB successions are 

typically nearly flat and rarely exceed dips of 15o, whereas in the previously cited examples, 

average bedding-plane dips in core are typically 5-12o, with dips of up to 30 o. Lower dip angles 

are interpreted to be the result of the Bluesky Formation being sandier than many IHS deposits 

because channel banks become steeper as the amount of mud (and, hence, the cohesion) increases. 

It is possible that the deposits of muddier tidal channels, which were more likely to have occupied 

upper intertidal settings, had low preservation potential in the case of the Bluesky Formation, 

resulting in a bias towards sandier channel deposits and, therefore, lower-angle bedding dips.  
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Figure 3.11: Cross-sections through the study area. .  
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Tidal cyclicity in the Bluesky Formation is typically limited to semi-diurnal and semi-

monthly periods with only minor occurrences of seasonal deposits in CB successions. Seasonal 

cyclicity and longer-term climatically driven cyclicity are much less common than in the coeval 

ancient deposits of the tidally influenced McMurray Formation (cf. Lettley et al., 2005; Lebrecque 

et al., 2011; Jablonski, 2012) and with the present-day mesotidal Fraser River (Sisulak and 

Dashtgard, 2012). In this regard, the Bluesky Formation deposits in the study area are much more 

similar to deposits of the macrotidal Fly River delta where daily and monthly tidal cycles are 

abundant, but longer successions of rhythmites are not evident (Dalrymple et al., 2003). The 

apparent lack of cyclicity longer than a monthly scale in the Bluesky Formation indicates a very 

high energy system in which tides were persistently predominant over river currents (consistent 

with the relatively distal location deduced above) and where deposition rates were relatively high 

(cf., Dalrymple et al., 1991) such that there was insufficient space at any one location to record 

longer time periods. Occurrences of seasonal cyclicity, which are restricted to some CB 

successions, are interpreted to have formed in more proximal, fluvially influenced to fluvially 

dominated reaches of the system (e.g., Fig. 3.6G), or locally in the troughs or bottomsets of large 

compound dunes, where current speeds and sedimentation rates were persistently low enough to 

record multiple neap-spring-neap cycles (e.g., Fig. 3.6C). 

DISCUSSION 

Deposits of the Bluesky Formation within the study area represent a suite of subtidal to 

lower-intertidal depositional environments. Aside from their considerable lithological complexity, 

the greatest challenges in interpreting these deposits are that they have few well-documented 

modern or ancient analogues and that two- and three-dimensional architectural information is not 

available.  Studies of modern tidal systems have typically focused on intertidal and supratidal 
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settings, which are more accessible for study than their subtidal counterparts. Subtidal high-energy 

tide-dominated marginal-marine settings are available for comparison with ancient deposits, but 

studies have typically analysed the hydrodynamics and/or the external morphology of the bedforms 

and barforms, with little or no emphasis on internal facies (e.g., Harris et al., 1993; Dyer and 

Huntley, 1999; Schrottke et al., 2006; Ryan et al., 2007). Unfortunately, these modern studies have 

only general applicability to core studies such as the one presented here for the Bluesky Formation 

and do not provide guidance on detailed facies interpretations. From necessity, therefore, the 

classification scheme presented here is a first-principles approach that is based more on tidal facies 

models (e.g., Figures 3.1 and 3.2) than directly on analogs, as the primary predictors of the 

sedimentary characteristics (i.e., lithofacies) expected in cores from tidal successions. These tidal 

facies models indicate that sand and mud are transported, deposited and preserved in a predictable 

spatial, bathymetric and temporal pattern within tidal systems. Both the lithological attributes of 

the sandstone layers (i.e., sedimentary structures and grain size), and the lithological characteristics 

of the mudstone layers (i.e., attributes that reflect SSC values) were used as interpretation tools in 

the Bluesky Formation, yielding relatively high-confidence interpretations of bathymetric position, 

proximal-distal position and the formative morphological elements (despite the absence of 

architectural data). Mudstone assemblages present a particularly useful facies-interpretation tool 

because they reflect the bathymetric and proximal-distal position of formation, irrespective of the 

morphological element on which they were deposited; thus, they are morphology-independent 

paleoenvironmental indicators, which is critical for interpreting one-dimensional cores.  

Interpretation of Bathymetric Position 

 Subtidal deposits in the Bluesky Formation are commonly composed of mudstone-rich 

heterolithic deposits (particularly in the lower Bluesky) because of the tendency towards high 
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turbidity in channel bases (e.g., Figs. 3.9). In many other tidal settings, there is a clear upward 

increase in the proportion of mud from the subtidal and lower intertidal zones towards the supratidal 

zone because of decreasing energy levels, a trend that is captured in the widely known tidal-flat 

facies model (cf. Dalrymple 2010a). This gives the impression that channelized tidal systems 

should produce upward-muddier successions. In the Bluesky, however, the coarsest grain sizes and 

largest bedforms occur in association with the greatest concentration of fluid-mud deposits, which 

are invariably in the basal part of CB successions (e.g., Fig. 3.10G). These deposits represent the 

deepest portions of the largest channels because current strength and water depth are expected to 

decrease from the channel axis to the channel flank and adjacent bar crest or tidal flat. Such upward-

cleaning high-SSC channel successions are interpreted as having formed near the turbidity 

maximum, whereas upward-muddying successions should typify areas removed from the TMZ. 

The coincidence of the coarsest sediment and the thickest fluid-mud layers (Fig. 3.10G) is 

consistent with deposition in a muddy hypersynchronous tidal system because maximum tidal-

current speeds and suspended-sediment concentrations are predicted to occur in the same proximal-

distal location (Allen et al., 1980). Abundant mudstones similar to those of CB2 and CB3 have 

been observed in subtidal channel and bar environments in other modern and ancient systems (e.g., 

Kirby and Parker, 1983; Smith, 1988; Fenies and Tastet, 1998; Dalrymple et al., 2003; Schrottke 

et al., 2006). Complete successions, which are not observed in the study area, are predicted to be 

very muddy at their base, to clean upwards towards their associated lower intertidal bar crests and 

tidal flats, and then to become muddier again into the upper intertidal and subtidal zone (Dalrymple 

et al., 2003; Dalrymple, 2010a). Upward increases in mudstone content and bioturbation indices 

are less pronounced than in CB-TF successions than in point-bar deposits of some modern and 

ancient channel deposits (c.f., Mossop and Flach, 1983; Smith, 1987). As such, the ratio of 

sandstone to mudstone, which has been used as a primary criterion for environmental interpretation 
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in some tidal deposits (e.g., Martinius et al., 2001; Gupta and Johnson, 2002) is not suitable for use 

in the Bluesky Formation because the total amount of mud does not consistently reflect energy 

type, current strength or SSC levels. Rather, it is more important to observe an overall upward 

thinning of mudstone layers from channel base to the landward limit of their associated tidal flat 

(e.g., Fig. 3.10E), irrespective of the actual ratio of sandstone to mudstone. It is important to note 

that thick structureless mudstone deposits are reported in some upper intertidal deposits (e.g., 

Smith, 1988; Fenies and Tastet, 1998). However, these examples are either heavily burrowed or 

have abundant rootlets: these mudstone layers are likely composite in nature and not the deposits 

of a single fluid-mud “event” such as a single slack-water period.  

The predominance of short-period tidal rhythmites over longer-term seasonal deposits in 

the Bluesky Formation does not preclude the possibility of a strong seasonal variation in currents 

during Bluesky deposition. Rather, longer-period rhythmicity was likely not recorded because of 

scouring during periods of high-energy and/or rapid sedimentation that fills the available space in 

a short time. Upper intertidal and supratidal environments, which were apparently not preserved in 

the study area, would have been more likely to preserve seasonal signals because deposition would 

have been limited to periods of particularly high tides, with rhythmic variations in bedding having 

been more strongly controlled by sedimentation rate (Dalrymple et al., 1991).   

Interpretation of Proximal-Distal Position 

The wide variability in mudstone assemblages between facies successions and, in 

particular, between different tidal channel-bar and tidal-flat successions, is the result of deposition 

along a spectrum of longitudinal positions through the fluvial-to-marine transition and the TMZ. 

Most marginal-marine tide-dominated system with a moderate to large fluvial input of fine-grained 

sediment appear to generate fluid-mud layers in channel bases, beneath the turbidity maximum 
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(e.g., Allen et al., 1980; Nichols and Biggs, 1985; Wolanski and Gibbs, 1995; Schrottke at al., 2006; 

Uncles et al., 2006; McAnally et al., 2007). As one moves up-system and down-system from the 

turbidity maximum, mudstone layers are predicted to reflect progressively lower SSC values, in 

accordance with decreasing turbidity. In the upper Bluesky Formation, for example, landward 

storage of mud in the inner part of the estuarine unit is interpreted to have resulted in an absence of 

mud in tidal-sand-ridge successions of the outer estuary and adjacent shelf. As such, tidal-sand-

ridge deposits have very little bathymetric variation in mudstone assemblages: SSCs are too low 

throughout the water column to result in any appreciable mud deposition. This contrasts with the 

relatively higher-SSC deposits that accumulate in the distal (i.e., delta front / mouth bar) part of the 

deltaic lower Bluesky unit, where seaward export of mud (because of limited accommodation in 

the delta-plain environment) generates high SSCs. Thus, the sandiest facies within tide-dominated 

systems are likely to be produced in the distal part of estuarine systems (cf. Fig. 3.11; Section A-

A’). As well, longitudinal sand-fraction grain-size trends in the upper and lower units are consistent 

with the predicted trends for tide-dominated estuarine and deltaic systems, respectively (cf. 

Dalrymple and Choi, 2007), with landward fining in the estuarine upper Bluesky as opposed to 

landward coarsening in the deltaic lower Bluesky. An additional and important paleogeographic 

influence on SSC is whether or not a location lies on the updrift or downdrift side of the river mouth 

(Bhattacharya and Giosan, 2003; Bhattacharya, 2010; Dalrymple, 2010a), especially in the case of 

deltas where there is significant export of fine-grained sediment. Thus, tidal flats and associated 

channels on the down-drift side of the delta mouth are predicted to be muddier than their updrift 

equivalents. Variations in the amount of mudstone in TF3, which is interpreted as having 

accumulated in a relatively seaward (perhaps “open-coast”) location, might be attributed to such 

variations in along-coast position.  
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The completeness of recording of tidal cyclicity and of seasonality in the upper intertidal 

to supratidal zones has been suggested to change systematically in character through the tidal-

fluvial transition (Dalrymple et al., 1991). The preservation of periods longer than the daily signal 

(i.e., the diurnal inequality as reflected in paired sand or mud layers) is uncommon in the Bluesky 

Formation because of poor preservation caused by periodically strong currents that erode longer-

period signals, rapid sedimentation, and (in the case of CB3) the presence of fluid mud that 

decouples the response at the bed from variations in flow (Chapter 2). These effects are predicted 

to be particularly pronounced in subtidal environments towards the seaward end of the system, 

where tidal influence is predominant and SSCs are high (Figs. 3.1, 3.2). Farther upsystem, in the 

more fluvially influenced to dominated portion of the system, weaker tidal influence means that 

seasonal variations in flow are more likely to be recorded (Figs. 3.1F, 3.2F), with relatively 

complete cycles of neap-spring cyclicity recorded during periods of low river flow and very few 

mud layers recorded during periods of peak river flow when sand is being deposits rapidly (e.g., 

Fig. 3.6A). Thus, there may be a seaward-decreasing potential for preservation of longer-period 

tidal cycles and of seasonal deposition in the subtidal realm. This is opposite to the trend observed 

by Dalrymple et al. (1991) in the upper intertidal to supratidal realms. 

The usefulness of trace-fossil assemblages for interpreting proximal-distal positions in the 

Bluesky is also limited by the low overall degree of bioturbation and the very restricted trace-fossil 

diversity, which means that proximal-distal trends in biotic activity are difficult to observe. The 

paucity of bioturbation is largely attributed to the predominance of subtidal to lower intertidal 

deposition because higher energy levels, fewer food resources, frequently shifting substrates, high 

SSC values and high sedimentation rates, result in higher stress levels in deeper bathymetric 

positions (cf. Hovikoski et al., 2008; Gingras et al., 2011; Musial et al., 2011; Dalrymple et al., 

2012), thereby greatly reducing the amount and diversity of bioturbation. Tidal-flat deposits in the 
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Bluesky Formation generally have higher bioturbation intensity and diversity than the genetically 

associated subtidal channel and bar deposits because conditions were more favourable for substrate 

colonisation and for a wider array of feeding strategies. These observations in the Bluesky 

Formation suggest that the role of ichnology in interpreting proximal-distal trends is likely to be 

diminished for tide-dominated deposits in which subtidal facies predominate (cf. Gingras et al. 

2011). Therefore, observations from the Bluesky Formation suggest that tidal cyclicity and 

bioturbation might have greater usefulness for determining proximal-distal location in higher-

accommodation deposits, where upper-intertidal and supratidal environments are more likely to be 

preserved (cf. Dalrymple 2010a; Ichaso, 2012).  

Interpretation of Morphological Elements 

Morphological elements generally produce a predictable vertical succession of 

sedimentary structures and grain size in the sandstone layers because of the topographically 

controlled spatial variation in energy levels. In the Bluesky Formation, compound-dune, delta-

front/mouth-bar and tidal-sand-ridge successions display overall upward-coarsening trends and are 

differentiated from one another on the basis of scale, sedimentary structures and the nature of the 

mudstone assemblages. Channel-bar/tidal-flat successions, which individually show a subtle 

upward-fining grain-size trend, commonly occur in composite stacked successions that display 

relatively uniform grain-size profiles overall, principally because of two contributing factors: (1) 

relatively low accommodation has resulted in successions that have significant amalgamation 

(“over-thickening”) of successive generations of channels; and (2) a limited range of grain sizes 

appears to have been available for deposition (cf. Yoshida et al., 2007) because of the nature of the 

source area and/or sequestration of coarser sediment in inland areas. Prominent upward-fining in 

the sand fraction is only observed within some tidal-flat successions and, typically, only into the 
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intertidal portion of the flat, where mudstone layers and bioturbation become distinctly more 

prominent (e.g., Fig. 3.10H). Thus, high-energy, low-accommodation tidal systems such as the 

Bluesky are likely to have channel-bar and tidal-flat successions with relatively uniform grain-size 

profiles, a predominance of cross-bedding and the presence of locally sourced outsized grains, mud 

clasts, bioclasts or wood fragments. The mudstone layers present in a succession are generally not 

diagnostic of channel deposits since channels display a complete range of SSC assemblages and 

because any mudstone-layer type can occur in almost any environment; however, if thick and 

structureless fluid-mud layers (more than a centimetre to about a decimetre thick) occur in 

association with the coarsest sediment then a channel-base setting within the turbidity maximum 

zone is indicated. 

CONCLUSIONS 

This study uses a facies classification scheme that can be applied universally to the deposits 

of all tide-dominated systems. An emphasis has been placed on the interpretive value of mudstone 

layers in facies classification since they are a robust indicator of SSCs at the time of deposition, 

and SSC values have predictable spatial and bathymetric variations. SSC varies in a longitudinal 

sense along the fluvial-tidal transition, with SSC values that are highest near the turbidity 

maximum. SSC also varies bathymetrically, with SSC values that are highest in bathymetrically 

low areas, such as channel bases and compound-dune troughs. Sandstone beds also have some 

interpretive value for proximal-distal and bathymetric trends, but are most useful for interpreting 

morphological elements (particularly by analyzing the vertical stacking of facies).  

By independently analyzing the characteristics of the sandstone layers and the mudstone 

layers, deductions can be made with reasonable confidence regarding the energy levels, energy 

type, and the SSC values, without the need to erect an elaborate facies scheme with a large number 
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of subtly different facies. Indeed, only 9 facies are necessary to describe more inshore tidal 

successions. This scheme allows for a high degree of sophistication in environmental and sequence-

stratigraphic reconstruction of complex tidal successions, particularly with regard to facies 

classification and facies models in subtidal tide-dominated marginal-marine deposits. In the 

example of the Bluesky Formation, this approach demonstrated that robust environmental 

interpretations can be made objectively, based solely on the lithological attributes in core, without 

the need to see the architecture of the stratification (e.g., forward versus lateral accretion). It follows 

that the deficiencies caused by the absence of outcrop data can be mitigated using this approach.  It 

is believed that only minor modifications are needed to apply this approach to almost any tidal 

succession. 

The environments interpreted for the Bluesky Formation represent a complex, low-

accommodation, tide-dominated system with preservation of predominantly subtidal and lower 

intertidal facies. The Bluesky Formation comprises five morphological elements that constitute 

tide-dominated systems: (1) compound dunes, which are interpreted as an intermediate-scale 

building block that can occur within any of the other four morphological elements; (2) channel-bar 

forms; (3) tidal flats; (4) mouth bars / delta front; and (5) tidal sand ridges. These elements are 

identified based primarily on the vertical successions of sedimentary structures and grain sizes 

within the sandstone layers, supplemented by vertical variations in the nature of the mudstone 

layers. Overall, facies successions in the Bluesky Formation are indicative of the seaward portions 

of both a deltaic system and an estuarine system. Channel-bar and tidal-flat successions comprise 

most of both the deltaic and estuarine deposits, which is consistent with the compositional make-

up of the seaward reaches of modern tide-dominated systems. Fluvially influenced/dominated 

deposits are notably absent from both the deltaic and estuarine units. The comparatively clean 

seaward environments of the estuarine upper Bluesky unit and the muddier seaward environments 
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of the lower Bluesky unit suggests that the paleo-estuarine system had higher trapping efficiency, 

which is more likely to be the case than for a regressive deltaic system. Thus, a preponderance of 

relatively low-SSC mudstone assemblages in seaward channels and flats might suggest 

transgressive conditions, whereas a preponderance of moderate- to high-SSC mudstone 

assemblages in seaward channels and flats might suggest regressive conditions. Additionally, 

mouth-bar and delta-front successions occur only in deltaic systems, whereas monolithic tidal sand 

ridges are best developed in estuarine systems.  
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ABSTRACT 

This core and well-log-based subsurface study of the Gething-Bluesky succession in the 

Peace River area of West-Central Alberta describes and interprets a third-order transgressive 

systems-tract deposit that displays a dramatic change in depositional conditions. The lowermost 

unit comprising the Gething Formation is composed of low-energy tidally influenced coastal-plain 

deposits. Tidal action is not pervasive or strong and river-mouth areas were probably river-

dominated, while the adjacent coasts were wave-dominated.  The middle and upper units comprise 

the sandstone-dominated Bluesky Formation, which was strongly tide-dominated and accumulated 

under much higher energy levels than the underlying Gething Formation. Both the lower Bluesky 

and upper Bluesky units are interpreted within the study area as incised-valley fills whose basal 

surfaces have more than 35 metres of relief. Both units are composed predominantly of tidal-

channel-bar and tidal-flat successions that occur within broadly equivalent parts of the coastal zone. 
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However, the lower Bluesky is interpreted as deltaic because of an abundance of fluid-mud 

deposits, the presence of progradational mouth bars and a general seaward-fining of grain size 

toward the northwest. In contrast, the upper Bluesky is interpreted as estuarine because of the 

absence of mudstone layers, the relatively coarse grain size and tidal sand ridges, and the presence 

of a subenvironment unique to estuaries, in its seaward part. These interpretations of deltaic and 

estuarine origins for the Bluesky are done in the absence of clear progradational and 

retrogradational stacking of facies, the preservation of which was limited by low accommodation.  

The localized nature of the valley fills results from preservation within accommodation 

that was presumably generated initially by fluvial incision and accentuated by tidal ravinement.  

Longer-term accommodation was generated by subsidence of the peripheral bulge as orogenic 

loading decreased and unroofing of the orogeny commenced, following the end of the Columbian 

orogeny.  Tidal ravinement during transgression has eroded or modified significant exposure 

surfaces and reworked falling-stage and lowstand deposits, such that there is no evidence of higher-

frequency sea-level falls. Tidal ravinement during backstepping of the Bluesky Formation has also 

resulted in the cannibalization of bathymetrically shallower facies, leading to the preservation of 

only subtidal and lower intertidal deposits.  

INTRODUCTION 

Over time-scales of decades to tens of thousands of years, progradational river-fed coastal 

areas are classified as deltas, and their retrogradational counterparts are classified as estuaries 

(Dalrymple and Choi, 2007; Dalrymple, 2010b). Progradation and retrogradation is determined in 

ancient successions from the study of vertical facies-stacking patterns that record the landward or 

seaward migration of the coastline over time. The analysis of these changes in relative shoreline 

position underpins nearly all sequence-stratigraphic analyses for coastal deposits. The confidence 
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in these analyses depends on having: (1) a facies scheme that is robust and precise enough to ascribe 

proximal-distal positions to each facies in the succession with confidence; and (2) a vertical 

stratigraphic succession that displays either a landward migration (estuarine) or seaward migration 

(deltaic) of a shoreline. The first of these conditions is easily met in wave-dominated coastal 

systems because they are morphologically simple and wave energy decreases in a regular way with 

increasing water depth and is readily recorded by the grain size of the sediment and the sedimentary 

structures present. This condition is, however, not yet fully met in tide-dominated coastal systems 

because of the complex channel-bar morphology that exists and the complex way that depositional 

conditions change both across and along these channels (cf. Dalrymple and Choi, 2007). Our 

understanding of these complex patterns is increasing, but it is not yet possible to ascribe proximal-

distal positions to tidal facies with confidence. Fulfilling the second condition is partially dependent 

on the first, but is made more difficult in situations where extensive erosion and cannibalization of 

pre-existing deposits leaves an incomplete record. 

The locally tide-dominated Bluesky Formation (Fig. 4.1), in the Peace River area of west-

central Alberta (Fig. 4.2) has a rich subsurface data-set of cores and well logs and lies within a 

succession that is well understood in terms of its general paleogeographic and sequence 

stratigraphic evolution (Fig. 4.2C and Fig. 4.3). As such, the Bluesky Formation serves as a useful 

case study not only in terms of tidal facies analysis, but also in terms of exploring the stratigraphic 

expression of tide-dominated deposits within the context of a known sequence stratigraphic 

framework. Within the Peace River area, the tide-dominated Bluesky Formation and its underlying 

river-dominated Gething Formation (Fig. 4.2C), comprise a third-order transgressive systems tract 

(sensu Mitchum and Van Wagoner, 1991) that is punctuated regionally by erosional discontinuities 

interpreted as fourth-order sequence boundaries and as flooding surfaces (O’Connell, 1988; Hayes 

et al., 1994; Cant, 1996; Cant and Abrahamson, 1996; Walsh, 1999). Within this well-established 
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Figure 4.1: Stratigraphic column for the Lower Mannville Group in the Peace River area of west-

central Alberta, showing the stratigraphic position of the Bluesky Formation. Modified from 

Hubbard et al. (1999). 

 

framework, relatively high-density spaced well core and logs within the Peace River area allow for 

a localized analysis of the paleogeographic evolution (i.e., changes in both relative shoreline 

position and in the dominant energy regimes) of the Gething and Bluesky systems as the Western 

Canadian interior seaway was transgressed during the early Cretaceous (late Aptian / early Albian). 

The local succession within the Peace River area is of particular interest because the Bluesky 

Formation occurs as an anomalously thick (up to 45 m, compared to 10-20 m in the surrounding 

area) tide-dominated heterolithic sandstone (Chapters 2 and 3). There are relatively few detailed 

studies of tide-dominated deposits such as the Bluesky and only a few of those studies specifically 
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address facies classification criteria for recognizing proximal-distal positions and then employ the 

resulting interpretations for the purpose of distinguishing between deltaic and estuarine deposits; 

these studies include Mellere and Steel (1995a, 1996a), Willis et al., (1999), Willis and Gabel 

(2001, 2003), Plink-Björklund and Steel (2006), Hovikoski et al. (2008), Tanavsuu-Milkeviciene 

and Plink-Björklund (2009), Ponten and Plink-Björklund (2009), and Legler et al. (2013). Amongst 

this group of studies, no two approaches to facies analysis are the same, nor is there agreement 

upon environment-scale facies models (Table 4.1), or on the criteria used to establish deltaic or 

estuarine origins. We attribute this to the relatively immature state of tidal facies analysis, as 

previously mentioned.  

This study attempts to help clarify the situation by applying the new facies-analysis 

approach developed in Chapter 3. This scheme is based on the two environmental variables that 

determine the most important properties of the deposits: current strength, which is recorded by the 

grain size and sedimentary structures in the sandstone layers, and the suspended-sediment 

concentration (SSC), which determines the amount and character of the mudstone layers.  This 

approach has been shown in Chapter 3 to yield relatively high-confidence environmental 

interpretations of tide-dominated deposits, and also allows assessment of the proximal-distal 

location where a particular sediment body was formed. This in turn permits sequence-stratigraphic 

analysis of the deposit, which, in this case, can be made within a relatively well-understood regional 

framework. It is demonstrated that deep tidal scouring, low accommodation, and the 

superimposition of multiple orders of relative sea-level change, have resulted in the deposition of 

a complexly interstratified sandstone body that is not wholly representative of idealized tidal facies 

models for either tide-dominated estuaries or deltas (cf., Dalrymple and Zaitlin, 1994; Dalrymple 

et al., 2003; Dalrymple and Choi, 2007; Dalrymple, 2010a).  Despite this, confident environmental 

interpretations are possible using this approach.  
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Figure 4.2: Location of study area and regional stratigraphic context. (A) Location of the study 

area in Alberta showing the location of major oil sands deposits. The study area is shown with the 

black square. The location of Figure 4.2C is shown. (B) Detailed map of the study area showing 

the location the database of wells with well-log and core data. Cross-sections used in Figure 4.5, 

and Figure 4.17 are shown. (C) Regional dip section the present-day Alberta – British-Columbia 

border to the Alberta-Saskatchewan border, passing near the study area. Modified after Jackson 

(1984).  
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Figure 4.3: Paleogeographic reconstruction of the Western Canadian Sedimentary Basin in the 

earliest Albian (modified from Hayes et al., 1994). The Peace River Oil Sands and the Athabasca 

Oil Sands are and the towns of Peace River and Fort McMurray (red stars) are shown on the map 

as spatial reference points. The study area lies within the box shown near the town of Peace River. 

Two general drainage areas are present: the Gething-Bluesky drainage system to the west of 

intrabasinal high; and. the McMurray-Wabiskaw drainage system, which lay to the east of the 

intrabasinal high. The two-letter abreviations shown along the coastline are as follows: WD = wave-

dominated; TD = tide-dominated; RD = river-dominated. The type of dominant energy shown for 

these particular locations is based on generalizations of environments of deposition from the 

spectrum of available studies, many of which are cited throughout this paper. 

