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Abstract 

Outcrops of allomembers D and E of the Late Cretaceous, Horseshoe Canyon 

Formation comprise marginal-marine units deposited on the western margin of the 

Western Interior Seaway.  Associated facies are grouped into seven element complexes 

(EC; equivalent to facies associations) and 3 larger-scale element complex assemblages 

(ECA; equivalent to a depositional setting).  Allomember D is classified as a tide-

dominated, fluvial-influenced (Tf) ECA, and comprises two element complexes: Tf-tidal 

flat EC and F-onshore EC.  Allomember E1 forms a tide-dominated, fluvial-influenced, 

wave-affected (Tfw) ECA that is composed of four ECs:  Twf-tidal flat, Ft-channelized-A, 

Ft-channelized-B and F-onshore ECs.  Allomember E2 forms a wave-dominated, tide-

influenced, fluvial-affected (Wtf) ECA that consists of four ECs: Wtf-lobe, Wft-mouthbar, 

Tf-tidal flat EC and F-onshore ECs.  Through classification of the element complexes 

within the allomembers, lateral and vertical changes in hydraulic processes are recorded 

and analyzed, highlighting the depositional variability within single parasequences and 

between parasequence sets in marginal-marine environments. 

 

Keywords:  sedimentology; marginal marine; ichnology; tidal flat; asymmetric delta; 
low accommodation 
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1. Introduction 

1.1. Introduction 

Deposition in marginal-marine systems is controlled to varying degrees by wave-, 

tide- and fluvial-processes.  Though some marginal-marine systems can be 

characterized as wave-, tide- or fluvial-dominated, most environments experience a 

range of depositional influences and are best described as “mixed influenced” 

(Ainsworth et al., 2011).  In mixed-influence systems, various combinations of dominant, 

secondary and tertiary processes affect the architecture of the coastline including the 

environments and facies that occur along it.  Through the incorporation of these 

datasets, the relative proportions of wave-, tide- and fluvial-influence on deposition can 

be semi-quantified.  From this, the dominant, secondary and tertiary hydraulic processes 

acting upon the system can be determined.  This can then aid in interpreting complex 

mixed-influence depositional environments, and in predicting strike-parallel and dip-

parallel facies changes.  

The Horseshoe Canyon Formation (HCFm) outcrops in the Red Deer River 

Valley (RDV) and Willow Creek (WC), Alberta, Canada, and comprises excellent 

exposures of mixed-influence marginal-marine deposits.  By studying these outcrops, it 

is possible to determine wave-, tide- and fluvial- influences on sedimentation, both 

laterally and vertically within parasequences, and between parasequences sets.  

Relative influence of hydraulic processes can then be used to classify marginal-marine 

environments by comparing process controls to established depositional architectures.  

This study utilizes the process- and architectural-based WAVE classification scheme for 

mixed-influence marginal-margine systems (Ainsworth et al., 2008; Ainsworth et al., 

2011; Vakarelov and Ainsworth, 2013). 

The main objectives of this thesis are to: 

1) Integrate sedimentology, ichnology and stratigraphy to identify facies, resolve 

stratigraphic surfaces and architectures and interpret paleoenvironments for the 
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units within allomembers D and E of the lower HCFm as defined by Ainsworth 

(1991). 

2) Define element complexes (ECs) and element complex assemblages (ECAs), 

and classify them based on dominant, secondary and tertiary hydraulic 

processes that controlled sedimentation.  ECs and ECAs are the equivalent to 

facies associations and depositional settings in the WAVE classification system.  

3) Test the utility of the WAVE classification scheme in analyzing marginal-marine 

strata.  

This thesis is divided into four chapters.  Chapter one introduces the background 

information, and includes: a description of the Drumheller study area; regional setting 

and stratigraphy of the HCFm; previous work; an introduction to the WAVE classification 

system; and the methodology used in this study.  Chapter two is an introduction to  the 

bedforms and bedding architectures produced via wave-, tidal-, or fluvial-hydraulic 

processes, and a discussion on how these bedforms are ascribed to hydraulic processes 

within the WAVE classification system.  Chapter three is the main chapter of this thesis, 

and contains the results and interpretations of the units within allomembers D and E.  In 

chapter 3, the integration of sedimentology, ichnology and stratigraphy is used to 

interpret the depositional environments present within each allomember, and the WAVE 

classification system is applied to the depositional units.  Chapter four summarizes the 

results and interpretations of the research and expands on the conclusions presented in 

chapter three.  