 

REGIONAL GEOLOGICAL SETTING 

The Mannville Group in west-central Alberta comprises early Cretaceous sediments that 

filled a north-northwest-to-south-southeast-oriented elongate foreland basin during a 3rd-order (i.e., 

0.5-3.0 million-year duration) relative sea-level rise driven primarily by flexural subsidence (Cant,  
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Table 4.1: A comparison of facies analysis methodology for selected studies. 
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1996). The Gething Formation and the overlying Bluesky Formation, are the focus of this study 

and comprise a third-order transgressive systems tract that was locally deposited on an 

unconformity that represents a hiatus longer than 200 m.y. (Fig. 4.2C). West of the study area, the 

Gething overlies a 15-20 m.y. hiatus that separates two phases of basin subsidence (Jurassic to 

earliest Cretaceous, followed by Aptian to Eocene) (Cant, 1996).  The Gething-Bluesky succession 

is shallow marine to non-marine in character and was deposited under conditions of low 

accommodation: the entire section, which represents less than 3 million years of deposition, has a 

preserved thickness of 0-75 metres within the study area. Early transgressive systems-tract deposits 

of the Gething Formation comprise continental to coastal sandstones and mudstones that extended 

hundreds of kilometres north of the study area (Jackson, 1984; O’Connell, 1988; Leckie and Smith, 

1992; Cant and Abrahamson, 1996). Late transgressive systems-tract deposits of the Bluesky 

Formation comprise tide-dominated to wave-dominated marginal-marine heterolithic and 

monolithic sandstones that represent deposition during southward transgression of Boreal Sea 

(O’Connell, 1988, Hayes et al., 1994, Hubbard et al., 1999), which was punctuated by several 

higher-order regressive pulses (O’Connell, 1988; Hayes et al., 1994; Cant, 1996; Walsh, 1999).  

During Gething-Bluesky deposition, the basin was bounded to the east by the Precambrain 

Shield and to the west by a growing landmass associated with the Columbian orogeny (Fig. 4.3). 

A chain of Paleozoic highlands that extended several hundred kilometres along the axis of the 

foreland basin, from southernmost Saskatchewan to northeast British Columbia, divided the basin 

into two distinct sub-basins (Fig. 4.3; Jackson, 1984; Smith et al., 1984; Leckie and Smith, 1992; 

Cant and Abrahamson, 1996). The Gething-Bluesky succession was deposited by northward-

flowing systems, west of the Paleozoic highlands, producing a westward-thickening wedge toward 

the foredeep (Jackson, 1984; O’Connel, 1988; Leckie and Smith, 1992); stratigraphically 

equivalent strata deposited in the easterly sub-basin are the much-studied McMurray and 
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Clearwater formations of the Athabasca oil-sands deposit (Fig. 4.3) (e.g., Ranger and Pemberton, 

1992; McCrimmon and Arnott, 2003; Lettley et al., 2005; Feldman et al., 2008). The structural high 

separating the two drainage networks was buried during the subsequent highstand marking a shift 

in sedimentation trends from basin-axial drainage during Gething and Bluesky deposition, to basin-

transverse drainage in younger strata, with fluvial systems building eastward into the basin from 

the Western Cordillera. Strata associated with the third-order highstand systems tract are 

represented in the study area by mudstones of the Albian Wilrich Member of the Spirit River 

Formation (Cant and Abrahamson, 1996), which overlies the succession of interest and is 

equivalent to the upper Clearwater Formation in the Athabasca region to the northeast.  

STUDY AREA AND METHODOLOGY 

The study area covers approximately 40x40 km in west-central Alberta (Fig. 3A), 

Township 83-86N and Range 16-19W5 (Fig. 4.2B), with the Gething and Bluesky formations lying 

500-700 m below the present-day surface. Within the study area, the Gething-Bluesky succession 

comprises a 0-70 m-thick westward-thickening wedge (Fig. 4.4A) that lies above an angular 

unconformity, beneath which the subcropping units include the Mississippian Elkton and Debolt 

formations of the Rundle Group and the Permian Belloy Formation (Fig. 4.2C). The Mississippian 

is easily identifiable from logs based on its carbonate lithology. The Permian Belloy Formation, 

which is present only in the southwesternmost part of the study area, is recognized from logs as a 

low-porosity upward-fining sandstone directly overlying the Mississippian surface. Evaluation of 

the Gething-Bluesky succession was accomplished primarily using core data, from which detailed 

sedimentological logs were obtained from 35 cores that ranged in length from several metres to as 

many as 65 metres. Most cores analyzed were taken mainly through the Bluesky and the uppermost 

part of the Gething Formation. As such, core control in the Gething is poorer than in the Bluesky  
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Figure 4.4: Isopach maps and paleogeographic reconstructions of the Gething and Bluesky units. 

(A) Isopach map of the Gething Formation. (B) Isopach map of the combined lower and upper 

Bluesky units. (C) Isopach map of the upper Bluesky unit. (D) Schematic paleographic 

reconstruction of the upper part of the Gething Formation. (E) Schematic paleogeographic 

reconstruction of the lower Bluesky unit. (F) Schematic paleogeographic reconstruction of the 

upper Bluesky unit.  

 

 

Formation in this study. Core interpretations and facies interpretations by Hubbard (unpublished 

industry report, 1998) and by Hubbard et al. (1999, 2002) supplemented the database generated in 

this study. Nearly 180 well logs of varying quality and vintage were also examined (Fig. 4.2B). 

The Gething Formation and the Bluesky Formation are lithologically distinguishable from one 

another on well-logs and in core. The Bluesky Formation is informally divided into an upper and a 

lower unit (Fig. 4.5) that can usually be recognized in core. The boundary between the two units 

often cannot be interpreted with confidence using well data, alone. The top of the Bluesky 

Formation (i.e., the base of the Wilrich Member of the Spirit River Formation) is used as the 

stratigraphic datum for this study: it is interpreted as a major wave-ravinement/flooding surface, 

approximately coincident with the maximum flooding surface (Fig. 4.2C) and is presumed to have 

been relatively flat at the time of formation (Cant, 1996). All other major surfaces within the study 

interval are inferred to have a channelized geometry, locally, and thus are not suitable as a datum. 

Gething Formation 

 The Gething Formation is undifferentiated stratigraphically as there are no clear surfaces 

that can be mapped continuously over the study area. A high gamma-ray marker is visible in logs 

near the middle of the Gething Formation throughout much of the southern half of the study, but it 

is not mappable into the northern half of the study area. Where this marker is present, there is a 

tendency for the underlying Gething succession to have an overall upward-muddier appearance in  
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Figure 4.5: Representative lithostratigraphic cross-sections from the study area. 
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logs, whereas the upper unit appears to clean upward in logs (Fig. 4.5). The lack of core through 

this zone makes it difficult to know the exact nature of the surface.  Although this surface does not 

serve as a major unit-bounding surface regionally, it is used as a local stratigraphic reference in this 

paper. The Gething Formation is characterised overall by decimetres- to metres-thick mudstones 

and siltstones (representing a combined 50-70% of the formation) that alternate with lesser amounts 

of heterolithic sandstones and coals. As a result, the Gething Formation has a “spiky” appearance 

in gamma-ray logs with poorly developed upward-hotter (i.e., upward-muddying) cycles at the 

metres-scale that commonly correspond with heterolithic sandstones/mudstones (e.g., Fig. 4.6A), 

which alternate with relatively high gamma-ray, commonly upward-cleaning, units at the scale of 

several metres that commonly correspond with mudstones and siltstones (e.g., Fig. 4.6B). The top 

of the Gething Formation was picked in logs with moderate to high confidence where the Bluesky 

sandstones sharply overlie Gething mudstone or Gething sandstone, which is invariably finer 

grained in core and has a higher gamma ray value on logs, than the Bluesky sandstone. The contact 

is locally uncertain where log quality is poor and where wireline-tool suites are limited. The top of 

the Gething is picked with high confidence in core. 

 The Gething Formation thickens toward the southwest into the basin, from a depositional 

zero edge at the northeastern limit of the study area to a thickness of several tens of metres (Fig. 

4.4A). The northeastern limit of the Gething is interpreted primarily as a non-depositional pinchout 

that onlapped the Paleozoic highlands, with secondary erosion occurring as a result of tidal scour 

by channels in the Bluesky Formation. Locally, the Gething exhibits rapid thickness variations over 

horizontal distances of only decameters to several hundred metres (Fig. 4.4A), which are attributed 

to the presence of significant topography on the top of the underlying Paleozoic carbonates.  
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Figure 4.6: Representative logs and core from the Gething Formation. (A) Heterolithic sandstones 

of tidally influenced point-bar deposits (FS5). Well 11-16-84-16w5. (B) Musdtons, siltstones and 

a 15 cm-thick coal layer, representative of overbank deposits (FS1). Well 7-13-84-18w5. 
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Bluesky Formation 

 The Bluesky Formation is informally subdivided into the “lower Bluesky unit”, which is 

prominently heterolithic (10-40% mudstone), and the “upper Bluesky Unit”, which is significantly 

sandier, typically composed almost entirely of sandstone (< 5% mudstone) (Fig. 4.5). These two 

units comprise an elongate 10-45 m-thick northwest-to-southeast-trending composite sandstone 

body, which is approximately 25 km long and 10 km wide (Fig. 4B). Tidally generated sedimentary 

structures and bedding styles are very common in the Bluesky Fm. and include the following: mud-

couplets, fluid-mud deposits, bi-directional cross-strata, repetitive patterns of heterolithic 

lamination and bedding, as well as ubiquitous brackish-water trace-fossil assemblages (Chapters 2 

and 3). To the west of the study area, the Bluesky Formation is more typically a 5-25 metre-thick 

upward-coarsening unit represented by a mix of shales, siltstones and sandstones that are 

interpreted as shoreface and offshore deposits (Jackson, 1984; O’Connell, 1988; Hayes et al., 1994; 

Hubbard et al., 1999). Within the study area, this “regional Bluesky” is correlated into a 0.1-1.0 

metre-thick glauconite-rich and heavily-bioturbated horizon that is regionally considered to be a 

major ravinement (i.e., flooding) surface that underlies the open-marine Wilrich Shale (O’Connell, 

1988; Hubbard et al., 1999), but overlies the locally thick Bluesky sandbody that is examined in 

this paper. In this regard, the thick, heterolithic Bluesky sandstone body has no equivalents 

elsewhere in the region, although tidal successions have been interpreted elsewhere based on 

upward-coarsening log profiles that are interpreted as “tidal bars” (Jackson, 1984).  

 Within the study area, the composite Bluesky sandstone body appears commonly in well-

logs as a single unit with homogenous log properties (e.g., compare the log suites shown in Figures 

4.7A and in 4.7D) and, as such, was originally interpreted as a single genetically-related deposit of  



 

190 

 

 

Figure 4.7: Representative logs and core from the lower Bluesky Unit. Letter abbreviations relate 

to the formative geomorphic element. Explanations are provided in the text. (A) Deposits of high-

SSC channel-bars (CB-H) shown in both (i) and (ii). Well 7-26-84-18w5... (cont’d on next page) 

 



 

191 

 

 

Figure 4.7 (continued)… (B) Moderate-SSC tidal flat deposits (TF-M) with sand-dominated (i) 

and mixed sand-mud (ii) types. Well 11-16-84-16w5. (C) High-SSC delta-front and mouth-bar 

deposits (MB-H) (i, ii) and high-SSC channel-bar deposits (CB-H) (iii). Well 7-29-84-17w5. (D) 
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Moderate-SSC channel-bar deposits (CB-M) (i) and low- to-moderate-SSC tidal-flat deposits (TF-

L/M) (ii). Well 6-31-84-17w5. 

 

 

‘estuarine’ origin, based on its heterolithic character and marginal-marine trace-fossil assemblage 

(Howard, 1976; Rottenfusser, 1986). However, closer examination of cores, as well as well-log 

profiles throughout the study area, shows that the Bluesky Formation is, indeed, composed of two 

distinctly different lithological units that are considerably different, particularly with respect to mud 

content (compare Fig. 4.7 and 4.8; see Chapter 3). The lower Bluesky unit exhibits uniform (e.g., 

Fig. 4.7A,D), upward-coarsening (e.g., Fig. 4.7C) or upward-fining log profiles (e.g., Fig. 4.8B). 

The upper Bluesky typically exhibits relatively uniform log profiles, with either subtle upward 

coarsening or upward fining (e.g., 4.8A,B). The boundary between the informal “lower Bluesky 

unit” and “upper Bluesky unit” is picked with low to moderate confidence on wireline logs, but is 

picked with relatively moderate to high confidence where core is available. Hubbard et al. (1999, 

2002) interpreted the lower Bluesky unit (referred to in both of these papers as the “Ostracode 

Zone”) as a river-dominated deltaic deposit and referred to the upper Bluesky unit as a wave-

dominated estuary deposit. These same “upper” and “lower” deposits were more recently 

interpreted as tide-dominated deltaic and tide-dominated estuarine in origin, respectively (Chapters 

2 and 3).  

 The isopach distribution of the Bluesky Formation has distinctly different depositional 

trends from the Gething Formation with the two units of the Bluesky Formation forming a 

northwest-to-southeast-trending, up to 35 metres thick, approximately 20 km in length and several 

kilometres wide (Fig. 4.4B).  

 



 

193 

 

 

Figure 4.8: Representative logs and core from the upper Bluesky Unit. Letter abbreviations relate 

to the formative geomorphic element. Explanations are provided in the text. (A) Moderate-SSC 

tidal channel-bar deposits (CB-M) and low-SSC tidal-flat deposits (TF-L) shown in (i) and (ii), 

respectively. Well 6-34-84-17w5. (B) Tidal sand-ridge deposits (SR) showing low-angle parallel-

planar lamination (i) and cross-bedding (ii).  
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Facies Analysis Approach 

Three hierarchical levels of description and interpretation are used to interpret the Gething-

Bluesky succession because of the complexity of the deposits. At the smallest level, seven facies 

are distinguished within the Gething-Bluesky succession at the decimetres-scale, based on general 

lithology and, for the Bluesky in particular, following the classification scheme advocated in 

Chapter 3 (Table 4.2). At the next level, these facies comprise the deposits of seven geomorphic 

elements that represent 17 different sub-environments (Table 4.3). Geomorphic elements are 

subsequently organized into eight large-scale facies successions based on their vertical and lateral 

arrangements (Fig. 4.9). These facies successions are discussed in the section addressing the 

paleogeographic and sequence-stratigraphic evolution of each of the three lithostratigraphic units 

in the Gething-Bluesky succession. The sequence-stratigraphic interpretation of the succession is 

based on lateral and vertical facies relationships (i.e., stacking patterns), the nature of unit-bounding 

surfaces and, to degree lesser extent, on the facies themselves (Chapter 3). Stacking patterns in the 

Gething-Bluesky succession are analyzed  for occurrences of vertically stacked or lateral transitions 

(between wells) into coeval environments (i.e., facies transitions that adhere to Walther’s facies 

law) or for occurrences that show abrupt and incongruous vertical changes in facies that imply a 

hiatus because of the fundamental change in nature of the environments. Because of the core-based 

nature of this study, there is significant uncertainty as to the lateral extent of the various surfaces. 

FACIES 

Seven facies are described and interpreted at the decimetres to metres scale (Table 4.2, Fig. 

4.10). Facies 1, Facies 2, Facies 3 and Facies 4 comprise mudstone, siltstone, coal and heavily 

bioturbated sandstone, respectively. The mudstones and siltstones of Facies 1 and 2 are interpreted 

to represent relatively low-energy environments based on their fine grain size, and to represent low  
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Table 4.2: Summary of facies. Note that Facies 5, 6 and 7 follow from the scheme in Chapter 3. 

 

Facies 

Type Facies

General Lithological 

Description Additional Remarks Process Interpretation
M

u
d

st
o

n
e

Facies 1 Bioclastic mudstone Structureless to weakly developed horizontal 

bedding. Faint but thorough burrow mottling 

throughout structureless mudstones. Articulated and 

disarticulated bivalves and gastropods are very 

common. Moderately abundant coaly lenses.

Settling of mud from suspension. Slow deposition 

rates interpreted from both the fine nature of the 

sediment and intense biogenic reworking. 

S
il

ts
to

n
e

Facies 2 Siltstone with inter-

stratified mudstone and 

very fine sandstone 

Structureless to weakly developed bedding, with 

local interbedding of silt and very fine sand. 

Sedimentary structures within beds is invariably 

indistinct (i.e., structureless). Common soft-

sediment deformation, including very high-angle 

and/or deformed beds. Locally abundant burrow 

mottling by indistinct trace maker (can locally be 

classified as Thallassinoides). Disartculated bivalves 

and gastropods are locally abundant, but less so than 

in Facies 1. 

Settling of silt and sand from suspension and from 

traction currents of variable speed. Monospecific 

trace-fossil suite implies a stressed biotic setting 

exploited by an opportunistic organism. Soft-

sediment deformation interpreted as result of 

macrofaunal disruption ("dinoturbation").

C
o

al

Facies 3 Coal Coals are invariably less than 50 cm thick. Deposition of organic material in anoxic 

conditions. Relative thinness of coal units 

suggests localised preservation.

B
io

tu
rb

at
ed

 

S
an

d
st

o
n

e Facies 4 Heavily bioturbated 

sandstone (locally muddy)

Bedding completely obliterated by burrows. Traces 

are identifiable where mud content is sufficiently 

high -- typically biotrubated heavily by diminutive 

Rosselia  and Teichichnus . Typically occurs in very 

fine to fine sandstone.

Relatively fine grain size, good sorting and heavy 

bioturbation suggests are marine environment.

Facies 5-

L

Predominantly cross-

bedded sandstone with low-

SSC mudstone 

assemblages.

See Table 2, Chapter 3 High-energy tidal or river currents with relatively 

low SSC (< 1 g/L). Limited mudstone deposition 

(i.e., thin laminae) during slack-water.

Facies 5-

M

Predominantly cross-

bedded sandstone with 

moderate-SSC mudstone 

assemblages.

See Table 2, Chapter 3 High-energy tidal or river currents with moderate 

SSC values (1-10 g/L). Mudstone deposition 

generally occurs during slack water, but may also 

occur in the presence of very weak currents before 

and after slack water (Chapter 2 ). 

Facies 5-

H

Predominantly cross-

bedded sandstone with 

high-SSC sandstone 

assemblages.

See Table 2, Chapter 3 High-energy tidal or river currents with 

persistently or periodically high SSC values (> 

100 g/L), likely associated with a turbidity-

maximum zone. Significant mudstone deposition 

(i.e., thick beds) generally occurs during periodic 

current reversals or from mobile fluid muds 

during periods of signficant current speed.

Facies 6-

L

Predominantly current-

ripple cross-laminated 

sandstone with low-SSC 

mudstone assemblages

See Table 2, Chapter 3 Moderate tidal or river currents with relatively 

low SSC values. Mudstone deposition limited to 

periods of slack water. 

Facies 6-

M

Predominantly current-

ripple cross-laminated 

sandstone with moderate-

SSC sandstone 

assemblages

See Table 2, Chapter 3 Moderate tidal or river currents with moderate 

SSC values (1-10 g/L). Mudstone deposition 

generally occurs during periodic current reversals. 

Facies 6-

H

Predominantly current-

ripple cross-laminated 

sandstone with high-SSC 

sandstone assemblages

See Table 2, Chapter 3 Moderately strong tidal or river currents with 

persistently or periodically high SSC values (> 

100 g/L). Significant mudstone deposition (i.e., 

thick beds) generally occurs during periodic 

current reversals or from mobile fluid muds 

during periods of signficant current speed beneath 

the turbidity maximum.

M
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o
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o
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Table 4.2 (continued) 

 

 

deposition rates, based on the preponderance of bioturbation. Facies 3 is interpreted to represent a 

swamp environment in which a high water table promoted the development of anoxic conditions 

and the preservation of organic material. Facies 4 represents higher-energy environments than 

Facies 1,2 and 3, with bioturbation indices and trace-fossil assemblages that reflect relatively 

normal marine conditions reflective of the Skolithos Ichnofacies assemblage.  

Facies 5, Facies 6 and Facies 7 differ significantly from Facies 1-4 in that they are generally 

coarser grained, typically have much less bioturbation, and are lithologically bimodal (or 

heterolithic), with distinct sandstone layers and mudstone layers that alternate in complex 

arrangements. Following the facies-classification scheme described in Chapter 3, these three facies 

are distinguished first on the basis of the predominant sedimentary structure in the sandstone layers, 

irrespective of the proportion of mudstone, which ranges from 80% to less than 5% (i.e., heterolithic 

mudstone to monolithic sandstone): Facies 5 has sandstone layers that are predominantly cross-

bedded; Facies 6 has sandstone layers that are predominantly current-ripple cross-laminated; and 

Facies 7 has sandstones layers that are predominantly composed of horizontal to low-angle parallel- 

Facies 

Type Facies

General Lithological 

Description Additional Remarks Process Interpretation

Facies 7-

L

Predominantly horizontal 

or low-angle parallel-

laminated sandstone with 

low-SSC mudstone 

assemblages

See Table 2, Chapter 3 High-energy, shallow-water deposition under 

tidal, wave or river currents with low SSC values 

(< 1 g/L). Limited mudstone deposition (i.e., thin 

laminae) during slack water. Higher-angle 

inclination is interpreted as hummocky cross-

stratification

Facies 7-

M

Predominantly horizontal 

or low-angle parallel-

laminated laminated 

sandstone with moderate-

SSC mudstone 

assemblages

See Table 2, Chapter 3 High-energy tidal, wave or river currents with low 

SSC values (< 1 g/L).  Mudstone deposition 

generally occurs during periodic current reversals. 

Facies 7-

H

Predominantly horizontal 

or low-angle parallel-

laminated sandstone with 

high-SSC sandstone 

assemblages

See Table 2, Chapter 3 High-energy tidal, wave or river currents with 

persistently or periodically high SSC values (> 

100 g/L).  Significant mudstone deposition (i.e., 

thick beds) generally occurs during periodic 

current reversals or from mobile fluid muds 

during periods of signficant current speed.M
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Table 4.3: Summary of geomorphic elements 
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lamination. Based on these sedimentary structures, Facies 5, Facies 6 and Facies 7 are interpreted 

to represent, respectively, environments with strong currents, weaker currents and environments 

with very strong currents in shallow water (for horizontal parallel-planar lamination) or with 

significant wave-influence (for low-angle parallel-lamination that is interpreted to be hummocky 

cross stratification (HCS)).  

The characteristics of the mud layers are then used to subdivide each of Facies 5-7 into 

three sub-types, to create a total of nine sub-facies (Table 4.2) (following closely the approach used 

for classifying facies in Chapter 3). For this purpose, three distinct mudstone assemblages are 

recognized that reflect suspended-sediment concentrations (SSCs) in the environment of 

deposition: (1) a low-SSC mudstone assemblage (designated by the suffix “L” within the facies 

classification scheme); (2) a moderate-SSC mudstone assemblage (“M”); and (3) a high-SSC 

mudstone assemblage (“H”). A more detailed discussion of facies variations for low-, moderate-, 

and high-SSC sandstones is found in Chapter 3. This classification approach is particularly useful 

for tidally deposited rocks because it considers that tidally deposited facies typically span a 

lithological spectrum from clean sandstone (with no mudstone layers preserved) to pure mudstone 

(with no sandstone layers preserved). In these deposits, the sedimentary structures of sandstone 

layers reflect flow conditions during times when current speeds are near their peak values, whereas 

the internal structure and thickness of the mudstone layers reflect the suspended-sediment 

concentration in the water column, with the mudstone layers typically deposited during slackwater 

periods or, at the other end of the spectrum, in conditions of very high SSCs, even in the presence 

of significant tidal currents during non-slackwater periods (Chapter 2). Following from the mud 

classification scheme presented in Chapter 2 (Fig. 2.7), assemblages of mudstone types observed 

within a particular succession can be used to determine the turbidity of the water column, which 

reflects proximal-distal position relative to the turbidity maximum zone and, to a lesser extent, the  
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Figure 4.9: Schematic core diagrams of the eight facies successions that comprise the Gething and 

Bluesky formations. Each vertical succession represents approximately ten metres in thickness. 
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Figure 4.10: Type examples of the seven facies and their subtypes.  

  



 

205 

 

bathymetric position within channels in which a particular facies was deposited (Fig. 3.1, 3.2 and 

3.9). This subfacies classification for Facies 5-7 is critical in differentiating paleogeographic 

positions of tidal channel-bar and tidal-flat deposits, which have the same architecture wherever 

they occur, but which possess facies whose mudstone assemblages vary significantly longitudinally 

with respect to distance from the turbidity maximum zone and vertically.  

In addition to being heterolithic, Facies 5-7 contain several important lithological 

characteristics that are interpreted to reflect tidal deposition (see Chapter 3 for a more detailed 

analysis). Bi-directional structures and paired mudstone drapes are interpreted as the result of a 

semi-diurnal or diurnal tidal cycle. The decimetre-scale packaging of heterolithic mudstone beds, 

commonly in groups of 2-8 individual or paired mudstone layers that characterizes many of the 

heterolithic deposits is interpreted as reflecting the neap-spring cyclicity of current speed and SSC 

values. Relatively low bioturbation indices and trace-fossil assemblages that contain elements of 

both the Cruziana and Skolithos Ichnofacies suggest a stressed biotic setting with high deposition 

rates, high energy, and brackish-water conditions or conditions of fluctuating salinity.  

GEOMORPHIC ELEMENTS 

For the Gething and Bluesky formations, five geomorphic elements are interpreted at the 

scale of decimetres to decametres from vertical successions of particular facies, grain-size trends, 

lithology and sedimentary structures (following the approach used in Chapter 3): these successions 

represent the fundamental building blocks for paleoenvironmental interpretation of the Gething and 

Bluesky formations. These five geomorphic elements show variability that allows for the 

distinction of 15 sub-environments within the Gething and Bluesky formations (Table 4.3). Figure 

4.11A-I shows type-cores from the study area that are representative of these geomorphic elements 

and their sub-environments.  
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Figure 4.11: Representative successions of the different geomorphic elements and facies 

successions. (A) FS1 – coastal plain, including OB, MB-L and bioturbated CB-L. (Well 12-10-85- 
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Figure 4.11 (continued)… 18w5, 594.2-599.6 m depth.) (B) FS2 – delta front / mouth bar 

successions (MB-H) overlain by high-SSC channel-bar successions (CB-H). (Well 7-29-84-18w5,  
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Figure 4.11 (continued)… 675.3-697.1 m depth.) (C) FS3 – low-SSC tidal channel bar (CB-L) 

and associated tidal flat (TF-L), overlying high-SSC channel-bar facies (CB-H). (Well 2-3-85-
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18w5, 603.3-618.1 m depth.) (D,E) FS4 – moderate-SSC tidal channel bar (CB-M) and low- to 

moderate-SSC tidal flat (TF-L/TF-M). (D) Well 6-34-84-17w5, 612.8-620.6 m depth. (E) Well 6-

31-84-17w5, 629.4-635.2 m depth. (F) FS5 – tidally influenced point bar with mixed low- and high-

SSC channel bar (CB-L/H) and tidal flat (TF-L/H). (Well 11-16-84-16w5, 588.7-603.7 m depth.) 

(G) FS6 – high-SSC channel-bar (CB-H). (Well 7-26-84-18w5, 612.1-621.1 m depth.) (H) FS7 – 

moderate-SSC mixed sand-mud tidal flat (TF-M). (Well 11-16-84-16w5, 668.7-683.7 m depth.) (I) 

FS8 – tidal sand ridge (SR). (Well 8-11-86-19w5, 509.7-617.7 m depth.) 

 

 

Five geomorphic elements (representing deposits of: compound dunes – CD; mouth bars – 

MB; tidal channel-bars – CB; tidal flats – TF; and tidal sand ridges – SR) discussed here were 

described and interpreted previously for the Bluesky (Chapter 3). Descriptions and interpretations 

are essentially the same, although less detail is presented in this Chapter, for the sake of brevity. 

One additional geomorphic element has been added here: overbank deposits (OB), which is present 

only in the Gething Formation. Additional variations of channel-bar deposits (CB-L/H), tidal-flat 

deposits (TF-L/M) and mouth-bar deposits (MB-L) are introduced in this Chapter and occur only 

in the Gething Formation. A summary of the geomorphic elements that have been previously 

interpreted (in Chapter 3) is presented in the third column of Table 4.3.  

Compound-Dune Deposits (CD) 

 Description— Compound-dune deposits are composed of 1-4 m thick, subtly upward 

cleaning and coarsening or uniform successions that pass from predominantly current-ripple cross-

laminated sandstone at the base of the succession into predominantly trough cross-bedded 

sandstones at the top of the succession. Sandstone ranges from lower fine to upper medium. Three 

types of compound-dune deposits are distinguished based on the mudstone assemblages present: 

CD-L, CD-M and CD-H – low-, moderate and high-SSC varieties, respectively. Low-SSC 

compound-dune deposits typically have less than 5% mudstone, whereas, high-SSC compound-

dune deposits typically have 5-30% mudstone. Mudstone content invariably decreases upwards. 
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Compound-dune deposits are common features within thicker successions of geomorphic elements 

CB and SR: the mudstone assemblages that occur within a particular CD succession are typically 

similar to the mudstone assemblage present within these larger successions. Aside from differences 

in the mudstone-layer assemblages, all three variations of compound-dune deposit have similar 

sedimentary structures, grain size profiles, thickness and bioturbation, which is invariably very low 

(BI 0-1). Chert granules are common within all three types of CD.  

Interpretation— The transition from ripple cross-laminated assemblages (Facies 5L/M/H) 

to cross-bedded assemblages (Facies 6L/M/H) results from an increase in current strength from the 

trough of a compound dune to the crest (Dalrymple, 1984, 2010a; Olariu et al., 2012). Compound-

dune successions that contain higher-SSC mudstone assemblages were deposited in higher-SSC 

settings, either near the turbidity maximum or within high-SSC channels, where fluid-mud layers 

are common (e.g., Schrottke et al., 2006). The upward decrease in mudstone content is the result 

of a combination of lower SSCs higher in the water column (Winterwerp and van Kesteren, 2004), 

in part due to ponding of fluid mud in dune troughs (Schrottke et al., 2006), and because of greater 

erosion as a result of stronger currents over the dune crest. The abundance of chert granules reflects 

both the strong currents that were likely present within channel bases, as well as scouring of the 

underlying chert-rich Paleozoic subcrop in the dune trough.  

Overbank Deposits (OB) 

Description— The deposits of geomorphic element OB (Fig. 4.11A) consist of 0.5-3 m-

thick successions of mudstones (Facies 1) that coarsen upward into siltstone with rare, thin 

interbeds of sandstone (Facies 2). Mudstones are typically structureless with rare 0.5-2 cm-thick 

graded silt beds (Fig. 4.12B). Interbedded sandstone layers become more abundant upwards. Coal 

beds (Facies 3) that are 2-20 cm thick commonly overly siltstone deposits sharply at the top of OB 
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Figure 4.12: Core photographs from the Gething Formation. (A-C) Images are representative of 

geomorphic element OB. (A) Bioclast-rich mudstone (Facies F1). Shell fragments consist entirely 
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of disarticulated bivalve fragments. A large phytodetrital clast is present near the top left of the 

photo. Irregular contacts and contorted bedding imply soft-sediment deformation. (Well 12-10-85-

18w5, 591.90 m depth.) (B) Pyritized root cast in structureless siltstone (Facies F2). Disarticulated 

bivalve fragments are present. (Well 4-24-84-16w5, 638.50 m depth.) (C) Sand-filled root casts 

into bioturbated mudstone (Facies F1; light brown) are infilled by sand (Facies F4; dark brown). 

At least two hiatus surfaces are present (white dashed lines). (Well 4-10-85-18w5, 597.90-598.30 

m depth.) (D) Heavily bioturbated lower fine sandstone (Facies F4) representative of low-SSC 

mouth-bar deposits (MB-L). Cylindrichnus (Cyl) and Planolites (Pla) are the only identifiable trace 

fossils. Strong bioturbation is inferred from the absence of visible cross stratification and from the 

disruption of mudstone laminae. (Well 4-10-85-18w5, 601.30 m depth). (E,F) Bioturbated 

sandstone (Facies 4) with low-SSC mudstone assemblages, representative of geomorphic element 

CB-L/H and TF-L/H. Ichnogenera comprise Cylindrichnus (Cyl), Planolites (Pla) and Skolithos 

(Sko). Variable bioturbation intensity between mudstone layers indicates fluctuating stresses over 

time scales that are longer than substrate colonization time. Complete bioturbation of the sand is 

implied by the absence of visible cross stratification. (E) (Well 11-16-84-16w5, 689.10 m depth.) 

(F) (Well 11-16-84-16w5, 688.75 m depth.) (G) Heavily bioturbated muddy sandstone (Facies F4), 

representative of low-SSC mouth-bar deposits. Trace fossils are only identifiable in the mudstone 

layers. Rosselia (Ros) is predominant. Teichichnus (Tei), Chondrites (Cho) and Planolites (Pla) are 

also present. (Well 12-10-85-18w5, 596.80 m depth.) 

 

 

successions (e.g., Fig. 4.6B at 613m). OB is commonly interstratified with MB-L successions, 

which are described below. No cyclicity is observed within OB successions.  

Articulated and disarticulated bivalve shells in random orientations, as well as gastropod 

moulds, are abundant in OB deposits (Fig. 4.12A,B). Locally, bivalve fragments form bivalve 

coquinas with a mudstone matrix. Root casts are common (Fig. 4.12C). Bioturbation is relatively 

abundant (BI 1-6; typically 5-6), although traces are typically indistinct. Thalassinoides is the only 

identifiable trace, despite the high bioturbation indices. Contorted bedding, which is locally 

abundant (Fig. 4.12A), is interpreted as the result of macrofaunal (i.e., tetrapod) locomotion.  

Micropaleontological analysis of core from one OB succession revealed a suite of 

terrestrial palynomorphs that is consistent with a terrestrial setting with no marine contribution 

(Dolby, 2005: unpublished industry report). Soft-sediment deformation and pyritized root traces 
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(Fig. 4.12B) are especially common where OB successions are bounded above by distinct 

lithological discontinuities.  

Interpretation— Upward-coarsening and the upward progression from mudstone into 

siltstone is interpreted as the deposits of interdistributary bays (sensu Coleman et al., 1964) and 

lakes, with sedimentation occurring by settling of fine-grained flood-related material in quiet water 

(cf. Coleman, 1969; Elliot, 1974; Fielding, 1984). Locally abundant bivalves are consistent with 

low-energy interdistributary settings (Fielding, 1984). Thorough bioturbation by mostly indistinct, 

trace fossils are indicative of low deposition rates. Coal beds are interpreted as the result of flooded 

terrestrial organic material in an anoxic environment. The abundance of soft-sediment deformation 

is attributed to loading of the sediment by large (heavy) macrofaunal organisms feeding on the 

floodplain and in shallow lakes. The abundance of root traces is consistent with overbank settings 

(Fielding, 1984) and indicates that the environment of deposition underwent dry periods or periods 

of abandonment during which the land surface became vegetated.  

Mouth-Bar Deposits (MB) 

 Description— MB deposits are composed of 2-4 m-thick upward-cleaning and upward-

coarsening successions in which the sandstone layers thicken upward. These successions start with 

very fine to lower fine, ripple cross-laminated (Facies 6M and Facies 6H) and low-angle planar-

laminated heterolithic sandstones (HCS) and mudstones (Facies 7M and Facies 7H) that pass 

upward into upper fine to medium-grained current-ripple cross-laminated sandstones (Facies 6H) 

with subordinate amounts of cross bedding (Facies 5H). The abundance and type of mudstone 

layers and bioturbation are variable between two variations of MB. Characteristics that are common 

to both types include: (1) the upward increase in grain size; (2) the upward decrease in mudstone 

and upward increase in mudstone thickness (Fig. 4.7C); (3) the upward decrease in bioturbation; 
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and (4) the upward progression from more wave-influenced into more tidally and fluvially 

influenced sandstones.  

 MB-L successions (Fig. 4.11B) have low-SSC sandstones and are composed of 0.25-2 m-

thick sandstone successions. Mudstone layers invariably comprise low-SSC mudstone 

assemblages, with mudstone commonly occurring as sparse mud flasers  (Fig. 4.12D) (UM1 and 

SM1: see Chapter 2). Bioturbation indices are typically 1-3, but locally as high as 6, particularly 

near the base of some successions. BI invariably decreases upward. Sedimentary structures are 

locally difficult to discern due to intense bioturbation, but low-angle parallel-lamination, 

interpreted as HCS, and wave-ripple cross-lamination are locally predominant. Evidence of tidal 

cyclicity is restricted to sparse occurrences of paired thin mudstone laminae. Rosselia, 

Cylindrichnus and Teichinchnus are the most common traces and Palaeophycus, Asterosoma and 

Skolithos are less common (Fig. 4.12D,G). All traces are typically small: Skolithos burrows are 

generally less than a few millimetres in width; Rosselia burrows are typically less than 2 cm in 

maximum diameter; and Teichichnus burrows are no more than 2 cm across. Basal and upper 

contacts of MB-L successions are commonly irregular, with prominent soft-sediment deformation. 

MB-L is typically underlain by OB deposits and overlain by either OB or bioturbated CB-L 

deposits.  

 MB-H successions are composed of moderate- to high-SSC heterolithic sandstones and are 

thicker than MB-L successions, typically forming 2-4 m-thick upward-cleaning successions (Fig. 

4.11B). High-SSC mudstone layers are typically composed of thick internally laminated mudstones 

(SM2: see Chapter 2) (Fig. 4.13A,C), which is different than the thick mudstone layers in all other 

geomorphic elements with moderate- to high-SSC mudstones, whose predominant mudstone-layer 

type is structureless mudstone (UM2: see Chapter 2). Tidal cyclicity is more common in MB-H 
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than in MB-L: sandstone beds and heterolithic mudstone beds show weakly cyclic interbedding, 

with 2-10 cm-thick heterolithic mudstone beds (typically grouped into 2-8 individual or paired 

mudstone layers) alternating with sandstone beds that range from 5-25 cm thick at the base of MB-

H successions to nearly 1 m thick at the top (Fig. 4.7C). Wave ripples and round-crested combined-

flow ripples commonly occur within these heterolithic beds (Fig. 4.13C). Bioturbation indices 

range from 0-4 within specific beds, and decrease upwards overall to typical BIs of 0-1 (e.g., Fig. 

4.7C). Planolites is the most common trace, with less common, but pervasive Teichichnus and 

Arenicolites. Rosselia can be locally abundant near the base of MB-H successions (Fig. 4.13B). 

Helminthopsis and Chondrites are rare and only present near the base of these successions. 

Skolithos and Thalassinoides are rare and only present in the upper part of MB-H. The upper surface 

of MB-H successions are commonly mantled by a horizon of chert pebbles or chert granules.  

 Interpretation— Upward-coarsening successions of MB are interpreted to represent the 

progradation of higher-energy proximal mouth-bar deposits over lower-energy distal mouth-bar 

and coeval distal-equivalent deposits. Both MB-L and MB-H show significant tidal influence 

(observed in the mudstone layers) and wave influence (observed in the sandstone layers) (cf., 

Dalrymple et al., 2003; Willis, 2005; Olariu and Bhattacharya, 2006), although MB-L shows more 

wave influence than MB-H. For both MB-L and MB-H the upward decrease in the occurrence of 

HCS and wave-ripples indicates a landward increase in the predominance of tidal energy over wave 

energy. Cross-bedding is the result of strong tidal currents within (or at the terminus) of distributary 

channels.  

 In MB-L successions, the combination of upward-coarsening sandstone with an abundance 

of wave-influenced sedimentary structures and minor tide influence is indicative of a 

progradational, wave-dominated, but tidally influenced environment. Locally intense bioturbation  
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Figure 4.13: High-SSC mouth bar deposits (MB-H). Thick mudstone layers deposited as fluid 

muds (FM) show faint lamination that is characteristic of mudstone type SM2. Combined-flow 

ripple and wave-ripples indicate the presence of oscillatory currents. All three examples are from 

Well 7-29-84-18w5. (A) Two groups of fluid-mud layers with intervening combined-flow ripples. 

Facies F5-H. (691.85 m depth.) (B) Intensely burrowed bed (Rosselia) above a fluid-mud layer. A 

combined-flow ripple indicates some wave influence. Facies F7-H. (698.35 m depth.) (C) 

Combined-flow and wave-ripple form sets beneath thick fluid-mud layers mudstone layers. Facies 

F7-H. (693.35 m depth.) 



 

217 

 

and the presence of a trace-fossil suite dominated by ichnogenera representative of an impoverished 

proximal Skolithos Ichnofacies with diminutive traces is indicative of a river-derived stress that 

includes low salinity and high turbidity (Bann et al., 2008). Given the common vertical association 

with overbank deposits and the restricted suite of trace fossils, MB-L successions are interpreted 

as minor mouth-bar deposits in interdistributary-bay settings, with sands that are supplied either by 

small distributaries or crevasse channels. MB-L successions with particularly high bioturbation 

indices are interpreted to have been deposited in more open and wave-reworked environments, 

perhaps associated with delta-lobe abandonment. Some of the upward-coarsening within MB-L 

successions might also be attributable to local reworking of mouth-bar sands into sand-spit and 

beach deposits with upward-coarsening profiles (cf., Elliot, 1974). Soft-sediment deformation at 

the top of MB-L successions is interpreted as the result of macrofaunal locomotion in shallowly 

submerged or emergent areas.  

 MB-H is interpreted as the deposits of relatively large mouth bars (based on their greater 

thickness compared MB-L successions) in a tidally dominated setting because of the presence of 

relatively high-energy traction-current-generated structures, the abundance of tidal influence in the 

generation of high-SSC mudstone assemblages, and bioturbation that is consistent with high 

turbidity. Wave influence in MB-H was considerable, given the common presence of wave-ripples 

and the local abundance of HCS. Current-generated structures in MB-H are interpreted to have 

been formed by tidal currents, based primarily on their co-occurrence with paired mudstone layers 

and abundant fluid-mud layers, both of which are considered to be tidal indicators (Chapter 2). 

Moderate- to high-SSC mudstones are interpreted to have been deposited by fluid mud (Chapter 

2). The abundance of internally laminated mudstone layers (SM2) suggests that many of the fluid-

mud layers were deposited in the presence of a significant current under conditions of very high 

turbidity (Chapter 2), most likely during river-flood periods that produced elevated SSCs and 
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displaced the turbidity maximum zone seaward (cf., Kuehl et al., 1986; Nittrouer et al., 1986; Jaeger 

and Nittrouer, 1995; Dalrymple et al., 2003; Traykovski et al., 2004; Doxoran et al., 2008; Ichaso 

and Dalrymple, 2009). Groups of 2-4 paired dynamically deposited mudstone layers (sensu 

Chapter 2) could have been deposited by fluid-mud processes either as a result of high volumes of 

river-derived mud or as a result of high volumes of wave-resuspended mud following major storm 

events (particularly where these layers overlie HCS (e.g., Ichaso and Dalrymple, 2009).) The 

weakly cyclic alternations of sandstone and heterolithic mudstone beds are interpreted as the result 

of neap-spring cyclicity superimposed on non-cyclic events (i.e., storms or major river-discharge 

events). The small-scale upward-cleaning and upward-coarsening successions within composite 

MB-H successions are interpreted to be the result of progradation of several different mouth bars 

over the delta front during a longer-term progradational episode, with the capping chert granules 

and pebbles representing transgressive lags associated with lobe abandonment. The overall upward 

increase in mud-layer thickness is interpreted as the result of greater proximity to the turbidity 

maximum zone near the river mouth. Bioturbation in MB-H is consistent with a turbid, delta-front 

setting, based on the sporadic (i.e., non-cyclic) nature of the bioturbation and the suppression of 

archetypal Skolithos Ichnofacies elements in favour of elements of the Cruziana Ichnofacies (i.e., 

the predominance of deposit-feeding structures and a notable lack of filter-feeding structures) 

(MacEachern et al., 2005; MacEachern et al., 2007; MacEachern and Bann, 2008). Many of the 

traces typically associated with proximal expressions of the Cruziana Ichnofacies (e.g., 

Cylindrichnus, Taenidium, Rhizocorallium, Phycosiphon, Terebillina) are notably absent, implying 

significant salinity stress. Sporadic distributions and intensities of brackish-water trace-fossil 

assemblages are consistent with salinity variations (Gingras et al., 2011), commonly associated 

with variable fluvial discharge (Bann et al., 2008). The absence of abundant post-depositional deep-

tiering burrows, such as those observed in the delta fronts and prodeltas of modern tide-dominated 
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deltas (Kineke et al., 1995; Kineke et al., 1996; Dalrymple et al., 2003; Vinzon and Mehta, 2003; 

Gabioux et al., 2005) suggests that deposition rates were very high (MacEachern et al., 2005). 

Tidal Channel-Bar Deposits (CB) 

 Description— CB successions are 2-6 m-thick and fine upward or have a uniform grain-

size trend. Mudstone layers within CB successions are highly variable between examples, and four 

different subtypes of CB are recognized on the basis of the mudstone assemblages that they contain 

(three of which are described and interpreted in Chapter 3). Characteristics that are common to all 

subtypes include: (1) a sharp, erosional base; (2) predominance of cross bedding (Facies 5), with 

an overall upward-increase in the proportion of current-ripple cross-laminated (Facies 6) and 

parallel-planar laminated sandstone (Facies 7); (3) bed-set boundaries that are typically inclined at 

less than 5o but with dips as high as 15oC; (4) mudstones, when present, that are typically 

concentrated in cross-bed bottomsets or in association with ripple cross-laminated beds; (5) an 

upward-decrease in the thickness of mudstone layers (i.e., mudstone layers that represent 

progressively lower SSCs); (6) the common occurrence of paired mudstone layers (occurring either 

on cross-bed toesets or in 0.5-2 cm-thick current-ripple cross-laminated heterolithic beds) 

representing semi-diurnal deposition (Chapter 2); (7) pebble conglomerates (0.2 – 1.5 m thick) that 

are common near the base of CB successions, especially where they overly the sub-Cretaceous 

unconformity; (8) an upward-fining trend where CB successions are transitional into TF 

successions with an upward decrease in bedform size; and (9) bioturbation indices that are generally 

low, with localised beds that have high BIs, with monospecific trace-fossil assemblages. Overall, 

CB successions present the greatest variability in mudstone assemblages of all of the geomorphic 

elements interpreted for the Gething-Bluesky succession.  
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 CB-L successions have low-SSC mudstone assemblages, commonly with only a few thin 

mudstone laminae per meter; thick fluid-mud layers are rare and occur mainly near the base of 

successions. Mudstone is not present within some successions. CB-L successions are typically 1-3 

m thick and have uniform grain-size profiles or fine upward (Fig. 4.11C). Compound-dune deposits 

are common, producing 0.25-1 m-thick subtly upward-coarsening successions within the larger 

CB-L succession. Thin mud-pebble rip-ups (i.e., less than 2 mm thick and less than 2 cm long) are 

common on cross-bed foresets (Fig. 4.14A). Convex-upward disarticulated bivalve fragments are 

locally abundant on cross-bed foresets. Bioturbation is sparse (typical BIs of 0-1), with isolated 

centimetres-thick beds with BIs of 2-3. Locally, within the Gething Formation, CB-1 successions 

are almost entirely structureless, likely because of bioturbation, and display faint cross-bedding 

where there is sufficient contrast in grain size to distinguish foreset laminae. CB-L has the widest 

range of trace fossils of any type of channel-bar succession: Skolithos and Planolites are common, 

with less abundant Palaeophycus. Thalassinoides and Chondrites that are invariably associated 

with channel bases.  

 CB-M successions have a mix of moderate- and low-SSC mudstone assemblages and form 

0.5-2 m-thick successions of well to poorly sorted, very fine to coarse-grained sandstone (Fig. 

4.11D,E). Cross-bedding is predominant (Facies 5L/M) with minor current-ripple cross-lamination 

(Facies 6L/M). CB-M successions are typically thinner than CB-L successions, and have a higher 

proportion of current-ripple cross-laminated sandstone. Outsized chert granules, pebbles, wood 

fragments and disarticulated bivalves are locally abundant, particularly near the base. Single and 

paired mudstone layers are both common, with mudstone layers commonly deposited on foreset 

laminae or in 2-15 cm-thick heterolithic beds that are typically bounded by 5-50 cm-thick cross-

beds  (e.g., Fig. 4.8Ai). Fluid-mud-deposited layers are most common near the base of CB-M. 

Mudstone layers, both in cross-bed sets and in the heterolithic ripple-cross-laminated beds display  
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Figure 4.14: Low-SSC channel-bar (CB-L) deposits (A) and low-SSC tidal-flat (TF-L) deposits 

(B,C). (A) Trough-cross-bedded sandstone with slack-water mud-drapes and ripped-up mud drapes 

on cross-bed sets. The uppermost and lowermost 5 cm are current-ripple cross-laminated. 

Diminutive Planolites (Pla) is visible within the mudstone layers. (Well 12-10-85-18w5, 583.45 m 
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depth.) (B) Horizontally laminated sandstone (Facies F5-L) with a possible neap-spring-neap 

succession. (Well 12-10-85-18w5, 585.50 m depth.) (C) Facies F6-L, with sparse bioturbation. 

Isolated Paleophycus (Pal) burrow and a mudstone layer locally burrowed by Chondrites (Cho). 

(Well 7-36-84-18w5, 616.60 m depth.) 

 

 

quasi-cyclic bedding patterns that reflect deposition within single neap-tide periods (e.g., Fig. 

4.15D,E). Chert grains are locally abundant and locally form cross-bedded chert-pebble 

conglomerate (Fig. 4.15F-H). Mudstone pebbles, wood fragments and disarticulated bivalves in 

convex-upward positions occur sporadically within cross-bed sets and in ripple cross-laminated 

sandstones (Fig. 4.15F). Bioturbation is typically sparse, with bioturbation indices that range from 

0-2 at the decimetres scale. Thalassinoides and Planolites are the predominant traces, with less 

common Chondrites, Skolithos and Palaeophycus (e.g., Fig. 4.15E).  

 CB-L/H contains mudstone layers that reflect a bimodal mudstone assemblage of both low 

and high SSCs (e.g., Fig. 4.6A). CB-L/H range in thickness from 4-10 metres thick and are upward-

fining (Fig. 4.11F). Thin mudstone laminae are abundant and can comprise up to 60% of CB-L/H 

successions. Thick homogeneous mudstones, which are distinctly more clay-rich than the thin 

mudstone layers, are much less common overall, and typically comprise less than 10% of CB-L/H 

successions (e.g., Fig. 4.6Aii). The mudstone layers are non-cyclically interbedded with sandstone 

layers (i.e., there is no rhythmic thickening and thinning of sandstone-layer). Heterolithic mudstone 

beds are commonly composed of more than a dozen to several dozen individual thin mudstone 

laminae. In some cases, thin mudstone laminae form thick amalgamated mudstone beds that are 

commonly up to 5 cm thick. These thick mudstone beds display faint internal lamination and are 

siltier than thick, fluid-mud-deposited mudstone layers. Such fluid-mud deposits are most 

commonly isolated within thinner mudstone layers (Fig. 4.12E). Fluid-mud-deposited mudstone  
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Figure 4.15: Moderate- and high-SSC channel-bar and tidal-flat deposits. (A-D) High-SSC tidal 

channel-bar deposits (CB-H). (E-H) Moderate-SSC tidal channel-bar deposits (CB-M). (A) 
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Channel-base deposit with fluid-mud layers up to 10 cm thick. Chert-granules are abundant in the 

sandstone bed at the top of the photo. Load structures and biogenic mantle-and-swirl structures are 

present at the top of three of the thick mudstone beds. A large mudstone clast near the base of the 

unit suggests that mudstones become semi-consolidated in between high energy events, during 

which formerly fluidized muds were ripped up and transported. (Well 7-26-84-17w5, 625.25 m 

depth.) (B) Channel-bar deposit with fluid-mud layers and isolated SM1 mudstone layers. All mud 

layers with the exception of SM1 layers are structureless UM2-type (fluid-mud) layers. (Well 8-

30-84-17w5, 628.75 m depth.) (C) Upward-thinning pairs of fluid-mud layers deposited on cross-

bed foresets in a compound-dune deposit. Loading is present at the top of the lowermost mudstone 

layer. (Well 7-26-84-18w5, 616.50 m depth.) (D) Moderate-SSC channel-bar deposit. Paired UM1 

mudstone layers in the lowermost third of the photo possibly represent a neap-tide deposit, with 

upward-thinning intervening sandstone layers that are interpreted to represent waning peak tides. 

Diminutive Planolites (Pla) burrows are visible within the UM1 layers. A paired fluid-mud layer 

(UM2 type) possibly represents the deposit of a single semi-diurnal tidal cycle. (Well 10-22-84-

17w5, 613.25 m depth.) (E) Moderate-SSC channel-bar deposit. UM1 mudstone layers with 

upward-thinning intervening sandstone layers (UM2 is the predominant layer type within the 

thicker succession.) At least 30 distinct mudstone layers are visible. A Skolithos (Sko) burrow and 

an Arenicolites (Are) subtend from the same surface. The deposit potentially represents a seasonal 

deposit. (Well 10-22-84-17w5, 620.15 m depth.) (F) Bioturbated current-ripple cross-bedded 

sandstones in a moderate-SSC channel-bar and tidal-flat succession. Cylindrichnus (Cyl) burrows 

are present along a single bedding plane. Bitumen-filled bivalve molds and chert granules indicate 

a relatively high-energy environment. (Well 6-31-84-17w5, 633.15 m depth.) (G) Cross-bedded 

very coarse sand from a high-SSC channel-bar deposit. Moderate- to high-SSC mudstone layers 

are present within the thicker succession. (Well 2-3-85-18w5, 617.05 m depth.) (H) A combined 

SM2 and UM2 fluid-mud layer overlying a chert-granule bed. Sandstone layers above the fluid-

mud deposit are lower fine and exhibit low-angle planar lamination. (8-30-84-17w5, 629.95 m 

depth.) 

 

 

layers in CB-L/H typically have low bioturbation indices (BI 0-1) and are only bioturbated at their 

uppermost surface (e.g., Fig. 4.12F). Low-SSC mudstone layers have sparse bioturbation (BI 1) 

throughout. Planolites is the most abundant trace fossil in mudstone layers, with rare Cylindrichnus 

and Rosselia (Fig. 4.12E,F). Only Planolites is present in fluid-mud layers. Bioturbation indices in 

sandstones range from 0 to greater than 3; heavy oil stain limits the ability to confirm the abundance 

and type of non-mud-lined traces, but the absence of visible bedding suggests that bioturbation 

index is likely greater than 3.  
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 CB-H is characterized by high-SSC mudstone assemblages (Facies 5 and Facies 6) with 

fluid-mud layers that are up to 15 cm thick (Fig. 4.15A). CB-H successions are 1-4 m-thick and 

have uniform or upward coarsening or upward-cleaning cycles, which typically represent the 

deposits of compound dunes (CD-H) (Fig. 4.11G). Scour surfaces are abundant throughout CB-H, 

commonly occurring every 0.1-1.0 metres. Grain size ranges from upper fine to granule-size, with 

lower medium being most common. Chert granules are very common and typically occur in cross 

beds or forming chert-pebble conglomerates, overlying scour surfaces or fluid-mud layers (Fig. 