1.2. Study Area 

The northwest boundary of the study area is situated in the Red Deer River 

Valley, about 8 km southeast of Drumheller, Alberta.  The study area extends for 13.5 

km along the Red Deer River Valley and 3 km along Willow Creek.  Throughout the 

study area, the lower HCFm is exposed in outcrops that are approximately 60 m high.  

This area has been of interest to the coal industry since the early 20th century and to the 

petroleum industry since the 1950s; this has resulted in an abundance of subsurface 

data (Ainsworth et al., 2010).  Three shallow cores, logged by James A. MacEachern, 
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from boreholes near the outcrop were included in this study.  The cores allow for the 

continuation of stratigraphic correlations into the subsurface, and reveal sedimentary 

structures and trace fossils that were not readily discernible in outcrop due to excessive 

weathering (Ainsworth et al., 2010).  The outcrop sections in Willow Creek (with the 

exception of WC-7) and in the Red Deer River Valley, southeast of Willow Creek, 

overlap sections logged by Ainsworth (1991).  This was done to ensure consistency 

between this study and that of WAVE Consortium’s phase 1 study of these units.  

Section WC-7 and the ten sections (RDV-A to RDV-J) in the Red Deer River Valley 

northwest of Willow Creek are distinct to this study and are spaced approximately 500 m 

apart (Fig. 1.1).  
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Figure 1.1: Study Area 
The study area, located approximately 8 km southeast of Drumheller, Alberta, Canada.  Outcrop 
section locations are indicated by black circles and are named RDV-number/letter for Red Deer 
River Valley sections, and WC-Number for Willow Creek sections.  The location of cored wells 
are indicated by red circles and are labeled as ARC + number (ARC = Alberta Research Council).  
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1.3. Regional Setting and Stratigraphy 

The Drumheller area was positioned on the western margin of the Western 

Interior Seaway (WIS) during the Late Cretaceous.  The Western Interior Seaway filled 

the foreland basin that formed during the Late Jurassic in response to the accretion of 

terranes in the Cordillera to the west (Williams and Stelck, 1975).  The fill of the foreland 

basin includes six major clastic wedges, with a loose temporal relationship between 

terrane accretion and clastic-wedge deposition (Fig. 1.2; Stockmal et al., 1992).  The 

Campanian-Maastrichtian HCFm forms the base of the fifth major clastic wedge, known 

as the Edmonton Group (Cant and Stockmal, 1989; Stockmal et al., 1992), and appears 

to correlate with the accretion of the Pacific Rim - Chugach Terrane to the Insular 

Superterrane (Cant and Stockmal, 1989; Price et al., 1994; Hamblin, 2004; Eberth and 

Braman, 2012). 

The HCFm was formally defined by Irish (1970) and has been revised by Gibson 

(1977), Hamblin (2004) and Eberth and Braman (2012).  It represents an overall 

regressive clastic wedge that intertongues southeastward with the marine shales of the 

Bearpaw Formation, forming the Bearpaw-Horseshoe Canyon transition zone 

(Shepheard and Hills, 1970; Eberth and Braman, 2012).  In the mid-Campanian to early 

Maastrichtian, the regional shoreline trend may have been generally oriented NNW-SSE 

(Fig. 1.3A; Blakey, 2013).  However, in the early Maastrichtian, the Drumheller area may 

have been situated at the head of a southeasterly oriented embayment with the regional 

shoreline trending NNE-SSW (Fig. 1.3B; Williams and Stelck, 1975). 