4.15A). Wood fragments exceeding the width of the core in size, as well as 1-3 cm-long mud rip-

up clasts are locally abundant within cross-bed sets. Heterolithic bedding in CB-H is non-cyclic or 

weakly cyclic. Semi-diurnally deposited mudstone pairs are common in lower-SSC (i.e., thinner) 

mudstone layers and weak neap-spring clustering is manifested by groups of 2-8 individual or 

paired mudstone layers (Fig. 4.15C).  Bioturbation is restricted to mantle-and-swirl structures 

(sensu Lobza and Schieber, 1999) at the tops of fluid-mud layers (Fig. 4.15A,B), or to sparse, 

isolated and diminutive Planolites traces. Bioturbation indices are typically 0 and locally 1. 

 Interpretation— CB successions are interpreted as the deposits of channels and their 

adjacent bars or channel banks, based on the predominance of cross-bedding, which is consistent 

with a channelized setting. Sharp basal contacts overlain by the coarsest sediment (within each 

given CB succession) and the predominance of cross-bedding (including compound dunes) are 

consistent with a channel setting with substantial currents. The concentration of mud pebbles and 

chert granules along basal contacts is indicative of a channel-thalweg or channel-base position. The 

upward decrease in grain size and set thickness (i.e., bedform size), as well as the upward increase 

in current-ripple cross-lamination and mudstone-layer abundance, reflects the decrease in current 

speed up the flanks of bars. The upward decrease in SSCs indicated by the upward decrease in 

mudstone-layer thickness is interpreted as a decrease in turbidity from the deepest part of the 
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channel onto the flanks of bars (Chapter 3). Bedding dip angles that are typically below 5o and do 

not exceed 12o are significantly less than for typical examples of inclined heterolithic stratification 

(cf., Mossop and Flach, 1983; Smith, 1987; Smith, 1988; McCrimmon and Arnott, 2002; Labrecque 

et al., 2011), but do indicate deposition on a dipping surface. We suggest that these relatively low 

slopes are the result of the sandier nature of the Bluesky relative to the previously cited examples 

(Chapter 3). The abundance of paired mudstone drapes in CB successions indicates subtidal 

deposition (cf. Dalrymple 2010b). The low bioturbation indices reflect high deposition rates, and 

brackish water is indicated by the presence of impoverished marine suites of diminutive trace 

fossils and localized beds that are heavily burrowed by a single ichnogenera (MacEachern et al., 

2007). Chert-granule-rich successions are interpreted to result from scavenging of coarse material 

from the immediately underlying Mississippian strata. The four types of channel-bar successions 

represent deposits of channels and bars reflecting a spectrum of SSC conditions. 

 CB-L is interpreted as the deposits of a low-SSC channel because of the predominance of 

thin mudstone laminae that are representative of a low-SSC mudstone assemblage. The more 

diverse trace-fossil assemblage (although equally sparse bioturbation) of CB-L relative to the other 

channel types suggests that it was deposited in channels that are at the seaward end of the system, 

rather than on the landward side of the turbidity maximum (cf. Lettley et al., 2005; Dalrymple and 

Choi, 2007). Compound-dune successions that approach 1 m in thickness suggest that the channels 

that deposited CB-L were possibly as deep as 6 m.  

 CB-M is interpreted as the deposits of channel-bar deposits formed under medium-SSC 

conditions. The abundance of thin fluid-mud layers suggests that SSC conditions were typically 

greater than 1 g/L (Chapter 2), but not as high as the channels in which CB-H successions were 

deposited where fluid-mud layers commonly exceed 5 cm in thickness.  
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Figure 4.16: Moderate-SSC mixed sand-mud tidal-flat deposits (TF-M). All examples from Well 

11-16-84-16ww5. (A) Thin UM2 layers with an isolated flame structure. (682.50 m depth.) (B) 

Paired UM2 layers with Arenicolites (Are) and small Planolites (Pla) burrows. Rounded combined-

flow ripple form sets indicate some wave influence. (677.00 m depth.) (C) Thoroughly bioturbated 

mudstone and sandstone. Rosselia (Ros) is the predominant trace with reburrowing by small 

Planolites (Pla) and Chondrites (Cho). A possible Teichichnus (Tei) burrow is present. (666.65 m 

depth.) (D) Scolicia (Sco) and Chondrites (Cho) burrows in interlaminated sandstone and 

mudstone. (671.50 m depth.) 

 

 CB-H is interpreted as the deposits of large, high-SSC channels, likely in channel bases 

near or directly beneath the turbidity maximum, based on the presence of thick fluid-mud layers, 

the coarsest sand size, large fluid-mud rip-ups, abundant scour surfaces and 2 m-thick compound-

dune deposits that imply depths of up to 12 m (Schrottke et al., 2006; Ichaso and Dalrymple, 2009; 
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Chapter 2). Uniform vertical grain-size trends are interpreted as the result of amalgamation of bar 

deposits such that the upward-fining successions that one would predict for a channel-bar (e.g., 

Dalrymple, 2010b), are not evident. The very low bioturbation indices and trace-fossil diversity 

suggests that CB-H had the highest deposition rates and the highest physiochemical stresses of the 

four CB deposit types.  

 The strong bimodality in mudstone types at the decimetres scale within CB-L/H 

successions suggests that SSCs fluctuated significantly between two distinctly different conditions, 

with SSCs that were typically low (< 1 g/L) but occasionally reached levels above 100 g/L: low-

SSC mudstone deposition is interpreted to reflect non-river-flood periods and high-SSC mudstone 

deposition is interpreted to represent flood deposits, when fine-sediment output was highest. The 

presence of thick fluid muds suggests that some mixing of saline (i.e., marine) and fresh (i.e., 

fluvial) water occurred (Allen et al., 1980). The typically lower bioturbation indices and trace-fossil 

diversity that characterize fluid-mud layers suggests deviations from the more hospitable biotic 

conditions (in terms of turbidity and salinity) that appear to have been typical of the environment 

between river floods, although sporadically higher bioturbation indices within some beds suggest 

periodic and significant penetration of the salt wedge relatively far up-system. 

Tidal-Flat Deposits (TF) 

Description— Tidal-flat deposits (TF) form 0.5-10 m-thick successions composed 

predominantly of ripple cross-laminated sandstone, commonly with minor amounts of cross-

bedded or parallel-laminated sandstone. As with channel-bar deposits, mudstone assemblages are 

highly variable in TF successions and four sub-types are identified. Characteristics common to all 

four subtypes include: (1) successions typically fine upward and become muddier upward; (2) 

cross-bedded sandstones decrease upwards in abundance (in successions where they are present); 
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(3) successions are gradationally based where overlying CB successions, but have a sharp (but 

typically not strongly erosional) base where TF successions overly other deposit types. Unlike the 

four sub-types of CB, which all have uniformly low bioturbation indices and very impoverished 

marine trace-fossil assemblages, TF deposits have a much broader range of bioturbation indices (0-

5) and typically display a greater diversity of trace fossils (from monospecific to as many as 8 

ichnogenera), albeit with assemblages that are still impoverished relative to their archetypal marine 

counterparts. Differences in both mudstone assemblages and bioturbation, as well as other 

important distinguishing characteristics, occur between the four types of TF.   

TF-L successions (Fig. 4.11C) have low-SSC mudstone assemblages and commonly have 

very few mudstone layers (less than a few percent of the total thickness) or no mudstone layers at 

all. TF-L successions are typical 0.5-3 metres thick. Where present, mudstone layers are strongly 

grouped into clusters of several individual or paired mudstone layers, representing deposition 

around neap tide. TF-L successions have the best sorting of the four TF types, with lower fine to 

upper fine sand. Horizontal parallel-planar lamination is locally abundant and commonly displays 

rhythmic thickening and thinning of horizontally laminated sandstones (Fig. 4.14B). TF-L typically 

has sparse bioturbation (BI 0-1), with common Skolithos, Planolites and Thalassinoides and less 

common Arenicolites, Chondrites and Palaeophycus (Fig. 4.14C). 

TF-L/M successions (Fig. 4.11F) contain a mixture of low- and moderate-SSC mudstone 

assemblages. Horizontal to low-angle parallel-lamination, interpreted as HCS, is locally abundant. 

Grain size varies from lower fine to lower medium. Coaly laminae and chert granules are locally 

abundant. Sandstones and mudstones in TF-L/M show no cyclicity (e.g., Fig. 4.6Aii). BIs are 

typically 1 in TF-L/M, although it can be as high as 4 in some localised examples (e.g., Fig. 4.11F). 

Skolithos and Planolites are common and Cylindrichnus is locally abundant (Fig. 4.12E,F). 
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TF-M deposits (Fig. 4.11H) have an abundance of fluid-mud layers that represent a 

moderate-SSC mudstone assemblage. TF-M deposits are 2-10 m-thick and display prominently 

upward-muddier trends, passing gradationally from heterolithic ripple cross-laminated sandstones 

(Facies 6M) with less than 50% mudstone into heterolithic ripple cross-laminated mudstones 

(Facies 6M) with more than 50% mudstone (Fig. 4.7Bi,ii; 4.11H). Fluid-mud layers are typically 

less than 1 cm thick and are commonly loaded by ripple sets within heterolithic mudstones beds. 

TF-M is very well sorted throughout, consisting of lower very fine to fine sand. Round-crested 

ripple formsets are common between mudstone layers in heterolithic mudstone beds, suggesting 

some wave influence (Fig. 4.16A,B). Mudstone-layer thickness increases upward slightly. Paired 

mudstone layers are common in the sandstone-dominated basal portion of TF-M successions. 

Paired mudstone layers are rare in the mudstone-dominated upper portion of TF-M. Moderate to 

strong quasi-cyclic interbedding of sandstone beds and heterolithic interbeds, representing neap-

spring cycles, is present within the sandstone-dominated lower portion of TF-M (e.g., Fig. 4.7Bi). 

The number of mudstone layers within the neap-tide intervals typically decreases upward along 

with a concomitant thinning of the intervening sandstone layers that represent periods of spring-

tide deposition (e.g., Fig. 4.7Bii). TF-M has the most diverse trace-fossil assemblage of the 

different TF types and shows a distinct upward increase in the degree of bioturbation. At the base 

of TF-M successions, BIs are typically 0-2 with common occurrences of Skolithos, Planolites, 

Thalassinoides and Arenicolites, and rare occurrences of Palaeophycus and Pischichnus (e.g., Fig. 

4.16B). In the upper mudstone-dominated portions of TF-M, BIs are typically 3-6 and are quite 

variable at the scale of decimetres. Scolicia, Thalassinoides, Rosselia, Palaeophycus and 

Teichichnus are all common, with rare and localised Planolites, Phycosiphon, Chondrites, 

Asterosoma, Rhizocorallium and Helminthopsis (e.g., Fig. 4.16C,D). 
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TF-L/H deposits are a mix of heterolithic sandstones and mudstones, with an overall 

mudstone content that varies between 30% and 80%. There is a mix of both low-SSC and high-

SSC mudstone assemblages. Sandstone layers are typically laminated or thin-bedded (0.1-2 cm 

thick) and typically appear structureless or flat-laminated. Sandstone and mudstone layers display 

little to no rhythmic packaging. Paired mudstone layers are rare. Bioturbation in TF-L/H commonly 

alternates between sparse bioturbation (BI 1) and moderately intense bioturbation (BI 3-5) at the 

scale of decimetres, with abrupt vertical contacts between intervals of lesser and greater 

bioturbation. Rosselia, Cylindrichnus and Planolites are the only observed trace fossils (e.g., Fig. 

4.12F). Bioturbation of mudstone layers is typically restricted to the more common, siltier and 

thinner layers, whereas the more clay-rich fluid-mud-deposited layers invariably have no 

bioturbation.  

Interpretation— TF successions are interpreted as the deposits of tidal flats, based on the 

predominance of current-ripple cross-lamination and their upward-fining profiles, which result, 

respectively, from relatively low current speed (in comparison with adjacent channels) and from 

upward-decreasing current speed as distance from the adjacent channel increases. The upward 

increase in mudstone-layer abundance is similarly related to decreasing current speed higher on the 

tidal flat. The upward increase in bioturbation indices within all tidal-flat successions is interpreted 

as the result of upward-decreasing energy levels and more stable salinity values (cf. Yang et al., 

2007; Gingras et al., 2012). The gradation between CB and TF is the result of migration of tidal 

flats over channel-bar deposits. The four TF successions reflect a range of SSC conditions at the 

time of deposition.  

TF-L represents the deposits of low-SSC sandy tidal flats whose SSCs were likely less than 

1 g/L. The abundance of both current-ripple cross-laminated sandstone (Facies 6L) and horizontal 
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parallel-laminated sandstone (Facies 7L) is indicative of deposition on a high-energy tidal flat 

(Driese et al., 1981; Dalrymple et al., 1990; Greb and Archer, 1995; Plink-Björklund and Steel, 

2006). TF-L/M represents the deposits of a slightly higher-SSC tidal-flat system than TF-L. 

Additionally, thinner successions in TF-L/M and poorer grain-size sorting suggest that TF-L/M 

represents smaller and shallower tidal flats, perhaps nearer the flanks of the depositional system 

where Mississippian bedrock is exposed locally. The presence of HCS suggests that wave influence 

was locally important in both TF-L and TF-L/M, which is common in the intertidal zone of tide-

dominated estuaries with wide mouths that allow waves to penetrate (Yang et al., 2007; Dalrymple 

et al., 2012).  

TF-M has a moderate-SSC mudstone assemblage and differs, additionally, from the other 

three TF types in that no cross-beds are present, which suggests a lower-energy depositional 

environment. TF-M is interpreted as relatively low-energy tidal-flat deposits nearer the seaward 

end of the system and along depositional strike from major distributary mouths. The scarcity of 

wave-ripple cross-lamination and the persistent low-energy conditions that are indicated by the fine 

grain size and lack of high-energy structures precludes a completely open-coast setting (cf., Yang 

et al., 2005). Common mudstone pairs suggest a subtidal setting for TF-M. The presence of high 

sedimentation rates during the deposition of TF-M is supported by relatively strong cyclicity in the 

packaging of sandstones and mudstones, which is interpreted as neap-spring cyclicity (cf., 

Dalrymple and Makino, 1989). The effects of strong fluvial discharge events are not observed in 

TF-M as there are no anomalous intervals of coarser sand, cyclic changes in the degree of 

bioturbation or noticeable changes in mudstone character (in terms of SSC assemblage). The lower, 

sandstone-dominated portion of TF-M successions is interpreted as having been deposited in the 

shallow subtidal or lower intertidal zone based on the abundance of double mud drapes and a 

relatively strong semi-monthly tidal signal (reference). The upper, mudstone-dominated portion of 
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TF-M successions is interpreted as lower-energy upper intertidal deposits. The rarity of double mud 

drapes and the weakness of the neap-spring signal support this interpretation. Relatively uniform 

bioturbation indices in TF-M (compared to the other three TF types) indicate relatively constant 

salinity. The relatively diverse trace-fossil assemblage (but diminutive trace sizes) is indicative of 

a relatively seaward and slightly brackish-water setting. TF-M reflects impoverished distal 

expressions of the Cruziana Ichnofacies, dominated by deposit-feeding traces (likely because of 

high turbidity). Facies-crossing ichnogenera in TF-M include Rosselia and Teichichnus.  

TF-L/H has a strongly bimodal mudstone assemblage, with mudstones that reflect both 

low- and high-SSC conditions. Thin mudstone laminae that reflect low-SSCs are predominant, but 

the presence of some fluid-mud layers suggests that SSC conditions were episodically high, likely 

related to river floods. The absence of rhythmicity in sandstone-mudstone layering suggests that 

any tidal signal is weak. Thus, TF-L/H is considered to be fluvially dominated, with mudstone 

layers that represent river-flood-driven changes in turbidity. The general absence of bioturbation in 

fluid-mud layers also supports their interpretation as having been deposited during events that 

represented a suite of physiochemical stresses that deviated from normal conditions. Trace-fossil 

assemblages that are limited to a narrow suite of deposit-feeding strategies (only 3 ichnogenera, 

including Cylindrichnus, Rosselia and Planolites) is consistent with assemblages observed in 

subtidal to intertidal point-bar deposits of both modern and ancient tidal-fluvial point bars (Gingras 

et al., 2012; Musial et al., 2012). The bimodality in bioturbation indices, coupled with alternating 

sandstone-dominated and mudstone-dominated intervals that is observed in TF-L/H is interpreted 

as the result of seasonal variation in fluvial energy and the landward penetration of saline marine 

water (cf. Sisulak and Dashtgard, 2012).   
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Tidal Sand-Ridge Deposits (SR) 

Description— SR is composed of 5-25 m-thick upward coarsening successions that pass 

from clean, predominantly ripple cross-laminated sandstones (Facies 6L) into clean, predominantly 

cross-bedded sandstones (Facies 5L) (Fig. 4.11I). Cross-bedding near the top of SR commonly 

includes CD-L successions (mud-free compound-dune deposits). Low-angle parallel-lamination 

(Facies 7L) is present throughout SR successions but is subordinate to cross-bedding and current-

ripple cross-lamination, except in the uppermost 0.5-1 m of some SR successions, where there is a 

predominance of Facies 7L. Wood fragments, finely comminuted organic material and glauconite 

are common in SR. No trace fossils are present.  

Interpretation— Upward-cleaning and -coarsening successions in SR are interpreted to be 

the result of upward growth or lateral migration of tidal sand ridges or sandbanks in areas of strong 

tidal currents in the estuary mouth (e.g., Harris 1988; Dalrymple et al., 1991; Harris et al., 1992; 

Le Bot and Trentesaux, 2004; Ryan et al., 2007; Schmitt et al., 2007) or adjacent shelf (e.g., Swift, 

1975; Dyer and Huntley, 1999; Michaud, 2011; Michaud and Dalrymple, 2014). Current-ripple 

cross-laminated and parallel-planar laminated sandstones near the base of SR successions were 

deposited between ridges, where tidal currents were weak. Predominantly cross-bedded facies were 

deposited on the ridge crests, where acceleration of flow over the ridge creates greater current 

speeds and deposits coarser material (Huthnance, 1982; Suter, 2006). Parallel-planar laminated 

sandstone assemblages (Facies 7L) at the top of SR successions are interpreted as having formed 

on shallow sand ridges, where they have grown into the zone influenced by waves. Common bi-

directional cross-bedding supports a tidal origin. The nearly complete absence of mud in SR 

successions is explained by three factors: (1) deposition occurred relatively far seaward of the 

turbidity maximum, in an area of low turbidity (cf. Dalrymple, 2010b); (2) the sand ridges formed 
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during transgression, when fines were more likely to have been trapped in landward locations (i.e., 

in upper intertidal and supratidal flats and salt marshes) (Dalrymple et al., 2012); and (3) the more 

rotary nature of tides in outer estuary or shelf settings, which minimizes the development of true 

slack-water periods, resulting in limited mud deposition (Dalrymple and Choi, 2007; Dalrymple, 

2010a). Persistent and strong tidal currents and mobile sandy substrates also explain the apparent 

low bioturbation index and biodiversity.  

FACIES SUCCESSIONS 

The 15 geomorphic elements (including sub-types) present within the Gething-Bluesky 

succession comprise eight facies successions, each of which is composed of vertical or lateral 

associations of one or more geomorphic elements (Fig. 4.9).  

FS1: Coastal-Plain Successions 

FS1 ranges from a metre thick to over 20 metres in thickness, and is composed of stacked 

successions of 1-3 metre-thick overbank deposits (OB) (Fig. 4.11A). These OB successions are 

commonly interbedded with 1-3 metre-thick upward-cleaning sandstones that are composed of 

low-SSC mouth-bar deposits (MB-L) that commonly pass upward into erosionally based low-SSC 

tidal channel-bar deposits (CB-L) (Fig. 4.11A). CB-L deposits commonly contain abundant 

disarticulated bivalve fragments. In some instances, CB-L successions directly overlie OB, with no 

intervening MB-L deposits. In logs, FS1 has a spiky appearance in the gamma-ray log (Fig. 4.6A) 

as a result of decimetres- to metres-scale interbedding of muddy OB deposits and sandy MB-L/CB-

L deposits. Mudstone and siltstone overbank deposits (OB) are the predominant component at the 

base of FS1, with MB-L and CB-L becoming proportionally more abundant upward, producing an 

overall upward-cleaning gamma-ray profile for FS1.  
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The 1-3 metre-thick MB-L/CB-1 upward-coarsening successions are interpreted as 

progradational successions where higher-energy low-SSC channel sandstones (CB-L) are 

deposited over lower-energy and more-distal deposits (MB-L) that accumulated where channelized 

flow became unconfined in distal crevasse-splay or “minor mouth-bar” deposits (sensu Elliot, 

1974). Some CB-L successions are likely to correspond with more significant tidal creeks or 

distributary channels, although these channels cannot be differentiated from crevasse channels with 

the available data. The local abundance of disarticulated bivalve fragments within cross-bedding 

of CB-L in FS1 successions is likely from reworking (i.e., incision) of crevasse channels and 

distributary channels that cut down into older lacustrine/bayfill deposits. Overall, FS1 is interpreted 

as the deposits of a low-energy coastal-plain setting, consisting of lakes or interdistributary bays 

infilled by crevasse splays and swamps, similar to the fluvially dominated coastal-plain and delta-

plain facies that are described by Elliot (1974) and Fielding (1984). 

FS2: Delta-Front and Major Mouth-Bar Successions 

FS2 consists of 5-15 m-thick upward-coarsening and upward-cleaning successions 

composed of stacked 2-4 metre-thick high-SSC mouth-bar successions (MB-H) (Fig. 4.11B). 

Overall, each successive MB-H deposit is progressively coarser grained, less bioturbated, and less 

muddy than the previous MB-H cycle, and contains progressively more evidence of channelized 

sedimentation (i.e., CB-H elements). The overall progradational nature of FS2 successions is 

interpreted as a parasequence set of delta-front and mouth-bar deposits that represents autocyclic 

distributary-channel avulsions and mouth-bar abandonment. Prodeltaic deposits are not interpreted 

within FS2 successions. CB-H deposits that occur within FS2 successions are interpreted as 

channel-bar complexes because they overlie and interfinger with MB-H deposits. The surfaces 

separating individual parasequences are marked by an abrupt decrease in sandstone grain size and 
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an increase in mudstone abundance. These surfaces are commonly associated with a concentration 

of chert granules or pebbles along the contact and are interpreted as lag deposits associated with 

bar abandonment and transgression.  

FS2 has similar vertical grain size profiles and sedimentary structures as composite 

compound dunes in non-channelized subtidal settings (cf., Olariu et al., 2012), however upward 

change in bioturbation from more distal to more proximal delta-front settings, as well as the 

presence of wave-influenced structures strongly supports interpretation of FS2 as a delta-front and 

mouth-bar deposit. FS2 also has a similar facies succession as elongate sandstone bodies in the 

Frewens sandstone of Wyoming (Willis et al., 1999). Willis and others interpret these sandstone 

bodies as deposits of forward-accreting ridges that formed as tides reworked sediments during 

progradation of the delta front. The presence of forward accretion cannot be assessed for the 

Bluesky given the subsurface nature of the data set.  

FS3 – FS7: Channel-Bar and Tidal-Flat Successions 

FS3, FS4, FS5, FS6 and FS7 represent the deposits of subtidal to intertidal channel-bar and 

tidal-flat deposits. FS3, FS4 and FS5 all have channel-bar elements that pass upward gradationally 

into coeval tidal-flat (or bar-top) deposits. FS6 comprises compound-dune deposits in a tidal 

channel, with no associated tidal-flat or bar-top deposits. FS7 comprises tidal-flat deposits with no 

clearly associated channels. These five succession types are differentiated on the basis of the 

interpreted SSC conditions associated with each channel-bar and tidal-flat type. The upward change 

from coarser-grained cross-bedded sandstones of a CB element into finer-grained predominantly 

current-ripple cross-laminated sandstones of a TF succession (in FS3-FS5) is interpreted as the 

result of a decrease in water depth and current speed from the channel onto the adjacent tidal flats 

or bar top. The upward decrease in SSCs, implied by the progressive upward-thinning of the 
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mudstone layers within the channel-bar and tidal-flat successions in FS3-FS5, results from less 

suspended sediment in the upper part of the water column than in the water in the bottom of the 

channel.  

Facies Succession Three (FS3)— FS3 represents the deposits of low-SSC tide-dominated 

channel-bar (CB-L) and tidal-flat (TF-L) systems, forming 3-10 m-thick upward-fining successions 

(Fig. 4.11C). These FS3 successions form thicker, composite successions that are locally up to 25 

metres thick. Within the composite successions of FS3 each smaller-scale CB-L/TF-L cycle within 

vertical successions has less mudstone overall and has mudstone layers that reflect lower-SSC 

conditions. The uppermost 0.5-2 m of FS3 successions commonly have a predominance of low-

angle parallel-laminated sandstone (Facies 7L), which is interpreted as an increase in wave-

influence. Mudstone layers invariably reflect low SSC conditions, and mudstone is rare, overall, 

which implies a position well seaward of the turbidity-maximum zone. (A position landward of the 

turbidity-maximum zone is not interpreted for FS3 because of the good sorting, the presence of 

wave-influenced facies (Facies 7L) and the presence of Chondrites burrows in some channel-base 

mudstone layers). Thin UM2 layers near the base of FS3 are locally present, albeit sparse, which 

suggests rare periods of elevated SSCs in channel bases. Where FS3 successions are thinner, and 

farther from the depositional axis of the Upper Bluesky, mud becomes notably more common, and 

bioturbation becomes higher (reaching BIs of 3). This is interpreted as the result of lower-energy 

conditions and a more landward or more marginal setting because more mud and lower-energy 

peak tidal currents are predicted to occur closer to the margins of the depositional system. Facies 

successions similarly interpreted as tidal channel-bar and tidal-flat deposits have been interpreted 

in the ancient Eocene exposures in Spitsbergen, Norway (Plink-Björklund and Steel, 2006), the 

Pensylvanian Hazel Patch Sandstone (e.g., Greb and Archer, 1995) and the Upper Cambrian Mt. 

Simon Formation (e.g., Driese et al., 1981). 
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Facies Succession Four (FS4)— FS4 represents the deposits of moderate-SSC tide-

dominated channel-bar (CB-M) and adjacent low- to moderate tidal sand-flat (TF-L/M) systems. 

Two or three stacked channel-bar and tidal-flat successions are typically present. These composite 

successions are up to 6 metres thick, but are typically less than 3 metres thick, with individual 

channel-bar and tidal-flat successions only 0.75-2 m thick, implying relatively small tidal channels 

and associated flats. The upward transition from moderate to low-SSC mudstone assemblages 

within the smaller-scale successions indicate that SSCs were periodically high enough to deposit 

thin fluid-mud layers within the channels and on bars, but were not high enough on the adjacent 

tidal flats to deposit mudstone layers that were thicker than a few millimetres. The intermediate 

SSCs and the presence of 3-5 ichnogenera representing a brackish-water trace-fossil assemblage 

suggest that FS4 probably accumulated seaward of the turbidity maximum zone, in an area with 

higher salinities. The thinner average thickness of individual channel-bar and tidal-flat successions 

within FS4 relative to FS3, FS5 and FS6 suggests that it could have been deposited in a system 

with a smaller tidal range (Gingras et al., 1999) or at the margins of the system where the elevation 

difference is less from the base of channels to the top of their associated tidal flats. 

Facies Succession Five (FS5)— FS5 represents the deposits of tidal-fluvial point-bar 

deposits (CB-L/H and TF-L/H) that were fluvially dominated with some tidal influence. FS5 lacks 

good core control, although the one good-quality core with FS5 that was studied serves as a useful 

calibration point for interpreting FS5 from logs. Core descriptions by Steve Hubbard (unpublished 

industry report, 1999) also served as good data set for calibration of logs. FS5 is interpreted from 

logs based on a relatively shaly upward-hotter gamma-ray log profile. FS5 is typically recognized 

from logs as 5-10 metre-thick upward-hotter cycles in the gamma-ray log. The base of each FS5 

succession is invariably sharp, overlying either FS1 or Mississippian carbonates. Tidal-fluvial 

point-bar deposits of FS5 are typically discontinuous between wells spaced more than 1 km apart.  
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The presence of both low- and high-SSC mudstone layers coupled with no clear evidence 

of tidally generated rhythmicity suggests that variations in turbidity are primarily the result of river-

flood-driven variations in the abundance of river-borne fine sediment. The scarcity of paired 

mudstone layers, and yet the overall heterolithic nature of FS5 indicates that the environment was 

river-dominated but with some tidal modulation of current speed. Thus, FS5 is considered to 

represent either a fluvially dominated depositional system or a very proximal position within the 

fluvial-to-marine transition of a tide-dominated system (see further discussion below).  The 

heterolithic deposits of FS5 are similar, in terms of the bioturbation and mudstone-sandstone 

interbedding style, to middle and upper point-bar deposits in the McMurray Formation (Musial et 

al., 2012; Jablonski, 2012). 

Facies Succession Six (FS6)— FS6 represents the deposits of stacked compound-dune 

(CD) deposits in a high-energy, high-SSC channel base setting (CB-H). FS6 comprises composite 

successions up to 15 m-thick, formed of stacked 1-3 m-thick CD-H deposits that are separated by 

scour surfaces. FS6 successions have uniform or very subtly upward-coarsening grain-size trends. 

Scour surfaces, which are abundant in FS6, are likely the result of the autogenic migration of simple 

three-dimensional dunes, compound dunes or channels. The thickness of FS6 also implies some 

externally driven aggradation. Chert-pebble lags and “floating” chert pebbles are a common feature 

in the lowermost several metres of FS6, where it overlies the Gething Formation or Paleozoic 

bedrock. Compound-dune successions are known to occur in the outer part of wide-mouthed 

estuaries (e.g., Dalrymple, 1984; Harris, 1988; Dalrymple et al., 2012). The absence of an upward-

fining gradation into bar or flat deposits speaks to the isolated nature of these sedimentary bodies. 

Facies Succession Seven (FS7)— FS7 represents the deposits of relatively seaward tidal 

flats relatively far from the influence of major distributaries. FS7 and TF-M are one and the same.  
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FS8: Tidal Sand Ridges 

Facies Succession Eight (FS8)— FS8 represents the deposits of tidal sand ridges. SR and 

FS8 are considered to be one and the same.  

PALEOENVIRNOMENTAL INTERPRETATION 

Gething Formation—  

The Gething Formation is composed of heterolithic sandstones that comprise tidally 

influenced point-bar successions (FS5) and coastal-plain deposits (FS1) that are composed of 

overbank mudstones (OB), low-SSC mouth-bar deposits (MB-L), low-SSC tidal-channel 

successions (CB-L) and swamp deposits (coals of Facies 3) (Fig. 4.17). Water depths in these 

environments likely ranged from zero metres (coal deposits) to 10 m deep in the deepest channels 

represented by FS5. Overall, the environments interpreted in the Gething Formation within the 

study area are consistent with those identified elsewhere in the Gething (e.g., Jackson, 1984; Smith 

et al., 1984; Cant and Abrahamson, 1996) 

Channel (CB-L/H) and tidal-flat deposits (TF-L/H) of FS5 comprise most of the lower part 

of the Gething Formation (e.g., Fig. 4.17; section B-B’ and C-C’). The point-bar deposits of FS5 

are typically interstratified with 1-4 metre-thick shaly intervals that are interpreted as overbank 

deposits (OB) of FS1 (Fig. 4.17). Given the lack of core control through these intervals, however, 

there is the possibility that these mudstone layers are muddy channel-abandonment facies (cf., 

Musial et al., 2011). Successions of tidally influenced point-bar deposits and muddy channel-

abandonment facies in the stratigraphically equivalent McMurray Formation are considerably 

thicker (up to 30 metres) and several kilometres in length and width, representing the deposits of 

large channels (Mossop and Flach, 1983; Feldman et al., 2008; Musial et al., 2011). By comparison, 

the tidally influenced point-bar deposits of FS5 span only a few kilometres (inferred from the 
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discontinuity of channel bodies between wells) and likely had water depths that did not exceed ten 

metres in the largest channels. The relatively thin nature of the successions, as interpreted from 

logs, indicates that they could be single-story channel sands; however, similar deposits have been 

interpreted as tidally influenced incised valley-fills west of the study area (Cant, 1996). Given the 

incongruous juxtaposition of relatively large tidally influenced channels and overbank deposits of 

a fluvially dominated system, we favour an incised-valley interpretation for FS5 successions.  

Above the high-gamma-ray marker, the upper part of the Gething is composed entirely of 

FS1, which is made up of 1-3 metre-thick intervals of overbank deposits (shaly intervals on logs) 

and 1-3 metre-thick cycles of low-SSC mouth-bar (MB-L) and channel deposits (CB-L) that 

represent crevasse-splay environments (sandy, upward-cleaning cycles on logs). Individual 

overbank, channel and crevasse-splay units cannot be correlated over the study area with the core 

control used in this study. FS1 is thickest in the southern portion of the study area, is locally present 

in the central portion of the study area and is not present in the northern third of the study area 

because of complete removal of the Gething by later erosion. The upper part of the Gething is 

consistent with upper Gething deposition to the west of the study area, where northward drainage 

is relatively uniform across the width of the Gething depositional belt, with no major trunk system 

documented (cf., Cant, 1996; Hubbard et al., 1999). 

The greater thickness and abundance of low-energy coastal-plain deposits and the more 

isolated nature of sandstone bodies in the Gething Formation, in comparison with the equivalent 

McMurray Formation, is interpreted as the result of greater accommodation, and, therefore, greater 

preservation of overbank facies, west of the intrabasinal Paleozoic highlands (Fig. 4.3), as a result 

of either greater flexural subsidence nearer the orogeny or, localised subsidence related to 

reactivation of Carboniferous graben structures associated with the Peace River Arch. 
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Figure 4.17: Cross-sections showing the spatial relationships of the. 
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Lower Bluesky Unit— 

The lower Bluesky is broadly similar to sedimentary successions observed in modern tide-

dominated deltaic systems (e.g., Fly River delta, Dalrymple et al., 2003; Amazon River delta, Kuehl 

et al., 1986; Jaeger and Nittrouer, 1995), particularly with respect to the predominance of fluid-

mud layers and seaward fining. Lower Bluesky deposits are composed predominantly of poorly 

sorted to well-sorted very fine to very coarse heterolithic sandstones and heterolithic mudstones 

that represent deposits of delta-front and mouth-bar deposits (FS2), compound-dune deposits 

within high-SSC channel successions (FS6), moderate-SSC tidal-bars and low- to moderate-SSC 

tidal-flat deposits (FS4 and FS7). These environments represent subtidal to upper intertidal 

depositional settings, with water depths that ranged from a near mean sea level (TF-M represents 

the shallowest-water facies) to ca. 10 m below mean sea level (CB-H represents the deepest-water 

facies). The deposits of upper intertidal environments are limited to localized occurrences of FS7 

(on the thin margins of the deposit) and supratidal environments are not present.  

High-SSC channel deposits of FS6 occur along a relatively narrow east-west trend along 

the central axis of the Lower Bluesky unit (Fig. 4B). Channels of FS6 overlie deposits of FS2, 

which implies that distributary channels of the delta plain pass progradationally over off-lapping 

and downlapping major mouth-bar and delta-front successions (FS2).  

Mixed sand-mud tidal-flat deposits of FS7, which are interpreted as the deposits of 

relatively seaward tidal flat overlie high-SSC channel deposits of FS6 in the east-central portion of 

the study area. In the south and southwest portion of the study area, FS7 is inferred from well logs 

to overlie mouth-bar deposits of FS2, although core control is not present. FS7 lies directly on the 

Mississippian to the north of the main axis of the Lower Bluesky, in a position that appears to 

represent a paleotopographic high. 
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Upper Bluesky Unit— 

The deposits of large sand-dominated low-SSC tidal channels and their associated tidal 

flats (FS3) are the predominant facies in the upper Bluesky in the central portion of the study area, 

which passes gradationally westward into coarser-grained deposits of tidal sand ridges (FS8) (Fig. 

4.17; section A-A’). To the south and east of the thickest part of the Upper Bluesky, this unit is 

composed of weakly to moderately bioturbated FS3 and FS4. Moderate-SSC tidal channel-bar and 

tidal-flat deposits (FS4) is locally abundant within the upper Bluesky along a narrow band in the 

northern part of Township 84, Range 17w5. Where it occurs immediately above the Mississippian, 

it contains abundant chert pebbles that were likely scavenged from the subjacent unconformity. 

Low-angle parallel-lamination is also common at the base of upper Bluesky, which suggests that 

earlier deposits in the lower Bluesky unit represent exposed wave-influenced environments in more 

distal or system-margin positions (cf. Yang et al., 2007). Alternatively, or in addition, it might be 

that a local absence of sand coarser than lower fine favoured the formation of parallel-lamination 

and HCS because this grain size is too fine for the formation of cross-bedding (Boguchwal and 

Southard, 1990).  

As with the lower Bluesky, successions in the upper Bluesky are restricted to subtidal and 

lower intertidal environments. Water depths in the sediments preserved in the upper Bluesky likely 

ranged from near zero metres (some TF-L deposits) to as much as 30 m below mean sea level for 

the SR deposits (assuming no significant aggradational component). 

The seaward (westward) transition from finer and muddier tidal-bar and tidal-flat deposits 

into coarser and cleaner tidal sand-ridge and tidal-bar deposits (Fig. 4.17) is similar to what is seen 

in the outer portion of modern tide-dominated estuaries, where tidal bars and tidal flats associated 

with confined channels pass seaward into broad channels that contain compound dunes and separate 
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tidal sand ridges (e.g., Bay of Fundy and Severn River estuary, Dalrymple et al., 1990; Severn 

River estuary, Harris and Collins, 1985; Fitzroy Estuary, Ryan et al., 2007). These grain size and 

mud-distribution trends are generally predicted from process models of tide-dominated systems 

(cf., Dalrymple and Choi, 2007; Dalrymple et al., 2012).  

Wave-influenced deposits at the top of the upper Bluesky unit (both in FS3 and FS8) are 

interpreted as the product of wave-reworking of the tops of tidal bars that were above wave-base, 

as well as wave-reworking of tidal flats on the margins of the system. The thin, heavily bioturbated 

glauconitic sandstones at the very top of the upper Bluesky unit within the study area are interpreted 

as equivalent to the regional wave-dominated Bluesky sandstones (cf. Hubbard et al., 1999), which 

suggests that the tidal Bluesky sandstone body is older than the Bluesky elsewhere. 

Summary— 

The three discontinuity-bounded units that comprise the Gething-Bluesky succession 

represent fundamentally different types of depositional systems: (1) fluvially dominated system 

with some tidally influenced environments present (Gething); (2) a tide-dominated deltaic system 

(Lower Bluesky) and (3) a tide-dominated estuarine system (Upper Bluesky).  

STRATIGRAPHIC-SURFACE ANALYSIS 

The Gething-Bluesky succession contains, and is bounded by, numerous types of 

discontinuity surfaces that are interpreted to represent a range of erosional or non-depositional 

events, spanning temporal scales ranging from minutes to tens of millions of years (Miall, 1997). 

The origins of the shortest hiatal surfaces recognizable in core are attributed to erosion by migrating 

bedforms. Other short-term hiatal surfaces are likely related to local (i.e., autogenic) depositional 

processes related to the migration of geomorphological elements, such as the migration of channels 

or abandonment of delta mouth bars.  
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Four major, allogenic unit-bounding surfaces are present in the Gething–Bluesky 

succession (Fig. 4.18): (1) major unit-bounding surface 1 (S1) represents the sub-Cretaceous 

unconformity, which underlies the Gething-Bluesky succession; (2) S2 is the base of the lower 

Bluesky unit, separating it from the underlying Gething Formation; (3) S3 is the base of the upper 

Bluesky unit; and (4) S4 is the base of the Wilrich Member of the Spirit River Formation. Higher-

order (minor) unit-bounding surfaces are also discussed, but are not formally numbered.   

Major Unit-Bounding Surface 1 (S1) 

Description.— The contact between the Mississippian and the overlying Gething-Bluesky 

succession (surface S1) is identified in both core and well logs by the abrupt change in lithology 

from limestone and dolostone beneath the surface to siliciclastic mudstones and sandstones above, 

except in the southwestern-most corner of the study area where S1 lies on sandstones of the Permian 

Belloy Formation.  

The uppermost 1m of the Mississippian is commonly much lighter in colour than the 

underlying carbonate units, likely because of long-term subaerial exposure. Brecciation and 

fracturing is common in the uppermost several metres and is possibly related to karsting (Fig. 4.19). 

These fractures are infilled by either a matrix of bitumen-saturated sand or calcite-cemented sand 

whose origins are unknown, but could range from Permian to early Cretaceous in age. The contact 

itself, between the Mississippian and the Gething-Bluesky succession can be either highly irregular 

with centimetres of undulatory topography at the scale of the core, or relatively flat.  

A thin poorly sorted siliciclastic-sediment-dominated 5-30 centimetre-thick interval, 

whose age is typically indeterminable, commonly overlies S1 (Fig. 4.19): it is typically 

structureless and composed of muddy, poorly sorted very fine to medium sandstone. With the 

exception of the lower-energy deposits of FS1 that occur locally at the base of the Gething, coarse-
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grained to gravel-sized chert clasts and dolostone cobbles that are up to several centimetres in 

diameter (Fig. 4.19) are common within facies immediately overlying S1.  

 

Figure 4.18: Schematic illustration of the sequence-stratigraphic architecture of the Gething-

Bluesky succession. Note that fourth-order flooding surfaces are only picked for the upper Bluesky 

unit.  

 

Interpretation— S1 represents the longest unconformity within the studied succession, 

representing a lacuna of approximately 230 million years. Most of the topography beneath the S1 

sub-Cretaceous surface (over 50 metres of topography; see Figure 4.4A) was formed as part of a 

second-order unconformity (sensu Vail et al., 1977), which separated two major phases of basin 

subsidence: Oxfordian to earliest Cretaceous and Aptian to Eocene (Cant, 1996). Long-term 

subaerial exposure of the unconformity is manifested by strongly weathered zones and evidence of 

karsting at the top of the Mississippian (the Debolt Formation, in particular) and the thin regolith  
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Figure 4.19: Core interval showing the relationship between the top of the Mississippian and the 

Bluesky. The top of the Mississippian is indicated by the red dashed line. The 40 cm-thick interval 

between the top of the Mississippian and the white dashed line, above, has an uncertain age: it is 

composed of soft-sediment deformed muddy sandstone and contains a large limestone clast 

spanning the width of the core. Karsted limestone is interpreted in the lowermost 3 core boxes, 

based on the presence of breccias, steeply inclined bedding and green shales. (Well 6-30-85-18w5, 

544.55-548.90 m depth.) 



 

250 

 

horizon at the base of the Gething Formation or Bluesky Formation. The age of the regolith horizon 

beneath the Gething may be late Paleozoic to Early Cretaceous, but cannot be constrained further. 

The common occurrence of large limestone cobbles that exceed the width of the core suggests that 

weathered carbonate cobbles and boulders likely covered paleoshorelines that formed as the sea 

transgressed the irregular karst-related landscape. The poorly sorted siliciclastic horizon locally 

overlying S1 is potentially older than Gething and may, itself, be unconformable at its top, with no 

genetic association with either the Mississippian or any of the facies described for the Gething-

Bluesky succession.  

Major Unit-Bounding Surface 2 (S2) 

Description— Surface S2 overlies the Gething Formation and merges with Surface S1 

north of the preservational edge of the Gething Formation, where it is underlain by the 

Mississippian (Fig. 4.18). S2 cuts into or entirely removes the mudstone or sandstone of FS1 in the 

Gething, and is commonly overlain by relatively high-energy channel deposits of FS4 and FS6, and 

less commonly by FS2. Topography on S2 is irregular, with up to 20 m of relief over distances of 

several hundred metres. The geometry of the sediment body that lies between S2 and the top of the 

Bluesky (surface S4, described below) defines in part the elongate sandstone body of the Bluesky 

Formation in the study area (Fig. 4.4B). This sediment body has a relatively simple valley-like 

form.  

There is no significant evidence of long-term subaerial exposure associated with the S2 

surface, although the uppermost several decimetres of some mud-bearing Gething cores are 

significantly lighter in colour than typical Gething shales, which might suggest that these horizons 

are pedogenic (Fig. 4.20). The example in Figure 4.20 is probably the most convincing example of 

significant subaerial exposure at the S2 surface. S2 is commonly overlain by a chert-pebble lag that  
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Figure 4.20: Paleosol development at the top of the Gething Formation. Two possible soil horizons 

are present. The lower soil horizon is 1.5 metres thick. The lowermost 2 metres of core represent 

channel-bar and tidal-flat facies of FS5. These deposits are overlain by 50 cm of overbank and 

bioturbated low-SSC mouth-bar facies. Low-SSC tidal-flat deposits of FS3 (upper Bluesky) overlie 

the Gething-Bluesky contact (surface S2/S3). (Well 4-10-85-18w5, 595.75-598.50 m depth.)  
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is locally up to 75 cm thick. Some of these lags have angular clasts and a calcite-cemented matrix 

(e.g., Fig. 4.21). These deposits are undoubtedly reworked in a high-energy environment that 

appears to predate the Bluesky.  

Marine trace fossils are observed at the top of the Gething Formation in two of the cores in 

the study area. In core from 4-24-84-16w5, a passively filled large-diameter burrow in mudstone, 

subtending from the top of the Gething, has been filled by sandstone from FS7 from the overlying 

lower Bluesky (Fig. 4.22A), producing a Glossifungites surface. In core from 12-10-85-18w5, 

sandstones at the top of the Gething are unusually greenish brown in colour as a result of pyritized 

Skolithos traces, which potentially indicates anaerobic conditions in sea water (Thomsem and 

Vorren, 1984), suggesting flooding of the surface (Fig. 4.22B). In this same example, however, the 

uppermost surface has a rind of red-coloured cement, which is interpreted as an oxidation rind, 

suggesting subaerial exposure before deposition of the overlying FS3 channel and tidal-flat 

sandstones. 

Interpretation— The presence of chert pebbles, topography in excess of tens of metres, an 

elongate and deep incision pattern in the overlying Bluesky and local evidence of possible subaerial 

exposure at the top of the Gething Formation (immediately beneath S2) suggests that S2 is a 

sequence boundary. Remnant deposits of a very high energy system after “Gething time” and before 

“Bluesky time” (e.g., Fig. 4.22) is strongly indicative of a past fluvial system, which would support 

in incised valley interpretation of S2 (i.e. base of the Bluesky). However, the ubiquitous presence 

of subtidal to intertidal facies immediately above the surface, together with the local presence of a 

Glossifungites Ichnofacies assemblage on the surface suggests that it also represents a regional 

flooding surface. Unfortunately, the presence of high-energy facies above S2 has likely resulted in 

the removal of much of the evidence of both subaerial exposure and marine flooding.  
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Figure 4.21: Chert-clast paraconglomerate with a sandy calcite-cemented matrix (labelled as 

“Remnant of LST”). The Gething core is composed of crevasse-splay deposits (MB-L and TF-L) 

and the Bluesky (lower unit) core is composed of low-SSC channel-bar (CB-L) deposits. The 

sequence-boundary at the base of the Bluesky is a combined S2 and S3 surface. (Well 12-15-85-

18w5, 586.80-590.25 m depth.)  
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As the S2 surface rises from paleo-topographic lows, it merges regionally into the surface 

at the base of the “regional” Bluesky, which is interpreted as a transgressive (ravinement) surface 

(O’Connell, 1988). S2, however, is interpreted as being older than the base of the regional Bluesky 

Formation because it is overlain in the study area by the thick tidal deposits of the lower and upper 

bBluesky, which are capped by the glauconitic and heavily bioturbated unit that is correlated to the 

regional Bluesky. Therefore, S2 represents a combined unconformity and transgressive surface of 

erosion that formed the topography (bathymetry) at the base of a valley that predates the deposition 

of the regional Bluesky sheet-like, glauconitic sandstone body. The base of the regional Bluesky 

Formation is interpreted as a third-order flooding surface (Cant, 1996), but the localised nature of 

S2, and the fact that it is overlain by an anomalous and localized tidal sandstone body suggests that 

it could, in fact, represent an even higher-order trangression that was preserved only locally.   

Major Unit-Bounding Surface 3 (S3) 

 Description— The surface at the base of the upper Bluesky unit (S3) is invariably erosional, 

cutting down into the Mississippian, Gething or Lower Bluesky (Fig. 4.18). S3 cuts into the Gething 

(i.e., merging with S2) or into the lower Bluesky unit throughout most of the southern two thirds 

of the study area, and in the northeastern portion of the study area. In the north-central and 

northwestern portion of the study area, in the area north of the main axis of the upper Bluesky unit 

(see Fig. 4B,C), the upper Bluesky directly overlies the Mississippian, and S3 merges with the S1 

and S2 surfaces. There is up to 30 metres of topography on the S3 surface, with the thickest upper 

Bluesky successions occurring immediately northwest of the centre of the study area, where the S3 

surface cuts most deeply (Fig. 4.4C).  
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 The S3 surface is locally mantled by chert pebbles or chert granules, forming a thin 

conglomerate bed that is typically no more than a few centimetres thick (e.g., Fig. 4.22C). Evidence 

of subaerial exposure is absent in the sediments beneath S3.  

Interpretation— The S3 surface is interpreted as a sequence boundary based on the large 

amount of topography on the surface and on the presence of chert pebbles. Subsequent flooding of 

the surface is implied, based on the vertical juxtaposition of relatively seaward estuarine 

environments over distributary-channel deposits (Fig. 4.17).   

Major Unit-Bounding Surface 4 (S4) 

Description.— Surface S4 overlies the upper Bluesky throughout the southern three 

quarters of the study area and merges with the combined S1/S2/S3 surface in the northern quarter 

of the study area, north of the Bluesky zero edge, where the Wilrich shale directly overlies the 

Mississippian. The S4 surface has very little relief and is used as the datum for the study. 

Surface S4 is erosional and broadly planar at the scale of the study area, with a few 

centimetres of relief over the width of the core. A 10-75 cm-thick heavily bioturbated gluaconite-

rich sandy mudstone typically overlies the S4 surface (Fig. 4.22D). This sandy mudstone and, 

indeed the underlying few decimetres of the Bluesky, are commonly heavily bioturbated (BI 6) 

with robust Skolithos and mud-filled Teichichnus and Diplocriterion burrows (Fig. 4.22C). The 

bioturbated sandy mudstone is overlain abruptly by the shales of the Wilrich Member (Spirit River 

Formation), which have moderate to high levels of bioturbation (BI 6) with abundant Planolites 

and Helminthopsis.  

Interpretation— The S4 surface is interpreted as a ravinement surface. A marked deepening 

in water depth occurred across the S4 surface, based on the dramatic increase in bioturbation 

intensity, the robust nature of the burrows and the presence of several ichnofacies-crossing genera. 
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The S4 surface is flat and there is no evidence of subaerial exposure. This evidence supports the 

interpretation of S4 as a major flooding surface, which is corroborated by regional work that 

established the regionally equivalent surface as representative of a major basin-wide flooding event 

The presence of abundant glauconite is interpreted as a shift towards much slower deposition rates 

in a normal-marine setting. The chert and mud pebbles immediately overlying S4 are interpreted 

as a transgressive-lag deposit, with the coarse material derived from the underlying Bluesky or 

from the Paleozoic subcrop that were redistributed by tidal currents or waves during transgression.  

Minor Intra-Unit Surfaces and Depositional Packages within the Gething Formation 

Description— Disconformity surfaces are common within the Gething Formation, 

typically at the top of individual overbank (OB) successions or at the top of mouth-bar (MB-L) or 

channel-bar (CB-L) successions. These surfaces are recognized by irregular bedding contacts with 

abrupt changes in facies (commonly a relative deepening), root casts or carbonaceous rootlets that 

subtend from the hiatal surface (e.g., Fig 4.12B), diagenetic mottling associated with pedogenesis 

of the underling sediment (e.g., Fig. 4.20), and by centimetres- to decimetres-thick coal beds 

(Facies 3). Centimetres- to decimeters-thick zones of soft-sediment deformation, interpreted as 

bedding disturbed by the movement of macrofaunal organisms (e.g., dinosaurs; Fig. 4.12A) are also 

common immediately below these disconformities. These unconformity surfaces cannot be 

identified on logs with confidence, and cores are too scarce to map individual surfaces with 

confidence. The amount of topography on these surfaces is unknown. Based on evidence from 

cores, however, the disconformity surfaces become more common toward the top of the Gething 

Formation.  
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Figure 4.22: Different lithological expressions of key stratigraphic surfaces in the Gething-Bluesky 

succession. (A) Glossifungites surface (Surface S2) at the contact (Surface S2) between the Gething 

and the lower Bluesky (FS7) and the Gething (FS1). A Rhizocorallium (Rhi) burrow into the 

Gething sediments (dark gray) is back-filled with sandstone of the Bluesky Formation (brown). 
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(Well 4-24-84-16w5, 636.30 m depth.) (B) A complex surface (Surface S2) of both subaerial 

exposure, evidenced by iron-oxide cements, and marine flooding, evidenced by pyritized Skolithos. 

Lower environment is low-SSC mouth bar (Gething) and the upper environment is low-SSC tidal-

flat (upper Bluesky). (Well 12-10-85-18w5, 594.00 m depth.) (C) Pebble-conglomerate at the 

contact between the lower and upper Bluesky (surface S3). (Well 10-22-84-17w5, 608.55 m depth.) 

(D) Glauconitic bioturbated muddy sandstone (greenish grey) at the top of the Bluesky / base of 

the Wilrich (Surface S4). Large Skolithos (Sko) and Teichichnus (Tei)  burrows subtend up to 15 

cm into the sandstone at the top of the upper Bluesky unit (oil-stained, brown). (Well 8-17-84-

16w5, 660.75 m depth.) 

 

 

Interpretation— Disconformity surfaces in the Gething Formation are interpreted as high-

frequency sequence boundaries that record autogenic surfaces of exposure and subsequent flooding 

as a result of abandonment of local distributaries, mouth bars or crevasse splays.  

Minor Intra-Unit Surfaces and  

Depositional Packages within the Lower Bluesky 

 Description— Sharply erosional scour surfaces are abundant within the lower Bluesky, 

invariably occurring at the base of channel-bar successions within compositely stacked successions 

of FS6 and FS4 (Fig. 4.17). These scour surfaces are commonly overlain by deposits that contain 

fluid-mud layers, mud-pebble conglomerates or sandstone with abundant chert granules (Fig. 

4.11C). No evidence of subaerial exposure is present beneath any of these scour surfaces. 