The HCFm is divided into seven members: Strathmore, Drumheller, Horsethief, 

Morrin, Tolman, Carbon, and Whitemud (Fig. 1.4; Eberth and Braman, 2012).  The lower 

portion of the Drumheller Member is exposed in outcrop within the study area and is 

interpreted as a succession of sediments deposited on a wet, warm coastal plain or 

coastal zone (Eberth and Braman, 2012).  
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Figure 1.2: Clastic Wedges of the Western Canada Sedimentary Basin 
The six major clastic wedges that prograded into the Western Canada Sedimentary Basin.  The 
Horseshoe Canon Formation forms the base of the fifth wedge: the Edmonton Group (modified by 
Ainsworth et al., 2010 from Stockmal et al., 1992). 



 

  7 

 

Figure 1.3: Paleogeographic Map 
A) Regional paleogeographic map of late Campanian to Maastrichtian time (73-

69 Ma) with a general shoreline trend of NNW-SSE (modified from Blakey, 2013). B) 
Early Masstrichtian paleogeopgraphic map showing the Drumheller study area within a NW-SE 

oriented embayment (modified from Williams and Stelck, 1975).  
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Figure 1.4: Regional Stratigraphy of the Horseshoe Canyon Formation 
The Horseshoe Canyon Formation is divided into seven members.  The lower portion of the 
Drumheller Member (time interval defined by the red line) is the focus of this study (modified from 
Eberth and Braman, 2012). 
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1.4. Previous Work 

There have been numerous studies that focused on the interpretation and re-

interpretation of the deposition environments of the lower HCFm SE of Drumheller (e.g., 

Shepheard and Hills, 1970; Rahmani, 1983; Waheed, 1983; Rahmani, 1988, 1989; 

Saunders, 1989; Ainsworth, 1991, 1992, 1994; Ainsworth and Walker, 1994; Eberth, 

1996; Lavigne, 1999).  The conclusions of these studies are discussed below.  Other 

notable studies of the depositional environments, stratigraphy, coal zones and 

paleontology of the lower HCFm have also been completed, but are not summarized 

herein (e.g., Williams and Dyer, 1930; Allan and Sanderson, 1945; Ower, 1960; Irish and 

Havard, 1968; Irish, 1970; Yurko, 1975; Gibson, 1977; Nurkowski, 1980; McCabe et al., 

1989; Nambudiri and Binda, 1991; Lerbekmo and Braman, 2002; Straight and Eberth, 

2002; Hamblin, 2004; Eberth and Braman, 2012). 

Shepheard and Hills (1970) interpreted the HCFm outcrops in the Drumheller 

area to be the product of deltaic sedimentation, and they considered the Mississippi 

River Delta as a modern analog.  They identified prodelta, delta front, distributary 

channel, beach, interdistributary bay, mudflat, open bay, and floodplain deposits in the 

HCFm.  Deposition was interpreted to have occurred relatively rapidly in an unstable 

environment, with shifting channels acting as the primary agent of sediment transport 

and deposition.  

Rahmani (1983, 1988, 1989) interpreted the lower HCFm as a series of embayed 

shorelines, estuaries, deltas and barrier-island complexes.  He further stated that tidal 

processes were dominant in the estuarine, inlet and back-barrier environments, and 

wave processes dominated sedimentation in offshore environments.  The study used the 

Ogeechee River-Ossabaw Sound, Georgia, U.S.A.; the Rhine-Meuse Delta of the 

Netherlands; the Gironde Estuary, SW France; and Willapa Bay, Washington, U.S.A. as 

modern analogs. 

Waheed (1983) studied the Bearpaw-Horseshoe Canyon transition zone to the 

northwest of the study area (i.e., paleolandward).  He interpreted the upper 40 m of the 

Bearpaw Formation as comprising offshore, barrier island and back-barrier 

environments.  The lower 80 m of the HCFm was interpreted as a series of stacked 



 

  10 

delta-plain successions deposited in a series of meandering channel, levee, bay, 

crevasse channel, crevasse splay and moderate to poorly drained swamp environments.  

The upper 100 m of the HCFm was interpreted to represent a purely continental (fluvial) 

succession.  