 A basal lower Bluesky unit is composed of low- to moderate-SSC tidal channel-bar and 

tidal-flat deposits of FS4. The thickness of the FS4 successions implies channels that were no more 

than a few metres deep. Overlying high-SSC channel sandstones of FS6 within the middle part of 

the lower Bluesky, however, represent channels that were more than 6 m deep. The increase in 

channel size and SSC levels across this surface are interpreted as a deepening and potential 

landward-stepping of the deltaic unit.      
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  Interpretation— The lower Bluesky unit contains many erosional surfaces generated by the 

autogenic migration of channels, as well as by compound dunes and simple dunes that lie on bars 

within these channels. Chert granules and chert pebbles concentrated along scour surfaces are 

interpreted as lags in channel bases, where currents were strongest. Although these surfaces are 

potentially allogenic in origin, in the absence of a widespread and mappable exposure surface or 

flooding surface, ascribing an autogenic origin is preferred. Overall, the lower Bluesky appears to 

be mostly aggradational. 

Minor Intra-Unit Surfaces and Depositional Packages within the Upper Bluesky 

Description.— Erosional surfaces are common at the base of tidal channel-bar deposits 

(FS3). Truncation of underlying units is not always evident, but the top-truncated nature of 

underlying FS3 successions (low-SSC channel-bar and tidal-flat) implies erosion. No evidence of 

subaerial exposure is present beneath the erosional surfaces. Chert granules and disarticulated 

bivalve fragments are locally abundant in cross-bed sets immediately above channel bases.  

Through the central part of the study area, where the upper Bluesky is composed entirely 

of FS3, there are typically two to five stacked channel-bar and tidal-flat (FS3) successions, which 

display an overall decrease in the abundance of chert granules and mudstone layers upwards from 

one succession to the next. The surfaces separating these FS3 successions cannot be correlated 

between wells. In the west-central portion of the study area, FS8 (tidal sand ridge) overlies FS3 

(low-SSC channel-bar and tidal-flat deposits): the boundary between these successions is not 

identifiable in core because the same facies are present in both Facies successions (Facies 6L: low-

SSC cross-bedded sandstone; and Facies 8L: low-SSC low-angle to horizontally parallel-laminated 

sandstone). Thus, no distinct surfaces of stratigraphic importance can be recognized in this part of 

the study area.  
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A locally chert-granule and chert-pebble-rich unit composed of FS4 overlies surface S2 

(e.g., Fig. 4.11C,E) and is, in turn, overlain by thicker, cleaner (i.e., less muddy) sandstones of FS3 

(this unit is well-developed though the central part of section A-A’ in Fig. 4.17) although lags are 

common near the base of FS3 successions. This stacking arrangement indicates a deepening of 

channels across this surface and landward migration of clean, outer estuary sandstones over more 

marginal (and landward?) channel-bar and tidal-flat deposits.  

Interpretation— Erosion surfaces between FS3 successions are interpreted as the result of 

autogenic migration of tidal channels and their associated tidal flats. However, the significant 

upward decrease in mudstone content and chert content, and the upward increase in grain size, 

between successive FS3 units (each of which represents a single channel-bar-flat succession), 

suggest that their bounding surfaces represent fundamental breaks in deposition, where each FS3 

succession had lower SSCs and less local sourcing of coarse chert (see further discussion, below). 

This is interpreted as a landward migration of channel bars and tidal flats, with each successive FS3 

succession reflecting seaward coarsening and seaward cleaning that is predicted from process 

models of tide-dominated estuaries (Dalrymple and Choi, 2007; Dalrymple et al., 2012). As with 

the Lower Bluesky, the absence of evidence for subaerial exposure and marine flooding associated 

with these erosional surfaces neither preclude nor confirm the presence of an unconformity or 

flooding surface.  

SEQUENCE-STRATIGRAPHIC INTERPRETATION 

Gething Formation 

Overall, the Gething Formation is interpreted as a fourth-order sequence belonging to the 

early part of the third-order transgressive systems tract. Infilling of topographic lows on the sub-

Cretaceous unconformity (S1) by the Gething Formation is considered to reflect coastal onlap in 
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the early part of the transgressive systems-tract (Fig. 4.4A) (Cant and Abrahamson, 1996). Higher-

order depositional sequences are interpreted to be present based on the abundance of subaerial 

unconformity surfaces.  

The lack of a pervasive shift towards more seaward facies is consistent with long-term 

aggradation and the associated onlap of the Paleozoic highlands, with long-term sedimentation 

matching the rate of subsidence. The upward-hotter profile in the gamma-ray log below the high-

gamma-ray marker suggests that the lower unit may represent a transgressive succession of back-

stepping tidally influenced river systems. Other authors (O’Connell, 1988; Cant and Abrahamson, 

1996) observed localized fluvial deposits that are similarly thick and relatively coarse grained, 

interpreted as incised-valley deposits, several tens of kilometres to the west of the study area. These 

higher-order valley-fill sequences are also roughly time-equivalent to abundant incised valleys in 

the more easterly McMurray Formation, whose valley-fill successions also show tidal influence 

(e.g., Feldman et al., 2008; Musial et al, 2011).  

The upward-cleaner/sandier overall profile above the high-gamma-ray marker suggests 

that the upper part of the Gething is regressive, overall, consisting of progradational, fluvially 

dominated coastal-plain deposits that are interpreted to be part of a regional deltaic system (cf. 

Jackson, 1984; Hayes et al., 1994; Cant and Abrahamson, 1996). The increases in pedogenic 

surfaces, rooted horizons (e.g., Fig. 4.12C) and coal deposits toward the top of the Gething 

Formation indicate a general slower rate of base-level rise and increasingly more persistent 

subaerial exposure. It is difficult to speculate on the nature of the cause(s) of the higher-order 

surfaces separating FS1 cycles (e.g., eustasy, tectonic subsidence or salt withdrawal); however, 

based on the thickness of FS1 successions, higher-order fluctuations in relative sea-level appear to 

have been of the order of a 2-10 metres.  
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Lower Bluesky Unit 

The lower Bluesky facies represent environments that are either similar to or 

bathymetrically deeper and more distal than those of the underlying Gething Formation. This 

indicates the presence of a flooding surface (S2) and is consistent with the longer-term transgressive 

nature of the succession. The presence of exposure surfaces at the top of the Gething Formation 

(e.g., Fig. 4.21) indicates that there was subaerial exposure at least locally. The absence of a clearly 

identifiable inter-valley exposure surface, however, does not preclude the possibility of a 

significant lowstand incision event since they could have been removed by erosion associated with 

energetic tidal channels during deposition of the lower Bluesky. Sequence boundaries are 

notoriously difficult to identify from core-based data sets (cf., Van Wagoner, 1991; Feldman et al., 

2008) and, indeed, where sequence boundaries are interpreted at the base of tidally deposited 

sandstones in other studies (e.g., Mellere and Steel, 1995a/b; Nio and Yang, 1991; Willis et al., 

1999; Willis and Gabel, 2003), subaerial exposure surfaces are invariably noted as absent.  

The presence of coarse sand grains and abundant chert-pebble lags above Surface S2 

potentially indicates the previous existence of a high-energy fluvial system (cf., Shanley et al., 

1992; Willis and Gabel, 2001; Bhattacharya and Willis, 2001). The absence of any definitive 

coarse-grained fluvial deposits (recall that the pebble conglomerates that overlie S2 contain fluid-

mud layers indicating a marginal-marine origin) implies that any lowstand deposits were 

completely reworked by tidal process, leaving only coarse-grained tidal-fluvial channel deposits. 

Local occurrences of chert-granule conglomerates (as opposed to the thin pebble-lags or the 

isolated chert granules “floating” amongst much finer sand) observed at the base of several wells 

through the main axis of the Bluesky deposit are so much coarser (in terms of modal grain size) 

than either the underlying Gething or the overlying Bluesky that they seem likely to have been 
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associated with a completely different systems tract and with a higher-energy system. In tide-

dominated systems, the strongest tidal currents, and hence the tidal-channel deposits that form 

during transgression, are likely to be coincident spatially with pre-existing fluvial channels. The 

presence of fluid-mud deposits, non-cyclic bundling of thin mud layers, and double mud drapes 

within these coarse deposits indicate some tidal influence. Whether these deposits were formed by 

a tidally influenced fluvial system during a high-frequency fall in sea-level or during the subsequent 

sea-level rise cannot be determined from the information at hand (cf. Bhattacharya, 2011).  The 

significant valley-like topography on the S2 surface (Fig. 4.4B) can be explained to some degree 

by scouring by fluvial currents (during sea-level fall) or by tidal currents (during sea-level rise or 

sea-level fall).  

The down-cutting of distributary channels into well-sorted and finer-grained mouth-bar 

deposits in the lower Bluesky (e.g., Fig. 4.11B; Fig 4.17B) is consistent with progradation of a tide-

dominated deltaic setting  in static or falling relative-sea-level conditions (cf., Dalrymple et al., 

2003). The common occurrence of amalgamated distributary-channel deposits (FS6) along the 

thickest part of the valley (Fig 4.23), with no intervening (coeval) tidal-flat deposits (e.g., Fig. 

4.11G), is explained by persistent tidal ravinement in channel-base environments during base-level 

rise, under conditions of relatively balanced sedimentation rate and accommodation. Bhattacharya 

(2010) makes a convincing case that distributaries of tide-dominated deltas tend to remain in the 

same place over multiple active-abandonment cycles because tidal currents keep them open during 

the abandonment phase. Thus there is a strong likelihood that if the study area lies within the general 

axis of the depositional system, tidal flat deposits are less likely to be preserved. Isolated 

occurrences of mixed sand-mud tidal-flat deposits that overlie high-SSC channel-bar deposits (e.g., 

Fig. 4.17) are restricted to the flanks of the thickest part of the Bluesky and suggest that tidal-flat 

deposits were adjacent to the channels (Fig. 4.23).  
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Figure 4.23: Map showing the lower and upper Bluesky valley axes. The axis outlines follow the 

25 m isopach for the lower unit and the 15 m isopach for the upper unit. The area within the lower 

Bluesky valley-axis outline is composed almost entirely of channel-bar facies of FS5 and  FS6. The 

area outside the lower Bluesky valley-axis outline is composed of tidal-flat facies of FS5 and FS7, 

as well as delta-front successions of FS2. The area within the upper Bluesky valley-axis outline is 

composed almost entirely of channel-bar facies of FS3 and tidal sand-ridge successions of FS8. 

The area outside of the upper Bluesky valley axis is composed almost entirely of tidal-flat facies 

of FS4.  

 

The localised occurrence of low- to moderate-SSC tidal flats at the base of the lower 

Bluesky, overlain by moderate- to high-SSC tidal channel-bar and tidal-flat deposits (e.g., Fig. 

4.11D) represents an upward-deepening of facies and reflects a back-stepping of the deltaic system. 

This retrogressive stacking of deltaic environments is predicted for a back-stepping tide-dominated 

system, whereby the landward migration of the system’s “funnel” places more seaward (and axial) 

facies over more landward and marginal facies (Dalrymple and Zaitlin, 1994). This relationship 
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implies that the surfaces separating the tidal-flat facies from overlying channel-bar deposits are, in 

fact, flooding surfaces.  

Upper Bluesky Unit 

Composite stacking of two to four individual outer-estuary tidal-bar and tidal-flat 

successions (FS3) that shows progressively less muddy and lower-SSC facies in each overlying 

cycle suggests that each successive FS3 cycle represents a more distal position within the outer 

estuary over time (implying transgressive conditions). The finer-grained and muddier FS3 and FS4 

successions to the east and the south of the study area (outside of the main axis of the Upper 

Bluesky) are interpreted as deposition of muddier, estuary-margin tidal flats that escaped tidal 

ravinement as the estuary migrated southeastward as the transgression progressed (Fig. 4.23). 

Muddy tidal-channel and tidal-flat deposits, which are predicted to have existed in the middle to 

inner portion of the estuarine system (following the process models of Dalrymple et al., 2012), 

were presumably either not preserved in the upper Bluesky because sedimentation rates were 

insufficient for significant tidal-flat progradation, or because of ravinement and cannibilisation 

during estuary retreat (cf. Dalrymple and Zaitlin, 1994). The increase in wave influence observed 

at the top of the upper Bluesky unit is interpreted as the result of gradual loss of confinement as the 

system migrated landward. 

As with the lower Bluesky, the upward decrease in the abundance of coarse chert above S3 

(i.e., above the base of the upper Bluesky) is interpreted as the result of less scavenging from the 

Paleozoic subcrop surface as the upper Bluesky unit progressively buried Paleozoic outcrops.  

The absence of evidence of subaerial exposure beneath the S3 surface neither supports nor 

negates the presence of a sequence boundary beneath the upper Bluesky. The local abundance of 

chert granules and chert pebbles at the base of the upper Bluesky suggests that the incision could 
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have been a lowstand event that carried coarse sediment through the area, in which case S3 is also 

a sequence boundary, with complete reworking of those lowstand deposits during the subsequent 

transgression. The lesser abundance of coarse material in the upper Bluesky than in the lower 

Bluesky, and the absence of any conglomeratic units that could be indicative of lowstand or 

transgressive deposits, suggests that S3 might have been a less pronounced lowstand event. Energy 

levels in the channels of the upper Bluesky do not appear to have been higher than in the lower 

Bluesky, so we do not invoke stronger tidal reworking of sediment as a mechanism for reducing 

the abundance of coarse lowstand material.  

Although there is no appreciable change in water depth or relative proximal-distal position 

of the environments above and below S3, there is a fundamental change in the nature of the 

depositional system across surface S3. The sediments above S3 are distinctly less muddy and have 

lower-SSC facies than in the lower Bluesky. The upward decrease in mudstone over successive 

channel-bar and tidal-flat cycles within FS3 suggests that the fluvial output in the system was 

diminished relative to the system’s ability to store fine sediment in more landward positions, which 

is more indicative of an estuary rather than that of a delta. Additionally, the overall decrease in 

grain size and the increase in sorting from the lower to the Upper Bluesky are strong indications 

that the lower Bluesky sediment was reworked significantly by marine processes during landward 

transport associated with transgression, which again aligns with the characteristics of an estuary 

rather than those of a delta. The change from deltaic deposition beneath S3 to estuarine deposition 

above S3 is strong evidence for interpreting S3 as a flooding surface combined with the interpreted 

sequence-boundary designation.  
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Summary 

Overall, the Gething to Wilrich succession represents the transition from an early 

transgressive systems-tract deposit, near the turnaround in sea-level (represented by the deposits of 

the Gething Formation), to a transgressive systems-tract deposit (represented by the deposits of the 

Bluesky Formation) within a 3rd-order transgressive systems tract. The base of the Gething 

Formation (S1) is a third-order sequence boundary and the base of the Wilrich shale is a third-order 

maximum flooding surface (S4) (Cant, 1996). Three higher-order depositional sequences and 

parasequences are bounded by combined unconformity and flooding surfaces (S1, S2, S3) that 

punctuate the longer-term transgression. These three units produce a transgressive sequence set 

(sensu Mitchum and Van Vagoner, 1991) as each unit is punctuated by higher-order flooding 

surfaces and the succession is back-stepping, overall. Surface S2 is a combined sequence boundary 

and flooding surface and marks a fundamental change from fluvial dominance (Gething) to tidal 

dominance (Bluesky), and is accompanied by a major grain-size coarsening and deep incision. S3 

is interpreted as a sequence boundary and flooding surface, but it does not mark a change in the 

nature of the system (i.e., tide-dominated both below and above S3). Rather, it marks a shift from 

sedimentation-dominated to accommodation-dominated transport of sediment (i.e., landward, 

rather than seaward, transportation of sand) from the lower to upper Bluesky. As well, channel-bar 

and tidal-flat successions and the thick tidal sand-ridge successions in the upper Bluesky unit are 

thicker and more conformable (i.e., fewer erosional surfaces) than the distributary-channel 

successions of the tide-dominated deltaic deposits. This is a further indication of increased 

accommodation in the upper Bluesky, relative to the lower Bluesky. Surfaces S2 and S3 are 

interpreted as fourth- or higher-order surfaces because they punctuate the third-order transgression. 

The stacking of larger (thicker) deltaic channel-bar and tidal-flat successions over smaller tidal-

channel and tidal-flat deposits, both within the deltaic lower Bluesky unit (e.g., basal-most two 
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metres of the core shown in Fig. 4.11G) and in the estuarine upper Bluesky unit (e.g., Fig. 4.11E), 

implies a landward migration of the whole system, positioning the deposits of deeper and more 

seaward channels over the deposits of shallower and more landward channels. Pronounced fluvial 

incision events that occurred through at least three fourth-order regressive-transgressive cycles are 

documented in the time-equivalent Glauconitic Formation, several tens of kilometres south of the 

study area (Hayes et al., 1994), indicating that these higher-frequency base-level changes were 

basin-wide events and not driven by local structural movements.  

DISCUSSION 

 The Gething-Bluesky succession within the study area records the transition from a long-

lived subaerial unconformity (surface S1) through a back-stepping set of marginal-marine to fully 

marine environments (above surface S4). Although all of the environements are broadly “coastal” 

in nature, there is an overall backstepping from facies that are abundant within the subaerial delta 

plain (Gething), through distributary-channel and mouth-bar deposits (lower Bluesky), to outer-

estuary and shelfal deposits of the upper Bluesky. In these general terms, the local succession fits 

the broadly accepted interpretation of the Gething-Bluesky succession as a third-order late-

lowstand to transgressive systems tract (cf. Jackson, 1984; O’Connell, 1988; Cant, 1996). The local 

succession differs from the regional Lower Mannville succession, however, because of the presence 

of a localized and thick, sharp-based, complexly stratified tidal sandstone body within the Bluesky 

Formation in the Peace River area. Similarly complex tidal sandstone bodies with limited aerial 

extent have been interpreted as both tide-dominated deltaic and tide-dominated estuarine bodies 

within incised-valley fills (e.g., the Bearpaw and Horseshoe Canyon Formations (Rahmani ,1988); 

the Seminoe 3 Sandstone (Mellere and Steel, 1995a,b); the Sego Sandstone (Willis and Gabel, 

2001, 2003); Eocene Central Basin of Spitzbergen (Plink-Björklund and Steel, 2006). We similarly 
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interpret an incised-valley origin for both the lower and upper Bluesky based on the constrained 

width of the Bluesky sandstone body (over 10 km wide), the depth of incision (up to 35 m in both 

units) and the distinct pebble lags at their respective bases. Although valley incision can be caused 

by climatic changes rather than relative sea-level fall (Dalrymple, 2006), the documentation of 

higher-order (fourth-order?) sequences associated with relative sea-level change within the Bluesky 

and its equivalents to the west and south provide evidence for sea-level-driven incision events 

during deposition of the Bluesky (O’Connell, 1988; Wood and Hopkins, 1989; Walsh, 1999). It is 

important to bear in mind that the tidal dominance of the Bluesky is not a product, strictly speaking, 

of the presence of the valley: large rivers that are not constrained to valleys commonly have 

significant tidal influence at their mouths as a result of the relatively low-relief coastal plain, which 

increases the tidal prism because of the long distance of inland penetration of the tide (Dalrymple, 

2010b). The presence of both wave-dominated deposition and tide-dominated deposition along a 

coeval shoreline (Fig. 4.3) would probably have occurred even in the absence of a distinct valley. 

Therefore, the discussion that follows (particularly with respect to differentiating deltas and 

estuaries, and to the influence of tidal scouring) is applicable to tide-dominated deposits of both 

incised-valley and non-incised valley settings.   

Potential Controls on the Location of the Tide-Dominated Bluesky Sandstone Body 

The paleogeographic position of the Bluesky tidal sandstone body implies that a major 

river system, the lower reaches of which were tide-dominated, ran northward along the western 

flank of the Paleozoic highlands on the east side of the depositional basin (Fig. 4.3). The apparent 

existence of a major trunk system only a few kilometres from its eastern preservational edge is 

striking, particularly because the Bluesky Formation extends for hundreds of kilometres to the west 

with no evidence of a similarly large river system. The development of a major trunk system 
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abutting the emergent Missippian highlands suggests there was greater relative subsidence away 

from the orogenic load, with eastward migration of a fluvial system limited by the Mississippian 

highlands. Increased subsidence away from the orogenic load to the west is consistent with 

cessation of loading at the end of Gething time (Cant and Abrahamson, 1996), which would have 

resulted in relaxation as the orogenic load was removed by erosion, with the associated uplift of 

areas immediately adjacent to the orogeny. This would also represent a transition towards longer-

wavelength lithospheric flexure and eastward migration, or the collapse of a peripheral bulge (cf., 

Heller et al.,, 1988; Flemings and Jordan, 1990), to which the Mississippian highlands have been 

attributed (Hubbard et al., 1999). Thus, uplift in the west and subsidence of the peripheral bulge 

could have had the net effect of increasing accommodation within the study area. Confinement of 

major fluvial and tidal systems along the western flank of the Missippian highlands during the two 

high-frequency lowstands recorded in the study area (i.e., the S2 and S3 surfaces) would contribute 

toward the nesting of the two incised valleys. The post-S2 and post-S3 transgressions could have 

resulted in wave-dominated deposits across most of the area, but with accentuated tidal-current 

action along the axes of the drowned fluvial valleys (Fig. 4.23). The significant coarsening of modal 

grain size from the Gething Formation into the lower Bluesky Formation could also be related to 

the greater export of coarse material associated with a major trunk system passing through the study 

area.  

Distinction between Deltaic and Estuarine Deposits and the  

Determination of Proximal-Distal Position 

 Nearly all documented ancient tidal sandstone bodies are composite in nature, with 

depositional elements of both deltaic and estuarine systems whose interpretations are based 

primarily on the presence of either progradational or retrogradational stacking of environments 
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(e.g., Mellere and Steel, 1995a,b; Willis et al., 1999; Willis and Gabel, 2001, 2003; Plink-Björklund 

and Steel, 2006; Legler et al., 2013). In the tide-dominated lower Bluesky, transgressive stacking 

of deltaic facies is suggested by an upward increase in implied channel depths (determined from 

mud-layer assemblages and the thickness of channel-flat successions in FS4 and FS6), but the high-

frequency units themselves have insufficient vertical thickness to record more than the deposit of 

a single environment. A similar trend is noted in the upper Bluesky, where transgressive stacking 

is interpreted based on upward decreases in mudstone content and SSCs through vertically stacked 

FS3 successions that are separated by high-frequency erosional surfaces. In other ancient tide-

dominated estuary deposits, there is a gradation from coarser-grained cross-bedded tidally 

deposited sandstone into finer-grained and progressively more bioturbated wave-deposited 

sandstones and shales (e.g., Willis and Gabel, 2003). No such gradation of progressively more 

seaward facies is seen in the upper Bluesky.   

The absence of clear progradational stacking of facies in the lower Bluesky and clear 

retrogradational stacking of facies in the upper Bluesky demonstrates the limitation of relying 

solely on sequential stacking of facies successions in low-accommodation settings to differentiate 

between deltaic and estuarine deposits. The interpretations presented here that support deltaic or 

estuarine origins are made through careful comparisons of the lithological composition of each 

valley fill, with particular attention paid to the inferred suspended-sediment concentrations as 

determined from the characteristics of the mudstone layers (following the approach of Chapter 2), 

from spatial changes in grain size, and by the presence of morphological elements that are unique 

to each of tide-dominated deltas and tide-dominated estuaries. 

The lower Bluesky unit displays the full range of mudstone types, with a proportionately 

large number of fluid-mud layers, whereas the upper Bluesky either had no mud present or only 
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thin (< 2 mm) slackwater-deposited mudstone layers. We believe that this significant difference 

should be broadly representative of the difference between tide-dominated deltaic and estuarine 

deposits because deltas generally transport fine sediment more effectively to their mouth than 

estuaries, which typically store mud in tidal-flat and salt-marsh environments (which both have low 

preservation potential) near their head, leaving areas near their mouth with low SSCs. Indeed, the 

upper Bluesky unit has low-SSC facies that are similar to the outer part of the Cobequid – Salmon 

River estuary in the Bay of Fundy in Nova Scotia, Canada: Dalrymple, 1984; Dalrymple et al., 

1990). Other ancient tide-dominated estuarine examples also have low-SSC mudstone assemblages 

or no mudstone at all (e.g., Driese et al., 1981; Greb and Archer, 1995; Willis et al., 2001, 2003; 

Yoshida et al., 2004; Plink-Björklund, 2005; Plink-Björklund and Steel, 2006). The deposits of the 

lower Bluesky unit strongly resemble modern soft-sediment cores taken from the distributaries and 

delta-front of the tide-dominated Fly River and Amazon River deltas, where the centimetres- to 

decimeters-scale interbedding of sand and fluid-mud layers is prevalent (cf., Kuehl et al., 1986; 

Jaeger and Nittrouer, 1995; Dalrymple et al., 2003). Unlike modern tide-dominated deltas, 

however, the handful of ancient tidally influenced and tide-dominated deltaic deposits that have 

been studied are considerably different than the Bluesky and, indeed, than the Fly or Amazon deltas 

(Mellere and Steel, 1995a,b; Mellere and Steel, 1996; Willis et al., 1999; Martinius et al., 2001; 

McCrimmon and Arnott, 2002; Ponten and Plink-Björklund, 2007; Hovikoski et al., 2008; 

Tanavsuu-Milkeviciene and Plink-Björklund, 2009; Legler et al., 2013). Although all of these 

ancient examples have facies with some lithological elements that are similar to those in the 

Bluesky, they lack the combination of the following attributes that we observed in the lower 

Bluesky, and believe to be characteristic of tide-dominated deltaic deposits: (1) locally abundant 

fluid-mud layers that result from high turbidity in channel bases; (2) low bioturbation indices that 

result from stress attributed to strong tidal currents, high turbidity and reduced and/or fluctuating 
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salinity; and (3) heterolithic bedding styles that are attributed to waxing and waning tidal currents 

in the presence of high suspended-sediment concentrations. Overall, we particularly consider the 

presence of fluid-mud layers in channel-bar and delta-front deposits to be a strong indicator of a 

tide-dominated deltaic environment (Chapter 3). The corollary to these observations is that an 

abundance of evidence of tidal influence in monolithic sandstone with little or no mudstone should 

be considered a strong indicator of tide-dominated estuarine deposition. Nevertheless, the fact that 

several studies of ancient tide-dominated deltaic deposits do not contain abundant mudstone 

suggests that using mudstone layers to distinguish between a deltaic or estuarine origin requires 

further testing in both modern and ancient settings.  

 The prevalence of tidal channel-bar and tidal-flat deposits in the Bluesky (they comprise 

over 80% of Bluesky deposits) is significant in terms of distinguishing between deltaic and 

estuarine deposition because they are abundant in both tide-dominated deltas and estuaries. 

Morphologically, these elements will be fundamentally the same (i.e., they produce the same type 

of succession in terms of the characteristics of the sandstone layers), regardless of where they occur 

spatially within a delta or an estuary: thus, in order to distinguish between estuaries and deltas from 

facies stacking patterns, it is necessary to be able to distinguish proximal-distal position using the 

mudstone layers in channel-bar and tidal-flat settings (Chapter 3). Although channel-bars and flats 

are common to both tide-dominated deltas and estuaries throughout most of their length, their 

seaward zones are considerably different, and are used here as additional evidence for 

distinguishing between the two types of system. The seaward end of tide-dominated deltas is 

composed of elongate tidal mouth bars that pass seaward into a broad, shallow low-relief, mud-rich 

subaqueous delta front (e.g., Saito et al., 2001; Hori et al., 2002; Cummings et al., 2012). Thus, the 

presence of delta-front and mouth-bar deposits of FS2 in the lower Bluesky is considered to be 

strong evidence of deltaic deposition. The seaward end of tide-dominated estuaries, in comparison, 
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is commonly free of mud and consists of large tidal sand bars and ridges, often in relatively deep 

water, reflective of a shelfal setting (Fig. 3.1A) (e.g., Dalrymple et al., 1990; Ryan et al., 2007). 