Saunders (1989) studied the HCFm succession SE of the study area (i.e., paleo-

seaward) and focused on the informally named “Appaloosa Sandstone”, the equivalent 

of Allomember F (Ainsworth, 1994).  He interpreted the whole section as a “classic 

example” of a regressive barrier-island sequence.  Through the aid of sedimentology 

and ichnology, depositional units of Allomember F were subdivided into three distinct 

stratigraphic zones.  The lower zone consists of storm-influenced lower shoreface and 

offshore deposits.  The middle zone comprises upper shoreface sandstones, and the 

upper zone contains foreshore and backshore units.  

Ainsworth (1991, 1992, 1994) and Ainsworth and Walker (1994) produced an 

allostratigraphic framework for the lower HCFm, identifying seven allomembers (A to G) 

in the Drumheller area.  The bounding discontinuities used to define the allomembers 

are marine flooding surfaces, which often occur above coal seams.  The allostratigraphic 

divisions define transgressive and regressive phases, effectively making the 

allomembers transgressive-regressive cycles (smaller scale T-R sequence as defined by 

Embry and Johannessen (1992).  The Exxon sequence stratigraphic scheme (Van 

Wagoner et al., 1988; Van Wagoner et al., 1990), Galloway’s genetic sequence 

stratigraphic scheme (Galloway, 1989), and allostratigraphy were all examined for their 

utility in subdividing the strata in the study area by Ainsworth (1991, 1992, 1994).  

Allostratigraphy was deemed the most appropriate and useful for this particular study 

area.  

Eberth (1996) studied incised valley fills within the Dinosaur Park Formation and 

HCFm.  Two types of channel fills were identified: simple mud-filled incised valleys 

(MFIVs) and complex MFIVs.  Simple MFIVs are dominantly mud-filled and the incision 

and fill occurred during a single sea-level drop and rise in a coastal plain to estuarine 

setting.  Complex MFIVs comprise heterolithic strata interpreted to occur in the central 

part of a tide-dominated estuary.  These fills are commonly associated with multiple cut 

and fill events during the fill of the incised valley.  
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Lavigne (1999) focused on channelized deposits in Allomember B (Ainsworth, 

1991).  The channel incisions were interpreted as the product of avulsion of delta 

distributary channels rather than as a product of tectonic- or eustatic-induced relative 

sea level fall.  The interpretation is based upon the assessment that a regional 

unconformity does not occur at the base of these channels.  Rather, he suggests that 

autogenic erosion, common to deltaic settings, produced the incision surfaces.  

1.5. The WAVE Classification 

The WAVE Consortium (www.waveknowledgebase.net) is focused on improving 

the characterization and classification of mixed-influence, marginal-marine depositional 

environments through the use of a process-based architectural classifications system.  

The aim of this research is to characterize and analyze the potential impact of 

heterogeneities on reservoir connectivity and compartmentalization within marginal-

marine systems, and to determine how to best predict and mitigate such impacts in the 

subsurface.  WAVE researchers have integrated their classification system into an 

interactive database, termed the WAVE Knowledgebase, which can be used to predict 

depositional geometries based on sedimentological and ichnological characteristics.  

The knowledgebase is designed for use in petroleum exploration, development and 

production. 

1.5.1. A Process-Based Classification 

Marginal-marine systems (especially deltas) are commonly grouped into fluvial-

dominated, wave-dominated, or tide-dominated end members based solely on the 

dominant process, with generally little acknowledgment of secondary and tertiary 

depositional processes.  However, the classification of mixed-influence systems can be 

problematic because many of these systems cannot be readily characterized as fluvial-

“dominated”, wave-“dominated”, or tide-“dominated”.  These end-member models do not 

accommodate the variability found within the more abundant mixed-influence marginal-

marine systems (Ainsworth et al., 2011).  

http://www.waveknowledgebase.net/
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In order to accommodate the true variability of mixed-influence systems, a new 

and more detailed classification system was devised (Ainsworth et al., 2011).  This 

system subdivides marginal-marine systems into 15 categories, based on the dominant, 

subordinate and tertiary hydraulic processes impacting sedimentation.  Hydraulic 

processes are listed in relative order of importance and are described as ‘dominant’, 

‘influenced’ or ‘affected’.  For example, a wave-dominated, tidal-influenced, fluvial-

affected system would be classified as Wtf (Fig. 1.5; Ainsworth et al., 2011).  

Architectural units can be plotted on a W, F, T ternary diagram with relative proportions 

of processes being calculated semi-quantitatively.  

 

Figure 1.5: WAVE Process-Based Classification 
The WAVE processed-based classification consists  of the W, F, T ternary plot on the left and the 
one-to-three letter code assigned to denote the dominant, secondary and tertiary processes 
acting on the architectural units being described (Ainsworth et al., 2011; Vakarelov and 
Ainsworth, 2013). 

1.5.2. Architectural-Based Classification 

In addition to the process-based classification, the WAVE Consortium employs 

an architectural approach to characterizing marginal-marine deposits.  The classification 
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consists of five architectural levels: Level I – element (E) and element set (ES); Level II – 

element complex (EC) and element complex set (ECS); Level III – element complex 

assemblage (ECA); Level IV: element complex assemblage set (ECAS); and Level V – 

T-R sequence (Vakarelov and Ainsworth, 2013).  

Level I – elements and element sets are considered the basic building blocks of 

marginal-marine depositional systems.  Elements are defined as a three-dimensional 

body of sediment that can be described in terms of its geometry: shape, width, length, 

thickness, and slope.  Element sets are made up of individual elements with common 

characteristics.  The WAVE classification currently contains 37 element and element set 

types (Fig. 1.6; Vakarelov and Ainsworth, 2013). 

 

Figure 1.6: Level I - Elements and Element Sets 
Illustrated three-dimensional examples of shoreline, channel, and onshore elements and element 
sets (Vakarelov and Ainsworth, 2013). 
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Level II – An element complex is a three-dimensional body of sediment that can 

be described in terms of its geometry: shape, width, length, thickness, and slope.  It is 

made up of elements and element sets that formed under similar hydraulic processes in 

the same part of the depositional system.  Element complex sets are groupings of 

element complexes that represent genetically related deposits that formed under a 

single pulse of regression or transgression of the shoreline.  There are currently 38 

element complexes and element complex sets in the WAVE classification (Fig. 

1.7;Vakarelov and Ainsworth, 2013). 

 

Figure 1.7: Level II – Element Complexes 
Illustrations showing plan view examples of shoreline to offshore, channelized and onshore zone 
element complexes.  Element complexes have a one-to-three letter process code assigned to 
them indicating the relative proportions of wave, tide and fluvial influence.  The element complex 
being described in each example is illustrated in colour, while adjacent element complexes are 
shown only as outlines (Vakarelov and Ainsworth, 2013). 
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Level III – element complex assemblages (ECAs) represent three-dimensional 

bodies of sediment deposited in a single pulse of shoreline transgression, aggradation or 

regression, during which time regional hydraulic processes remain relatively constant.  

Changes in regional processes are usually linked to autogenic factors such as a major 

avulsion of a distributary river channel or allogenic factors such as climate change or a 

variation in the wave-tide regime due to a change in basin shape.  ECAs can be viewed 

as the regional shoreline morphologic response to the various proportions of wave, tide 

and fluvial processes acting upon the system (Fig. 1.8; Vakarelov and Ainsworth, 2013).  
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Figure 1.8: Level III – Element Complex Assemblages 
Element complex assemblage illustrations in plan view, showing the shoreline morphologic 
response to the varying hydraulic processes affecting the system (Ainsworth et al., 2011; 
Vakarelov and Ainsworth, 2013). 
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Level IV – element complex assemblage sets are three-dimensional bodies of 

sediment formed under a single pulse of shoreline transgression or regression 

(Vakarelov and Ainsworth, 2013).  A transgressive element complex assemblage set 

(TECAS) corresponds to the transgressive systems tract of Embry (1995).  The 

regressive element complex assemblage set (RECAS) corresponds to the regressive 

systems tract of Embry (1995) and closely to parasequences as defined by Neal and 

Abreu (2009).  