The tidal sand-ridge deposits of FS8 in the upper Bluesky are, therefore, interpreted as strong 

evidence of tide-dominated estuarine deposition.  

 Longitudinal changes in grain size in the lower and upper Bluesky reflect deltaic and 

estuarine deposition, respectively. In the lower Bluesky, there is a seaward fining of the sand 

fraction, which is particularly notable in the northward transition from medium to coarse 

distributary-channel deposits (FS6) into upper very fine to fine delta-front and mouth-bar deposits 

(FS2). Also, moderate-SSC tidal flats (FS7) could not be correlated gradationally into FS6; they 

clearly represent a more seaward facies and are much finer grained. Conversely, the upper Bluesky 

shows a distinct seaward coarsening. Low-SSC to moderate-SSC channel-bar and tidal-flat 

successions (FS3 and FS4) coarsen both in a seaward direction (into tidal sand ridge successions 

of FS8) and upwards in locations where they are stacked vertically. These grain-size changes are 

consistent with the longitudinal trends predicted from process models of both deltas and estuaries 

(Figures 3.1 and 3.2).  

Effects of Tidal Scour on the Preservation of Tidal Successions 

 Particularly strong tidal currents could have resulted in deep scouring and deepening of the 

incised valley beyond what would be predicted from fluvial currents alone, and could have 

promoted the vertical superposition (“nesting”) of subsequent tidal (or fluvial) valleys (cf., Berné 

et al., 2002; Dalrymple, 2010b; Plink-Björklund, 2012). Active distributary channels in some of 

the world’s modern tide-dominated deltas (e.g., the Fly, Yangtze and Amazon river deltas) are 5-

10 m deep and up to 20 metres deep within the subaerial delta plain, and extend to depths of less 

than 10-15 metres throughout most of the subaqueous delta plain (Dalrymple et al., 2003; Jaeger 



 

275 

 

and Nittrouer, 1995). Both the upper and lower Bluesky have valley depths of 35 m, which, using 

modern analogues, suggests that tidal incision, alone, would have been insufficient to cut the valley 

in which deltaic sediments accumulated (cf., Willis and Gabel, 2001; Willis and Gabel, 2003).  

 Tidal ravinement is known to result in deep scouring of underlying deposits, thereby 

reducing the preservation potential of a relatively complete or ideal succession of deposits (Willis 

and Gabel, 2003; Dalrymple, 2010a; Ichaso and Dalrymple, 2014). Deep tidal ravinement at the 

base of tidal channels in the Bluesky Formation has resulted in a bias toward the preservation of 

subtidal and lower intertidal sub-environments, and a near absence of upper intertidal and supratidal 

deposits, which would architecturally represent deltaic topsets. In contrast, the Gething Formation 

has abundant coals, paleosols and evidence of macrofaunal bioturbation, all of which represent 

relatively high-elevation facies on the coastal plain. The abundance of exposure surfaces in the 

Gething Formation is consistent with a low-accommodation setting that would be predicted for an 

early-transgressive systems tract deposit, but the preservation of more bathymetrically complete 

vertical successions than the Bluesky Formation (late-transgressive systems tract), is counter to the 

notion that more complete stratigraphic successions can be preserved under conditions of more 

rapid sea-level rise (Posamentier and Allen, 1999). We interpret the preservation of higher-

elevation facies in the Gething more as a function of the lower-energy nature of the Gething 

Formation and, in particular, of the absence of prominent tidal scour that reduced the preservation 

potential of upper intertidal and supratidal environments in the Bluesky, irrespective of the amount 

of accommodation. Thus, the development of tide-dominant conditions can potentially result in a 

period of lower preservation potential of shallower facies, regardless of the sea-level and 

accommodation history. Along the axis of tide-domianted systems, in particular, erosion by tidal 

channels appears to result in relatively thick stacked successions of subtidal and lower intertidal 

deposits with an abundance of tidally generated scour surfaces.  
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 The absence of upper intertidal and supratidal facies could also be depositional in nature: 

in the tide-dominated deltaic deposits of the Devonian Kernave and Arukula formations of the 

Baltic Basin, delta top sets (and their associated facies) are absent, whereas in the tide-influenced 

Gauja Formation, top sets are present and are composed of overbank, lacustrine and crevasse-splay 

deposits (Tanavsuu-Milkevicienne and Plink-Björklund, 2009; Plink-Björklund, 2012). These 

authors suggest that the absence of top sets in tide-dominated deltaic deposits results from the fact 

that tide-dominated deltas have very broad subaqueous delta platforms on which there are no 

intertidal and supratidal deposits, as a result of effective seaward export of fine-grained sediment. 

By contrast, tide-influenced deltas distribute fine-grained sediment seaward less efficiently and are 

able to grow into the intertidal and supratidal zones over a larger fraction of the delta plain. 

Similarly for tide-dominated estuaries, tidal reworking effectively redistributes sediments, but 

moves it in a landward direction, continuously cannibalizing upper intertidal and supratidal deposits 

as the system transgresses (Dalrymple and Zaitlin, 1994). These observations are consistent with 

differences between the tide-influenced/river-dominated Gething Formation, which has topset-

deposited facies and no fixed depocentre, and the tide-dominated Bluesky Formation, where no 

topset facies are observed and there is little evidence of lateral migration of the system throughout 

the region (cf., Bhattacharya, 2010). It can be stated based on these observations from the Gething-

Bluesky succession, therefore, that it might be difficult in tide-dominated succession to distinguish 

high- vs. low- accommodation regimes based on the “bathymetric completeness” of vertical 

successions (cf., Dalrymple, 2010a; Ichaso, 2012).  

 The interpretation of surface hierarchies in abundantly scoured tidal deposits such as the 

Bluesky is difficult, even in areas with excellent outcrop (Willis and Gabel, 2003), let alone in core-

based studies. The pervasiveness of high-energy channelized facies at the base of nearly all 

successions in the Bluesky makes it difficult to interpret the nature of their bounding surfaces 
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because evidence of subaerial exposure, as well as evidence of marine transgression, is likely to 

have been eroded as a result of strong tidal currents in the base of the channels. Thin pebble lags, 

chert-granule conglomerates and poorly sorted coarse-grained facies are likely the most easily 

observed criteria for identifying sequence boundaries in tide-dominated sandstone bodies formed 

during high-frequency changes in sea level (cf., Willis and Gabel, 2003). 

CONCLUSION 

The Gething-Bluesky succession comprises river-dominated and tide-dominated deposits 

associated with a northward draining depositional system whose axis was parallel to the Cordilleran 

orogenic belt to the west. Fluvially dominated deposits of the Gething Formation are consistent 

with regional interpretations of the Gething, but the Bluesky Formation records an anomalously 

thick complexly heteroithic sandstone that records two localised incised-valley fills, the tidal origin 

of which departs from the wave-dominated facies the Bluesky succession elsewhre in the region. 

The two Bluesky valley fills were deposited at the terminus of a very large river system that was 

tide-dominated at its mouth. This tide-dominated system is situated at the easternmost edge of the 

drainage basin, abutting the western margin of an elongate Mississippian bedrock high. This 

position may have been controlled by a combination of eastward tilting of the basin in response to 

isostatic and elastic rebound, supplemented to an unknown extent by locally generated 

accommodation associated with the eastern margin of the long-lived Peace River Arch and subtle 

topographic control of reefs in the underlying Mississippian succession, although further 

investigation is required to quantify the relative influence of these mechanisms.  

The Gething-Bluesky succession is interpreted to have formed under conditions of overall 

shoreline retreat, but with alternating regressions and transgressions due to higher-frequency 

changes in relative sea level, as evidenced by the combined sequence boundaries and flooding 
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surfaces that underlie the valleys. Clearly identifiable higher-order falling-stage and lowstand 

deposits are not present within the incised valley due to low accommodation and tidal ravinement 

processes. Across the sequence boundaries that underlie the two valleys, there is no clear seaward 

shift in facies, as one would expect in a longer-term transgressive systems-tract deposit. Instead, 

there are punctuated changes in the fundamental nature of the depositional system, in terms of the 

relative influence of river currents and tidal currents. The Gething Formation is composed of low-

energy fluvially dominated deposits whereas the Bluesky is composed of much higher-energy tide-

dominated deltaic and estuarine deposits, for the lower and upper Bluesky units, respectively. 

Progradational and retrogradational stacking of environments, which is typically used to 

interpret deltaic and estuarine origins for a deposit, are not clearly identifiable within the two 

Bluesky units because low accommodation has resulted in very little vertical stacking of contiguous 

facies. Instead, the distinction between deltaic and estuarine origins for the lower and upper 

Bluesky units, respectively, is made based on differences in the character of the mudstone layers, 

spatial grain-size trends and the presence of environments that are unique to each type of system 

(e.g., mouth bars in the deltaic succession; tidal sand ridges in the estuarine succession). Mudstone 

layers in the deltaic lower Bluesky reflect a predominantly mud-exporting tide-dominated system 

where suspended-sediment concentrations were relatively high in the seaward reaches of the 

system. Mudstone layers in the estuarine upper Bluesky reflect a system where there was sufficient 

accommodation to store mud in landward areas resulting in relatively low suspended-sediment 

concentrations in the seaward reaches of the system. Seaward fining and the presence of moderate- 

to high-SSC mouth bar deposits in the lower Bluesky are consistent with progradational deltaic 

deposition, whereas seaward coarsening and the presence of low-SSC tidal sand ridges in the upper 

Bluesky are consistent with transgressive estuarine deposition.    
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The Gething Formation records abundant subaerial unconformity surfaces and facies that 

are typically bathymetrically shallower, but not necessarily more landward, than those of the 

Bluesky formation, which is dominated by subtidal deposits and contains only rare upper intertidal 

facies and no supratidal facies. The generally aggradational stacking of facies, but with preservation 

of progressively “deeper” facies across the whole Gething-Bluesky contact is attributed to the 

effects of tidal scour and ravinement, and to the spatial persistence of the axis of the Bluesky-age 

depositional systems, which allowed strong tidal currents in axial channels to effectively 

redistribute sediment without a significant preservation of upper intertidal to supratidal 

environments.  

These observations indicate that the preservation of facies and the sequence-stratigraphic 

organization of tide-dominated deposits are greatly affected by tidal ravinement processes. The 

truncation of upper intertidal and supratidal facies results in facies stacking patterns that reflect 

progradational and retrogradational deposition less reliably in tide-dominated systems than in their 

river- and wave-dominated counterparts. Instead, the distinction between deltaic and estuarine 

origins for tide-dominated deposits is most reliably determined by the analysis of mudstone-layer 

characteristics (in particular, as they reflect suspended-sediment concentration) in their subtidal and 

seaward environments, which have the highest preservation potential because of the removal of 

shallower and more landward deposits during periods of shoreline retreat. The bias towards the 

preservation of subtidal and seaward deposits in tide-dominated systems highlights the need to 

refine the facies models for these environments. That there are only a fewseveral studies of ancient, 

or modern, tide-dominated systems that describe and interpret subtidal environments at a high level 

of detail is incongruous, especially given the overwhelming focus that studies of modern systems 

have placed on the sedimentary character of intertidal and supratidal settings.   
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Chapter 5 

General Summary and Discussion 

The Lower Cretaceous Gething and Bluesky formations (west-central Alberta, Canada) 

comprise marginal-marine deposits that formed in association with a third-order flooding event (~ 

0.5-3.0 m.y. in duration) within a shallow foreland basin associated with the Columbian orogeny. 

The Gething-Bluesky succession that was investigated in this study using core and well-log data 

represents river-dominated and tide-dominated deposits, respectively. The Gething Formation, 

which comprises the early transgressive systems tract, is composed predominantly of low-energy 

coastal-plain facies that can be correlated regionally over much of western Alberta (Stott, 1973; 

Jackson, 1984; Cant, 1996). The Bluesky Formation, which comprises late transgressive systems-

tract deposits, is composed of thick tide-dominated deltaic and estuarine sandstones (up to 50 m 

thick) that are only documented within the study area discussed here (Chapter 4). Elsewhere in the 

region, the Bluesky Formation is, by contrast, thinner (< 20 m) and wave-dominated. Within the 

study area, the Bluesky sandstone is subdivided into a lower and an upper unit, both of which are 

underlain by deeply cutting unconformity surfaces with up to 40 m of relief that are interpreted as 

4th-order sequence boundaries (Chapter 4). The lower Bluesky unit is pervasively heterolithic 

(sandstone-dominated) with abundant fluid-mud layers, and is interpreted as deltaic in origin with 

lithofacies that are similar to modern deposits in the tide-dominated Amazon River delta and Fly 

River delta (cf., Dalrymple et al., 2003; Kuehl et al., 1986; Jaeger and Nittrouer, 1995) and similar, 

in terms of the geomorphic elements present, to ancient tide-dominated deltaic successions (Mellere 

and Steel, 1995a,b; Mellere and Steel, 1996; Willis et al., 1999; Martinius et al., 2001; McCrimmon 

and Arnott, 2002; Ponten and Plink-Björklund, 2007; Hovikoski et al., 2008; Tanavsuu-

Milkeviciene and Plink-Björklund, 2009). The upper Bluesky unit is composed of monolithic 
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sandstone with only localized occurrences of thin mudstone layers, and is interpreted as estuarine 

in origin, with lithofacies that are similar to those of the Cobequid Bay – Salmon River estuary in 

the Bay of Fundy in Nova Scotia, Canada (Dalrymple, 1984; Dalrymple et al., 1990) and to ancient 

tide-dominated estuarine examples (e.g., Driese et al., 1981; Greb and Archer, 1995; Willis et al., 

2001, 2003; Yoshida et al., 2004; Plink-Björklund, 2005; Plink-Björklund and Steel, 2006). The 

localized nature of the Bluesky sandstone body, the spectrum of facies observed in both the deltaic 

and estuarine facies, and the composite nature of the sandstone body, makes the Bluesky a 

particularly useful case study for advancing our understanding depositional processes, facies 

analysis and sequence-stratigraphic analysis of tide-dominated successions.  

The Bluesky Formation, in the Peace River area of west-central Alberta, is one of only a 

handful of well-documented examples of ancient tide-dominated deposits in the literature. Studies 

of ancient tide-dominated deltaic deposits are particularly scarce in the literature and only two 

previous studies (Ichaso and Dalrymple, 2009; Legler et al., 2013), document the presence of fluid-

mud layers and infer high turbidity, which is known to be abundant in modern tide-dominated 

deltaic settings (Inglis and Allen, 1957; Kirby and Parker, 1983; Dalrymple et al., 2003; McAnally 

et al., 2007; Papenmeier et al., 2014). Because a broad range of mudstone types, including those 

deposited from fluid muds, is present in the Bluesky, it represents a particularly important addition 

to the limited database of ancient tide-dominated deposits. Its similarities to modern tide-dominated 

deposits also make it an excellent candidate for tidal facies analysis because relatively direct links 

can be made between modern processes and their resultant deposits.  

Unlike wave- and river-dominated systems that become progressively muddier seaward, 

tidal systems typically have a turbidity maximum zone in which high-density muddy suspensions 

tend to occur in channel-bottom locations. This, along with the strong tidal currents that 

characterize these settings, tends to produce dynamic conditions for the deposition of fluid-mud 
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layers (Inglis and Allen, 1957; Kirby and Parker, 1983; Dalrymple et al., 2003; Schrottke et al., 

2006; McAnally et al., 2007; Dalrymple et al., 2012; Papenmeier et al., 2014). Although these 

tidally formed fluid-mud layers are known to be common in modern settings, they have been 

infrequently reported in rock successions (exceptions include: Ichaso and Dalrymple, 2009; 

Chapter 2; Ichaso, 2012; Legler et al., 2013; Nishida et al., 2013), likely because there is a 

disconnect between our understanding of flow conditions under high suspended-sediment 

concentrations and the deposits that result after dewatering and compaction. The Bluesky 

Formation displays a spectrum of mudstone-layer types that vary widely in terms of their internal 

stratification, thickness and the nature of the upper and lower contacts (Chapter 2). A mudstone 

classification scheme was developed that allows for the categorization of the full range of mudstone 

layers into four types based on mudstone thickness, internal stratification, grain size and the nature 

of bounding contacts. Using recent experimental work as a basis for predicting the relationship 

between current speed and suspended-sediment concentrations (e.g., Baas and Best, 2002; Lamb 

and Parsons, 2005; Schieber et al., 2007; Baas and Best, 2008; Schieber and Southard, 2009; Baas 

et al., 2011), the four mudstone-layer types are : (1) unstratified mudstone Type 1 (UM1): thin (< 

2 mm thick) mud drapes deposited in slack water with low-SSC conditions (< 1 g L-1); (2) stratified 

mudstone Type 1 (SM1): cross-stratified mudstone layers that were deposited by turbulent or 

transitional-turbulent flows in moderate-SSC conditions (1-10 g L-1); (3) stratified mudstone Type 

2 (SM2): horizontally laminated mudstone layers formed under conditions of transitional plug flow 

with moderate to high SSCs (1-100 g L-1); and (4) unstratified mudstone Type 2 (UM2): thick (> 2 

mm) structureless mudstone layers deposited by unstable plug flow or quasi-laminar plug flow with 

moderate to high SSCs (1-1000 g L-1). Unlike slack-water mud drapes (UM1) that are a direct 

response to decreased energy levels, individual dynamically deposited mudstone layers can form 

over multiple tidal cycles because of fluid-mud layers that persist over several days (e.g., Kirby 
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and Parker, 1983; Nichols, 1985; Kineke et al., 1996), or they can form multiple sand-mud layers 

over a single decelerating or accelerating tidal current because of short-period (i.e., seconds) 

fluctuations in bed-load and suspended-load deposition (Baas et al., 2011). These observations have 

significant implications for the long-held view that all tidally deposited mudstone layers are 

deposited exclusively at slack tide (Chapter 2). 

The diversity of combinations of mudstone-sandstone interlayering in the Bluesky reflect 

a broad range of depositional sub-environments from both deltaic and estuarine settings, making it 

a valuable case study for advancing facies analysis of tidal deposits that are inherently heterolithic 

and complex. The development of a facies classification scheme that adequately described the 

lithological variability, but allowed for a practical interpretation of depositional environments, was 

particularly challenging for the Bluesky because of the complexity of interbedding styles (Chapter 

3). Less detailed facies schemes (i.e., those that “lump” broadly similar deposits into broadly 

defined facies) might be able to efficiently describe broadly defined environments of deposition, 

but they lack the ability to define the bathymetric and longitudinal position within the system with 

the precision that is required for robust paleogeographic and sequence-stratigraphic 

reconstructions. Conversely, facies classification schemes that are too detailed (i.e., those that 

“split” the deposits into innumerable facies with little internal variability) are cumbersome to use 

and not easy to communicate to other workers who are not familiar with the deposit. It was apparent 

in the early stages of this study that attempts to erect a facies scheme based on the “most commonly 

occurring combinations of criteria” would require the use of a minimum of more than 20 facies. 

This practice is commonplace in many published studies of tidal deposits (e.g., Ranger and 

Pemberton, 1997; Martinius et al., 2001) and also in the petroleum industry (e.g., Hein and Cotteril, 

2000, 2006) where the belief is that the cost of capital-intensive heavy-oil recovery from tidally 
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influenced deposits can be reduced by increasing the granularity of the facies subdivision that are 

put into dynamic reservoir models.  

By using a reductionist approach to select facies classification criteria, this study develops 

a “Goldilocks” scheme that reflects only the most diagnostic criteria, in order to have a set of facies 

that is neither too few nor too many, while still allowing for robust environmental interpretations. 

This study adopts an a priori approach and uses two primary criteria to erect a facies classification 

scheme: (1) the type of mudstone layers (UM1, UM2, SM 1 and SM2) present in any decimeter to 

metre-thick interval, which gives direct information about the SSC levels present (i.e., low-, 

moderate, and high-SSC assemblages); and (2) the sedimentary structures in the constituent 

sandstone layers (cross-bedding, current-ripple cross-lamination and horizontal to low-angle 

parallel lamination) in the same stratigraphic interval, which reflect the energy levels in the 

environment (Chapter 3). The result is a three-by-three matrix (Chapter 3; Table 3.2) that provides 

a set of nine facies that reflect the entire range of possible SSC- current-speed conditions that are 

likely to be encountered in tidal environments.  Because the environmental conditions that are the 

basis for the classification scheme (i.e., highly variable current speeds, water depths and SSCs) 

apply to most tidal systems, the scheme should be widely applicable to other tidal successions. 

Individual facies are not unique to a particular depositional location, but incorporation of 

supplementary information about such attributes as the grain size of the sand fraction and the degree 

and style of bioturbation, the depositional environment can be constrained significantly. 

The sedimentary structures in the sandstone layers provide information on vertical position 

within a channel-bar-tidal-flat succession, but are not especially sensitive to longitudinal position 

through the fluvial-marine transition.  By incorporating mudstone-layer characteristics into the 

facies classification scheme, the proximal-distal interpretation of the deposits can be determined 

with respect to the turbidity-maximum zone. 
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Vertical successions of facies at the metre to decametre scale were used to define the 

morphological elements, the geomorphic features in the environment that form the stratigraphic 

building blocks of the succession. A consideration of all tidal systems suggests that their 

morphologic complexity can be reduced to only five facies successions/morphologic elements 

(Chapter 3): 1) compound dunes (CD) which generate an upward-coarsening succession that passes 

upward from current-ripple cross lamination into cross-bedded sandstone; they can occur as a 

smaller-scale morphological element in conjunction with channel bars, mouth bars or tidal sand 

ridges; 2) channel-bar successions (CB) that form on the margins of tidal-fluvial channels by bank 

accretion, producing predominantly cross-bedded sansdtones; 3) tidal flats (TF), which generally 

fine upward and are composed predominantly of current-ripple cross-lamination; they commonly 

cap channel-bar successions if the tidal flats lay adjacent to the channel, or can occur alone in open-

coast settings; 4) delta-front/mouth-bar successions (MB) that coarsen upward, passing from 

muddy current- and wave-influenced sedimentary structures into a similarly muddy mix of current-

generated cross lamination and cross bedding; they form at the seaward end of active deltaic 

channels and 5) tidal-ridge successions (SR) that coarsen upward, with a similar vertical succession 

of sandstones as delta-front-mouth bar successions, but with little or no mud; SR is formed by 

ridges that occur on the shelf seaward of transgressing estuaries.  The channel-bar and tidal-flat 

successions can occur at any location through the fluvial-marine transition; the location where a 

particular example formed was determined by reference to the character of the constituent 

mudstone layers. 

Once the proximal-distal location has been determined, the larger-scale vertical succession 

can, in turn, be used to interpret the stacking pattern of the facies successions, which can then be 

used to deduce the nature of the larger environment (i.e., transgressive estuary versus regressive 

delta; Chapter 3) and the sequence-stratigraphic evolution of the entire Bluesky succession 
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(Chapter 4). However, because of the low-accommodation setting in which the Bluesky formed 

(see more below), retrogradational versus progradational facies-stacking patterns cannot be seen 

clearly in vertical or cross-sectional views. In the absence of clear progradational stacking of 

environments, which would be typically used to make a deltaic or estuarine interpretation, the 

interpretations in this study were determined using a combination of longitudinal grain-size trends, 

differences in the morphological elements present at the seaward end of the system and mudstone-

layer characteristics (Chapter 3). Evidence to suggest that the Lower Bluesky is deltaic include the 

down-cutting into finer-grained delta-front deposits by coarser-grained distributary channel 

deposits and by the presence of muddy mouth-bar deposits, which are unique to deltas (Dalrymple, 

2010). By comparison, the Bluesky has finer-grained channel-bar and tidal-flat deposits that passed 

in a seaward direction into coarser-grained tidal sand ridge deposits, which are unique to estuaries 

(Dalrymple, 2010). Mudstone layers similarly provided evidence to support deltaic and estuarine 

interpretations. The lower Bluesky unit displays the full range of mudstone types, with a 

proportionately large number of fluid-mud layers, including those formed under high-SSC 

conditions. The upper Bluesky unit either has no mud present or only thin (< 2 mm) slack-water 

mudstone drapes deposited under low-SSC conditions. It is believed that this significant difference 

should be broadly representative of the difference between tide-dominated deltaic and estuarine 

deposits, generally, because deltas tend to bypass fine sediment effectively to their seaward end to 

form delta-front and prodeltaic deposits, whereas estuaries typically store mud in mudflats and salt 

marshes in their landward portion. Most ancient examples of interpreted tide-dominated deltas do 

not explicitly report occurrences of fluid mud (i.e., Mellere and Steel, 1995a,b; Mellere and Steel, 

1996; Willis et al., 1999; Martinius et al., 2001; McCrimmon and Arnott, 2002; Ponten and Plink-

Björklund, 2007; Hovikoski et al., 2008; Tanaavsuu-Milkeviciene and Plink-Björklund, 2009), 

although the most recently published example (Legler et al., 2013) places a heavy emphasis on the 
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presence of high SSCs, as indicated by the presence of fluid-mud deposits, as evidence of tidal 

dominance, and additionally note that most modern tide-dominated deltas have mud-rich deposits.  

The discrepancy in the apparent abundance of fluid mud in the lower Bluesky and modern examples 

relative to the aforementioned ancient example of tide-dominated deltaic deposits suggests that 

using mudstone layers to decide between a deltaic or estuarine origin requires further testing in 

both modern and ancient settings.   

 The entire Gething-Bluesky succession represents a transgressive sequence set (sensu 

Mitchum and Van Wagoner, 1991) that contains at least two higher-order sequences (Gething 

Formation and lower Bluesky) and one higher-order unit of parasequence scale (upper Bluesky, 

which is capped by a flooding surface rather than an unconformity). Each of the three units has a 

major unconformity at its base and shows a subtle retrogressive environmental shift across each 

sequence boundary. Fluvially dominated coastal-plain deposits (Gething) are overlain by tide-

dominated deposits of the subaqueous delta plain and delta front (lower Bluesky), which in turn, 

are overlain by outer estuary and shelf deposits (upper Bluesky). The sequence boundary at the 

base of the Gething Formation is mapped across much of the basin as a third-order sequence 

boundary (Cant, 1996). Core control in the study area was insufficient to confirm the presence of 

any major sequence boundaries within the Gething, although numerous exposure surfaces in the 

upper part of the Gething Formation, within overbank and crevasse-splay deposits (FS1) (typically 

at the top of crevasse-splay deposits), are interpreted as local unconformities associated with the 

filling and subsequent abandonment of crevasse-splay or small deltaic lobes during relative sea-

level rise. Sequence boundaries at the base of each of the lower and upper Bluesky units (S2 and 

S3, respectively) are inferred from the locally mappable erosional surfaces, the valley-like 

geometries defined by the bases of the two Bluesky units, the presence of chert granules and chert 

pebbles overlying the unconformity surfaces, and by local occurrences of the Glossifungites 
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ichnofossil assemblage. None of these lines of evidence of a relative sea-level fall, in isolation, is 

sufficient to classify the base of the lower and upper Bluesky sandstone bodies as sequence 

boundaries, but, taken in sum, coupled with regional interpretations of higher-order sequences 

within the Bluesky and its equivalents (O’Connell, 1998; Wood and Hopkins, 1989; Alway and 

Moslow, 1997; Walsh, 1999), we believe the interpretation of S2 and S3 as fourth-order sequence 

boundaries to be the parsimonious approach (see further discussion and alternate hypotheses in 

Chapter 4). Falling-stage and lowstand deposits associated with these higher-order sequence 

boundaries are notably absent and are believed to have been eroded and/or reworked by fluvial or 

tidal currents during relative sea-level fall or during the subsequent transgression. There is 

considerably more uncertainty about the significance of the higher-order unconformities within the 

lower and upper Bluesky (referred to in Chapter 4 as “minor intra-unit unconformities”). Lower 

Bluesky successions typically have 2-4 internal erosional discontinuities that show no particular 

overall trend of upward-deepening or upward-shallowing: rather, the overall succession within each 

unit is aggradational and the surfaces are interpreted to be the result of autocyclic channel-bar (and 

tidal-flat) migration or switching across the valley in low-accommodation conditions, but during 

an overall relative sea-level rise. The upper Bluesky similarly has 2-4 erosional discontinuities 

within each well. One unconformity near the base of the upper Bluesky consistently shows a clear 

transgressive stacking, with shallow tidal-channel-bar and tidal-flat deposits (FS3 and FS4) 

consistently overlain by coarser-grained and lower-SSC channel-bar and tidal-flat deposits (FS3 

only) that represent deeper and less muddy (i.e., more seaward) channel-bar and tidal-flat deposits. 