Level V – T-R sequences, defined by Embry and Johannessen (1992), though 

smaller scale, corresponds to linked transgressive element complex assemblages 

(TECAS) and regressive element complex assemblages (RECAS).  T-R sequences 

represent one sea-level cycle of transgression and regression (Vakarelov and Ainsworth, 

2013).  

The WAVE classification was can be applied at the parasequence and intra-

parasequence scale.  The intra-parasequence scale is divided into inter-reservoir and 

intra-reservoir scales.  Level IV and V (ECAS, T-R sequences) are applied to the 

parasequence scale of stratigraphy.  Level II and III (EC, ECS, ECA) characterize the 

inter-reservoir (sand body) scale, outlining the reservoir character and distribution within 

a parasequence.  Level I (E, ES) describes the intra-reservoir scale outlining 

heterogeneities within sand bodies (reservoir).  

1.5.3. The WAVE Consortium’s Drumheller Study 

Using Ainsworth’s (1991) allostratigraphic divisions of the lower HCFm, the 

WAVE Consortium has applied their process and architectural based classification 

system to the lower portion of the formation.  Their study is aimed at the intra-

parasequence scale of observation, offering higher resolution than previous studies 

conducted on the lower HCFm.  Through their study, the WAVE Consortium preformed 

high-resolution analysis on allomembers A-C and preliminary analysis on allomembers 

D-F, resulting in the identification of 21 element complexes and 12 larger element 

complex assemblages.  Results of the allomember A-C study are summarized in Table 

1.1. 
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Allomember A comprises three element complexes.  The Wt-beach EC 

represents transgressive sandstone deposits (TECAS).  This is overlain by Fwt-lobe and 

Wtf-lobe ECs of regressive origin (RECAS).  These element complexes represent 

prodelta (Fwt-lobe) and delta front (Wtf-lobe) deposits.  Vakarelov et al. (2012) focused 

on the recognition of wave-dominated, tide-influenced units within Allomember A. 

Allomember B is made up of three element complexes.  Transgressive deposits consist 

of Tf-channelized and Tf-tidal flat ECs.  The Tf-channelized EC has a maximum relief of 

16 m.  The Tf-tidal flat EC overlies the channelized EC, and is in turn, overlain by a 

regressive Tf-onshore EC.  Allomember C contains a 27 m deep channel incised into 

Allomember B that is transgressively filled with Ft-channelized EC deposits.  The 

majority of deposition within Allomember C consists of regressive mouthbar, tidal flat, 

beach, and channelized deposits, including: Wtf-mouthbar, Tw-tidal flat, Tf-channelized, 

Ft-channelized, Wt-beach, and Tf-channelized ECs (Ainsworth et al., 2010; Ainsworth et 

al., 2012).  
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Table 1.1: WAVE Previous Work – Allomembers A-C 

Allomember 
Element 
Complex 

Name 
Element Complex 

(EC) 
Element Complex 

Assemblage 
(ECA) 

Element 
Complex 

Assemblage Set 
T-R 

Sequence 

C 

C7 Tf-Channelized 
Wtf- Assemblage C 

RECAS C 
C 

C6 Wt-Beach -
Shoreface 

C5 Ft-Channelized 

Twf-Assemblage C C4 Tf-Channelized 

C3 Tw-Tidal Flat 

C2 Wtf-Mouthbar Wtf- Assemblage C 

C1 Ft-Channelized Ft-Assemblage C TECAS C 

B 

B3 Tf-Onshore Tf-Assemblage Bc RECAS B 

B B2 Tf-Tidal Flat Tf-Assemblage Bb 
TECAS B 

B1 Tf-Channelized Tf-Assemblage Ba 

A 

A3 Wtf-Lobe -
Shoreface Wtf- Assemblage A 

RECAS A 
A A2 Fwt-Lobe -Offshore Fwt-Assemblage A 

A1 Wt-Beach -Offshore Wt-Assemblage A TECAS A 

Summary of the WAVE Consortium’s high-resolution study of allomembers A-C.  The scale of architectural 
classification increases from left to right, from Level II: element complexes to Level V: T-R sequences.  Blue 
lines indicate maximum transgressive surfaces.  Red lines indicate maximum regressive surfaces (modified 
from Ainsworth et al., 2010). 