This higher-order surface is, therefore, interpreted as a flooding surface within the upper Bluesky 

unit, which indicates back-stepping of the system. Aggradational stacking of tidal-channel-bar and 

tidal-flat successions (FS3) invariably occurs across the other lesser erosional discontinuities within 

the upper Bluesky and so, as with the minor intra-unit unconformities of the lower Bluesky, we 
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interpret them to reflect autocyclic channel migration and/or switching in a relatively low-

accommodation setting, but within an overall sea-level rise. In more general terms, the low-

accommodation and deep scouring by tidal currents in both of the lower and upper Bluesky units 

has resulted in successions that preserve only a limited part of the idealized vertical successions 

that are predicted  in the facies models for deltas and estuaries (e.g., Dalrymple et al., 1992; Allen 

and Posamentier, 1993; Cattaneo and Steel, 2003). These low-accommodation “preservational 

conditions” are likely to exist for other tide-dominated successions, which suggests that facies 

stacking is not a universally reliable tool for inferring deltaic or estuarine origins in tide-dominated 

deposits, except in cases where accommodation was high (Dalrymple, 2010; Legler et al., 2013).  

 The Bluesky sandstone body in the Peace River Area stands in contrast with its regional 

lithostratigraphic equivalents because it is so anomalously thick, localized, heterolithic and strongly 

tide-dominated. Evidence of tidal action outside of the study area has been demonstrated only 

locally and not with certainty (Smith et al., 1984). Elsewhere, the Bluesky is generally regarded as 

having accumulated in a wave-dominated setting (O’Connell, 1988). The local preservation of such 

strongly tide-dominated deposits is interpreted to be the result of a major fluvial system that ran 

along the eastern edge of the basin, right up against the Mississippian highlands. During fourth-

order sea-level fluctuations, incised valleys formed along this trend and, during subsequent sea-

level rise, the drowned valley locally promoted particularly strong tidal currents because of the 

larger tidal prism associated with tidal propagation up the river (cf. Dalrymple, 2010). 

Accommodation provided by tidal scouring during sea-level rise, in addition to the fluvially 

generated accommodation created by incision during the lowstand, has resulted in a thick tidally 

dominated, compound incised-valley succession (sensu Zaitlin et al., 1994).     
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GENERAL CONCLUSIONS 

 

 The early Cretaceous Gething and Bluesky formations represent a third-order 

transgressive sequence set, composed of marginal-marine deposits that range in character 

from fluvially dominated to tidally dominated. The succession was deposited in 

association with a SSENNW-directed drainage system lying within a foreland basin 

and was bounded immediately to the east of a basin-axis high and to the west by the 

emergent Columbian orogenic belt. 

 The character of mudstone layers varies enormously within the succession and especially 

in the Bluesky. Mudstone thickness, texture, composition, sedimentary structures and the 

nature of bounding contacts reflect a wide range of turbidity and flow conditions. A four-

fold mudstone-classification scheme was developed using the observable characteristics 

of the layers and relating them to four flow types predicted for a range of SSCs and 

current speeds. The first mudstone type (UM1) consists of thin drapes that were deposited 

in slack water, in low-SSC conditions, but the remaining three, which are commonly 

more than 5 mm thick, were deposited from high-density suspensions and could have 

accumulated under appreciable currents over a spectrum of four flow types: (1) turbulent 

flow: deposition of SM1 (cross-laminated mudstone); (2) transitional turbulent flow: 

deposition of SM1; (3) transitional plug flow: deposition of SM2 (parallel-laminated 

mudstone); and (4) quasi-laminar plug flow: deposition of UM2 (homogeneous mudstone 

layers). These four mudstone types were grouped into three mudstone assemblages that 

reflect deposition in low-, moderate-, and high-SSC conditions. This interpretation 

framework is particularly relevant for the study of tidal deposits because it allows for 
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interpretations of longitudinal position relative to the turbidity-maximum zone, where the 

highest SSC assemblages are most likely to occur.  

 Dynamically deposited (i.e., in the presence of a current) fluid-mud layers (SM1, SM2 

and UM2) that accumulated over a single tidal cycle differ significantly from simple 

“double mud drapes” deposited in slack water because deposition occurs during a greater 

proportion of the tidal cycle. Some examples from the Bluesky are several centimetres 

thick with complex interlayering of different mudstone types (and in some cases 

intervening sandstone layers) that represent an evolution of flow types as current speed 

and near-bed SSCs change throughout the tidal cycle.  

 Three sandstone assemblages (cross bedded, ripple bedded and planar bedded) can occur 

with any of the three mudstone assemblages produce a total of nine combinations of 

sandstone and mudstone layers. These nine facies represent the full lithological 

variability of the Bluesky Formation. These facies in turn combine to form a total of five 

facies successions that represent the deposits of five geomorphic elements that comprise 

tide-dominated deltas and estuaries: compound dunes (CD); delta-front and mouth-bars 

(MB), which are unique to deltas; tidal sand ridges (SR), which are unique to estuaries; 

tidal channel-bars (CB) and tidal flats (TF) (Chapter 3). By examining the variations in 

mudstone-layer types within the CB-TF successions, position through the turbidity-

maximum zone can be determined. Any or all of these five basic geomorphic elements 

should comprise any tidal deposit in its entirety. 

 Four additional facies are interpreted for the Gething Formation (Chapter 4). These facies 

comprise two additional facies successions that include: (1) coastal-plain deposits that are 

composed of overbank (OB), mouth-bar (MB) and tidal channel-bar (CB) and tidal-flat 

deposits (TF); and (2) tidally influenced point-bar deposits (CB, TF). 
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 Three fourth-order sequences lie within the third-order transgressive systems tract 

examined here. One sequence is equivalent to the entire Gething Formation, which is 

fluvially dominated, and two sequences (a “lower Bluesky unit” and an “upper Bluesky 

unit”) comprise the tide-dominated Bluesky Formation in the study area. The sequence 

boundaries at the base of the lower and upper Bluesky units have significant topographic 

relief (up to 40 m each) and are interpreted as the basal surfaces associated with two 

nested incised valleys.  

 In the Bluesky, low accommodation and pronounced tidal scouring in the base of the 

channels has resulted in deposits that are predominantly subtidal to lower intertidal, 

which occur in packages separated by erosional discontinuities that show no evidence of 

subaerial exposure. Although the Gething was deposited under conditions of lower 

accommodation, subaerial exposure surfaces are common, due mostly to slow deposition 

rates and low-energy (i.e., non-erosive) environments that allowed preservation of these 

exposure surfaces.  

 Low bioturbation indices within the tide-dominated facies of the Bluesky Formation are 

likely the result of strong tidal currents, high turbidity, unstable water chemistry and high 

deposition rates. Low bioturbation indices in subtidal environments are, in and of 

themselves, good indicators of a tide-dominated setting, but have minimal utility for 

interpreting proximal-distal positions in subtidal facies because there are no consistent, 

observable spatial or stratigraphic trends. Bioturbation is potentially of greater value for 

determining longitudinal position in higher-accommodation succession that have more 

complete successions of intertidal and supratidal flats.  

 The older valley (lower Bluesky unit) generally shows aggradational stacking of 

environments with 2-4 erosional discontinuities that represent erosion at the base of  tidal 
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channels that migrated laterally and/or switched location autocyclically. A deltaic origin 

is inferred based on the pervasiveness of moderate- to high-SSC mudstone assemblages 

(an abundance of SM1, SM2 and UM2 mudstone layers) throughout, the incision of 

coarser-grained distributary channels into delta-front deposits, and by the presence of 

muddy mouth-bar deposits, accompanied by an overall seaward-fining trend.  

 The younger valley (upper Bluesky unit) shows transgressive stacking of environments 

across an unconformity at the base of the unit, and aggradational stacking across 1-3 

additional erosional discontinuities within the unit. An estuarine environment is 

interpreted based on the low-SSC conditions implied by the presence of sparse, thin 

mudstone layers (UM1) and the notable absence of fluid-mud layers (SM2 or UM2). 

Seaward coarsening from upper-flow-regime sand flat deposits to outer estuary tidal 

sandstone ridges that are devoid of mud are additional lines of evidence for an estuarine 

interpretation.  

 The localized occurrence of the Bluesky is attributed to eastward tilting of the basin and 

trapping of a large fluvial system against the west side of a paleotopographic high 

composed of exposed Mississippian bedrock. Local reactivation of faults associated with 

the Peace River Arch and differential compaction related to the edge of a Devonian 

platform just west of the Bluesky sandstone body likely played an additional role in the 

localization of the Bluesky sandstone body, although the effects of these mechanisms are 

beyond the scope of this study.  

 Tidal successions are inherently complex, because they typically are strongly heterolithic 

and because they commonly consist of erosionally bounded sediment bodies with limited 

lateral extents.  Depositional conditions also vary in three dimensions: vertically with 

water depth in channels and on the front of the system; laterally across tidal bars and tidal 
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flats; and longitudinally through the fluvial-marine transition and turbidity-maximum 

zone.  This study has developed a methodology that should have application to most tidal 

successions.  This unique approach is based on the characterization of the mudstone 

layers, and the development of an a priori facies classification scheme that gives equal 

but separate weight to the nature of the mudstone and sandstone layers.  These are then 

combined into a small set of potentially universal facies successions that represent the 

fundamental morphologic elements that characterize most tidal systems including both 

deltas and estuaries.  This methodology should allow proximal-distal position within the 

system to be determined with reasonable precision, which should in turn allow 

longitudinal facies transitions to be reconstructed, permitting more confident distinction 

between the deposits of tide-dominated estuaries and deltas.  Sequence-stratigraphic 

reconstructions of these complex successions is also more easily done using this 

approach. 
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Appendix A 

Well Log Data Summary 
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Abbreviations in used in ‘Appendix A’ Data Table: 

 

NP – not present 

WDNP – well did not penetrate 

N/A – not applicable 

 

Further notes on ‘Appendix A’ Data Table: 

 

- The column ‘Direct Core Interp’ lists wells where core was directly logged and 

interpreted  

- The column ‘Interp only from High-Res Core Photos’ lists wells where core was not 

logged by direct observation, but instead using high-resolution photographs 
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Appendix B 

Core Descriptions 

The following core descriptions were made during the early stages of this study. Many of 

the core descriptions that follow, below, were subsequently improved upon (i.e., the core 

descriptions presented in chapters 3 and 4) using high-resolution core photographs.  

Symbols in the core follow the same legend as in Figure 4.11. The letters “L”, “M” and 

“H” in the “Trace Fossils” track refer to low, moderate and high bioturbation intensity, respectively. 

Similarly, the “L”, “M”, “H” and “N” designations used in the “H/C Shows” track refer to light 

staining, moderate staining, heavy staining and no oil stain, respectively.  

Note: Well 8-30-84-17w5 was logged in a group that included the author of this dissertation 

and two employees of Shell Canada Ltd: Richard Wong and Jennifer Russel-Houston.  
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2-3-85-18w5 (Page 1/2) 

592.3-616.8: upper Bluesky (FS3) 

616.8-617.9: lower Bluesky (FS6) 

617.9:  top Mississippian 
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2-3-85-18w5 (Page 2/2) 

592.3-616.8: upper Bluesky (FS3) 
616.8-617.9: lower Bluesky (FS6) 

617.9:  top Mississippian 
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3-10-85-18w5 (Page 1/4) 

562.1-571.5: Wilrich Member 
571.5-602.75: upper Bluesky (FS3) 

602.75-606.70: Gething (FS1) 

606.70: top Mississippian 
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3-10-85-18w5 (Page 2/4) 

562.1-571.5: Wilrich Member 
571.5-602.75: upper Bluesky (FS3) 

602.75-606.70: Gething (FS1) 

606.70: top Mississippian 
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3-10-85-18w5 (Page 3/4) 

562.1-571.5: Wilrich Member 
571.5-602.75: upper Bluesky (FS3) 

602.75-606.70: Gething (FS1) 

606.70: top Mississippian 

 

 

 



 

330 

 

 

3-10-85-18w5 (Page 4/4) 

562.1-571.5: Wilrich Member 
571.5-602.75: upper Bluesky (FS3) 

602.75-606.70: Gething (FS1) 

606.70: top Mississippian 

 

 

 



 

331 

 

 

4-10-85-18w5 (Page 1/3) 

575.00-595.70: upper Bluesky (FS3) 
595.70-605.25: Gething (FS1) 

 

 

 



 

332 

 

 

4-10-85-18w5 (Page 2/3) 

575.00-595.70: upper Bluesky (FS3) 
595.70-605.25: Gething (FS1) 

 

 

 



 

333 

 

 

4-10-85-18w5 (Page 3/3) 

575.00-595.70: upper Bluesky (FS3) 
595.70-605.25: Gething (FS1) 

 

 

 



 

334 

 

 

4-24-84-16w5 (Page 1/3) 

623.00-626.50 m: Wilrich Member 
626.50-633.70 m: upper Bluesky (FS3) 

633.70-636.30 m: lower Bluesky (FS7) 

636.30-649.25 m: Gething Formation (FS1) 

 

 



 

335 

 

 

4-24-84-16w5 (Page 2/3) 

623.00-626.50 m: Wilrich Member 
626.50-633.70 m: upper Bluesky (FS3) 

633.70-636.30 m: lower Bluesky (FS7) 

636.30-649.25 m: Gething Formation (FS1) 
 

 



 

336 

 

 

4-24-84-16w5 (Page 3/3) 

623.00-626.50 m: Wilrich Member 
626.50-633.70 m: upper Bluesky (FS3) 

633.70-636.30 m: lower Bluesky (FS7) 

636.30-649.25 m: Gething Formation (FS1) 
 

 



 

337 

 

 

5-11-84-17w5 (Page 1/5) 

610.60-621.65 m: upper Bluesky (FS3) 
621.65-635.70 m: lower Bluesky (FS6/FS7) 

635.70-664.25 m: Gething Formation (FS1) 

664.25-671.25 m: Mississippian carbonate 
 

 



 

338 

 

 

5-11-84-17w5 (Page 2/5) 

610.60-621.65 m: upper Bluesky (FS3) 
621.65-635.70 m: lower Bluesky (FS6/FS7) 

635.70-664.25 m: Gething Formation (FS1) 

664.25-671.25 m: Mississippian carbonate 

 

 



 

339 

 

 

5-11-84-17w5 (Page 3/5) 

610.60-621.65 m: upper Bluesky (FS3) 
621.65-635.70 m: lower Bluesky (FS6/FS7) 

635.70-664.25 m: Gething Formation (FS1) 

664.25-671.25 m: Mississippian carbonate 

 

 



 

340 

 

 

5-11-84-17w5 (Page 4/5) 

610.60-621.65 m: upper Bluesky (FS3) 
621.65-635.70 m: lower Bluesky (FS6/FS7) 

635.70-664.25 m: Gething Formation (FS1) 

664.25-671.25 m: Mississippian carbonate 

 

 



 

341 

 

 

5-11-84-17w5 (Page 5/5) 

610.60-621.65 m: upper Bluesky (FS3) 
621.65-635.70 m: lower Bluesky (FS6/FS7) 

635.70-664.25 m: Gething Formation (FS1) 

664.25-671.25 m: Mississippian carbonate 

 

 



 

342 

 

 

5-17-85-17w5 (Page 1/1) 

603.00-612.10 m: upper Bluesky (FS3) 
 

 

 



 

343 

 

 

6-19-85-18w5 (Page 1/2) 

576.47-593.95 m: upper Bluesky (FS3) 
593.95-594.20 m: Mississippian? 

 

 



 

344 

 

 

6-19-85-18w5 (Page 2/2) 

576.47-593.95 m: upper Bluesky (FS3) 
593.95-594.20 m: Mississippian? 

 

 



 

345 

 

 

6-21-86-17w5 (Page 1/1) 

535.70-543.00 m: Gething (FS1) 
543.00-546.00 m: Mississippian 

 

 



 

346 

 

 

6-30-85-18w5 (Page 1/2) 

527.00-545.20 m: upper Bluesky (FS3) 
545.20-552.50 m: Mississippian 

 

 



 

347 

 

 

6-30-85-18w5 (Page 2/2) 

527.00-545.20 m: upper Bluesky (FS3) 
545.20-552.50 m: Mississippian 

 

 



 

348 

 

 

6-31-84-17w5 (Page 1/3) 

606.00-627.65 m: upper Bluesky (FS3) 
627.65-635.35 m: lower Bluesky (FS4) 

 

 



 

349 

 

 

6-31-84-17w5 (Page 2/3) 

606.00-627.65 m: upper Bluesky (FS3) 
627.65-635.35 m: lower Bluesky (FS4) 

 

 



 

350 

 

 

6-31-84-17w5 (Page 3/3) 

606.00-627.65 m: upper Bluesky (FS3) 
627.65-635.35 m: lower Bluesky (FS4) 

 

 



 

351 

 

 

6-32-83-18w5 (Page 1/3) 

606.00-627.65 m: Gething (FS1, FS5) 
678.15-699.00 m: Belloy Formation 

 

 



 

352 

 

 

6-32-83-18w5 (Page 2/3) 

606.00-627.65 m: Gething (FS1, FS5) 
678.15-699.00 m: Belloy Formation 

 

 



 

353 

 

 

6-32-83-18w5 (Page 3/3) 

606.00-627.65 m: Gething (FS1, FS5) 
678.15-699.00 m: Belloy Formation 

 

 



 

354 

 

 

6-33-84-17w5 (Page 1/2) 

593.50-608.7 m: upper Bluesky (FS3) 
608.70-620.5 m: upper Bluesky (FS4) 

 



 

355 

 

 

6-33-84-17w5 (Page 2/2) 

593.50-608.7 m: upper Bluesky (FS3) 
608.70-620.5 m: upper Bluesky (FS4) 

 



 

356 

 

 

7-29-84-18w5 (Page 1/4) 

571.00-575.10 m: upper Bluesky (FS4) 
575.10-600.00 m: lower Bluesky (FS2) 

609.5 m: Gething (FS1) 

609.5-611.5 m: Mississippian 

 



 

357 

 

 

7-29-84-18w5 (Page 2/4) 

571.00-575.10 m: upper Bluesky (FS4) 
575.10-600.00 m: lower Bluesky (FS2) 

609.5 m: Gething (FS1) 

609.5-611.5 m: Mississippian 

 



 

358 

 

 

7-29-84-18w5 (Page 3/4) 

571.00-575.10 m: upper Bluesky (FS4) 
575.10-600.00 m: lower Bluesky (FS2) 

609.5 m: Gething (FS1) 

609.5-611.5 m: Mississippian 

 



 

359 

 

 

7-29-84-18w5 (Page 4/4) 

571.00-575.10 m: upper Bluesky (FS4) 
575.10-600.00 m: lower Bluesky (FS2) 

609.5 m: Gething (FS1) 

609.5-611.5 m: Mississippian 

 



 

360 

 

 

7-36-84-18w5 (Page 1/3) 

602.00-627.45 m: upper Bluesky (FS3) 
627.45-632.80 m: lower Bluesky (FS4, FS6) 

632.80-634.10 m: Mississippian 

 



 

361 

 

 

7-36-84-18w5 (Page 2/3) 

602.00-627.45 m: upper Bluesky (FS3) 
627.45-632.80 m: lower Bluesky (FS4, FS6) 

632.80-634.10 m: Mississippian 

 



 

362 

 

 

7-36-84-18w5 (Page 3/3) 

602.00-627.45 m: upper Bluesky (FS3) 
627.45-632.80 m: lower Bluesky (FS4, FS6) 

632.80-634.10 m: Mississippian 

 



 

363 

 

 

8-11-16-19w5 (Page 1/2) 

509-62-517.20 m: upper Bluesky (FS8) 
517.20-517.70 m: Mississippian 

 



 

364 

 

 

8-11-16-19w5 (Page 1/2) 

509-62-517.20 m: upper Bluesky (FS8) 
517.20-517.70 m: Mississippian 

 



 

365 

 

 

8-17-84-16w5 (Page 1/3) 

655.00-660.80 m: Wilrich Member 
660.80-668.50 m: upper Bluesky (FS4) 

668.50-689.95 m: lower Bluesky (FS6, FS7) 

689.95-691.20 m: Gething (FS1) 

 



 

366 

 

 

8-17-84-16w5 (Page 2/3) 

655.00-660.80 m: Wilrich Member 
660.80-668.50 m: upper Bluesky (FS4) 

668.50-689.95 m: lower Bluesky (FS6, FS7) 

689.95-691.20 m: Gething (FS1) 

 



 

367 

 

 

8-17-84-16w5 (Page 3/3) 

655.00-660.80 m: Wilrich Member 
660.80-668.50 m: upper Bluesky (FS4) 

668.50-689.95 m: lower Bluesky (FS6, FS7) 

689.95-691.20 m: Gething (FS1) 

 



 

368 

 

 

8-30-84-17w5 (Page 1/6) 

602.00-623.55 m: upper Bluesky (FS3) 
623.55-633.50 m: lower Bluesky (FS4, FS6) 

623.55-633.50 m: Mississippian 



 

369 

 

 

8-30-84-17w5 (Page 2/6) 

602.00-623.55 m: upper Bluesky (FS3) 
623.55-633.50 m: lower Bluesky (FS4, FS6) 

623.55-633.50 m: Mississippian 



 

370 

 

 

8-30-84-17w5 (Page 3/6) 

602.00-623.55 m: upper Bluesky (FS3) 
623.55-633.50 m: lower Bluesky (FS4, FS6) 

623.55-633.50 m: Mississippian 



 

371 

 

 

8-30-84-17w5 (Page 4/6) 

602.00-623.55 m: upper Bluesky (FS3) 
623.55-633.50 m: lower Bluesky (FS4, FS6) 

623.55-633.50 m: Mississippian 



 

372 

 

 

8-30-84-17w5 (Page 5/6) 

602.00-623.55 m: upper Bluesky (FS3) 
623.55-633.50 m: lower Bluesky (FS4, FS6) 

623.55-633.50 m: Mississippian 



 

373 

 

 

8-30-84-17w5 (Page 6/6) 

602.00-623.55 m: upper Bluesky (FS3) 
623.55-633.50 m: lower Bluesky (FS4, FS6) 

623.55-633.50 m: Mississippian 



 

374 

 

 

10-9-86-18w5 (Page 1/2) 

519.75-537.00 m: upper Bluesky (FS8) 
537.00-540.00 m: Mississippian 

 

 

 



 

375 

 

 

10-9-86-18w5 (Page 2/2) 

519.75-537.00 m: upper Bluesky (FS8) 
537.00-540.00 m: Mississippian 

 

 

 



 

376 

 

 

10-12-85-18w5 (Page 1/3) 

563.80-594.00 m: upper Bluesky (FS3) 
594.00-598.90 m: Gething (FS1) 

 

 

 



 

377 

 

 

10-12-85-18w5 (Page 2/3) 

563.80-594.00 m: upper Bluesky (FS3) 
594.00-598.90 m: Gething (FS1) 

 

 

 



 

378 

 

 

10-12-85-18w5 (Page 3/3) 

563.80-594.00 m: upper Bluesky (FS3) 
594.00-598.90 m: Gething (FS1) 

 

 

 



 

379 

 

 

10-22-84-17w5 (Page 1/3) 

590.02-608.75 m: upper Bluesky (FS3, FS4) 
608.75-625.12 m: lower Bluesky (FS4, FS6) 

 

 

 



 

380 

 

 

10-22-84-17w5 (Page 2/3) 

590.02-608.75 m: upper Bluesky (FS3, FS4) 
608.75-625.12 m: lower Bluesky (FS4, FS6) 

 

 

 



 

381 

 

 

10-22-84-17w5 (Page 3/3) 

590.02-608.75 m: upper Bluesky (FS3, FS4) 
608.75-625.12 m: lower Bluesky (FS4, FS6) 

 

 

 



 

382 

 

 

11-24-85-19w5 (Page 1/2) 

536.00-564.10 m: upper Bluesky (FS3, FS8) 
 

 

 



 

383 

 

 

11-24-85-19w5 (Page 2/2) 

536.00-564.10 m: upper Bluesky (FS3, FS8) 
 

 

 



 

384 

 

 

15-21-84-17w5 (Page 1/3) 

585.40-600.80 m: upper Bluesky (FS3, FS4) 
600.80-612.05 m: lower Bluesky (FS4, FS6) 

612.05-612.35 m: Mississippian 

 

 



 

385 

 

 

15-21-84-17w5 (Page 2/3) 

585.40-600.80 m: upper Bluesky (FS3, FS4) 
600.80-612.05 m: lower Bluesky (FS4, FS6) 

612.05-612.35 m: Mississippian 

 

 



 

386 

 

 

15-21-84-17w5 (Page 3/3) 

585.40-600.80 m: upper Bluesky (FS3, FS4) 
600.80-612.05 m: lower Bluesky (FS4, FS6) 

612.05-612.35 m: Mississippian 

 

 



 

387 

 

 

16-12-85-19w5 (Page 1/2) 

540.00-559.40 m: upper Bluesky (FS3, FS8) 
559.40-563.05 m: Gething (FS1) 

563.05-566.90 m: Mississippian 

 

 



 

388 

 

 

16-12-85-19w5 (Page 2/2) 

540.00-559.40 m: upper Bluesky (FS3, FS8) 
559.40-563.05 m: Gething (FS1) 

563.05-566.90 m: Mississippian 

 

 



 

389 

 

 

16-20-85-18w5 (Page 1/2) 

555.15-569.30 m: upper Bluesky (FS3) 
569.30-589.60 m: Mississippian 

 

 



 

390 

 

 

16-20-85-18w5 (Page 2/2) 

555.15-569.30 m: upper Bluesky (FS3) 
569.30-589.60 m: Mississippian 

 

 



 

391 

 

 

16-24-85-19w5 (Page 1/2) 

531.29-552.00 m: upper Bluesky (FS3, FS8) 
552.0-551.16 m: Mississippian 

 

 



 

392 

 

 

16-24-85-19w5 (Page 2/2) 

531.29-552.00 m: upper Bluesky (FS3, FS8) 

552.0-551.16 m: Mississippian 
 

 