The WAVE Consortium applied the WAVE classification to the HCFm in a six 

step workflow (Ainsworth et al., 2010; Ainsworth et al., 2012).  1) The units were 

allostratigraphically divided in most cases based on coals overlain by marine flooding 

surfaces.  These allomembers essentially represent Level V: T-R sequences as defined 

by Embry and Johannessen (1992), though smaller scale, or parasequences as defined 

by Van Wagoner et al. (1990).  2) Facies and facies associations were defined within 

each allomember.  Facies association boundaries were defined, and facies associations 

were termed element complexes (their equivalent in the WAVE classification).  3) The 

element complexes were then evaluated based on the relative proportions of hydraulic 

processes responsible for deposition, and for their interpreted position (zonation) within 

the depositional system: onshore, shoreline to offshore, and channelized.  4) Element 



 

  20 

complexes were then assigned an architectural category.  5) Element complex 

assemblages were defined based on ECs that are genetically linked with the same 

process domination.  A significant change in dominant process requires a separate ECA.  

6) The final step of the WAVE workflow for the HCFm was to assign the element 

complex assemblages to either transgressive or regressive ECAs (Ainsworth et al., 

2010). 

1.6. Comparing WAVE Classification- and Facies Analysis- 
Terminology 

This thesis utilizes both the widely accepted facies analysis approach and the 

relatively new WAVE classification approach for interpreting and classifying depositional 

settings.  Facies analysis is the most commonly used method for classifying sedimentary 

rocks, and is an effective way of interpreting the depositional setting of sedimentary 

units.  It is based on the interpretation of facies, facies associations and facies 

successions in terms of the processes responsible for their deposition.  Facies analysis 

leads to a deduction of the most likely environments where these processes were acting.  

From this stage, sequence stratigraphic nomenclature can be used to characterize 

stratigraphic stacking patterns resulting from changing accommodation space and 

sediment flux.  The WAVE classification system employs a similar process-response 

workflow to facies anaylsis, but is focussed on classifying the relative proportions of 

wave, tide and fluvial processes responsible for deposition.  The WAVE architectural 

units are comparable in scale to facies analysis units (Table 1.2). 

Facies represent bodies of sedimentary rock with similar combinations of 

lithologic, physical and biological structures (Middleton, 1978).  Facies are comparable 

to elements and element sets (Vakarelov and Ainsworth, 2013).  Elements and element 

sets are subaerial geomorphological features and their subsurface equivalents.  These 

architectural units define a three-dimensional body of similar lithology.  While some 

elements may be directly comparable to facies (e.g. abandoned channel fill), some 

elements, such as the beach ridge, likely contain multiple facies.  Though the beach 

ridge element is composed of a similar lithology and results from wave processes, the 

physical and biological structures vary with water depth leading to the definition of 
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multiple facies (e.g. hummocky cross-stratified sandstone, trough cross-bedded 

sandstone and plane bed laminated sandstone). 

Facies associations are groups of genetically related facies that define 

depositional environments (Collinson, 1969).  Facies associations are scale equivalent 

to element complexes (Vakarelov and Ainsworth, 2013).  Element complexes represent 

groups of genetically related elements and element sets, in which similar processes 

control sediment deposition (Vakarelov and Ainsworth, 2013).   

Depositional systems are three-dimensional assemblages of facies, facies 

associations and/or facies successions that are genetically relatefd by similar process 

conditions and environments (Posamentier et al., 1988).  Element complex assemblages 

represent the same scale and are defined as genetically related element complexes or 

element complex sets that form under similar process conditions (Vakarelov and 

Ainsworth, 2013).  

A parasequence is a sequence stratigraphic term that represents genetically 

related sedimentary units bounded on the top and bottom by marine flooding surfaces 

and their correlative conformities (Van Wagoner et al., 1988; Van Wagoner et al., 1990).  

A T-R sequence represents same scale as a parasequence as it represents one sea-

level cycle of transgression (TECAS) and regression (RECAS) bounded by marine 

flooding surfaces.  T-R sequences can be divided into two element complex assemblage 

sets representing transgressive and regressive pulses (TECAS and RECAS). 

  



 

  22 

Table 1.2: Facies Analysis/Sequence Stratigraphic Terminology vs. WAVE 
Classification Terminology 

Facies Analysis/Sequence Stratigraphic 
Terminology WAVE Classification Terminology 

Facies Elements and Element Sets 

Facies Associations Element Complexes and Element 
Complex Sets 

Depositional Setting Element Complex Assemblages 

Intra-parasequence Scale Element Complex Assemblage Sets 

Parasequence T-R Sequence 

Comparison of similar scales of description between facies analysis and sequence stratigraphic terminology 
(on the left) with the WAVE classification terminology (on the right). 

1.7. Methodology 

1.7.1. Data Collection 

Within the study area, the south and southeast facing outcrops offer the best 

exposure as they are less vegetated as they receive more sun and are generally drier.  

However, all outcrops are typically obscured by a bentonitic veneer with a “popcorn” 

texture.  The popcorn layer had to be removed with shovels and wire brushes prior to 

logging.  The studied outcrops of allomembers D and E are recessive, and form slopes 

as opposed to vertical exposures.  Each section was cleaned by excavating 1 m wide 

and 0.2 to 0.5 m high steps up through the outcrop to expose clean vertical and 

horizontal sections (Fig. 1.9).  

Data collection involved recording unit thicknesses, bedding geometries, 

lithologies, grain size, sedimentary structures, ichnological structures, and contacts.  

Vertical measurements of the unit thicknesses were aided by the use of a TruPulse 

200© laser rangefinder.  Lithologic characteristics such as grain size, rounding and 

sorting were recorded in addition to detrital accessories.  Sedimentary structures were 

recorded as were their orientations and spatial variation.  Orientations of current-

generated structures include azimuth and dips of dune and ripple structures.  Ichnologic 

descriptions were made by recording ichnogenera, bioturbation intensity, diversity, and 
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spatial distributions.  Contacts were defined as sharp, gradational, erosional, and those 

demarcated by the Glossifungites Ichnofacies.  Graphic representations of the outcrop 

section were made in the field and subsequently digitized using Adobe Illustrator©.  

 

 

Figure 1.9: Outcrop Cleaning 
Prior to logging the outcrop sections of allomembers D and E, outcrops were cleaned, and in 
most cases a staircase was dug into the outcrop to reveal unweathered vertical exposures.  A) 
RDV-B with Liam Ricci (203 cm tall) for scale in the upper right of the photo.  The stairs are 
approximately 30 cm high and 60 cm wide.  B) RDV-11.  Stairs are approximately 20 cm high and 
80 cm wide.  C) RDV-12.  The stairs are approximately 20 cm high and 80 cm wide. 

Cored wells are also used to correlate the observations from the Red Deer River 

Valley and Willow Creek outcrops to the subsurface.  Of the five cored wells present in 

the study area, only three contain correlatable sections of allomembers D and E.  The 
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cores not only allow for correlation of outcrop data to the subsurface, but also reveal 

sedimentary structures and trace fossils that are not readily discernible in outcrop due to 

weathering (Ainsworth et al., 2010).  

The far walls of the Red Deer River Valley and Willow Creek offer excellent 

vantage points for acquiring photomosaics of the outcrop.  A telephoto lens was used to 

photograph the outcrops, producing high-resolution photo mosaics that extend for up to 

three kilometers.  Interpretation of these mosaics is extremely useful in areas where 

walking out contacts is not prudent due to safety concerns and/or time constraints.  

1.7.2. Geochemistry 

Organic carbon isotope (carbon-13 isotope) analysis was performed on 14 

samples from mudstones distributed throughout the study area.  The preparation of 

samples for carbon isotope analysis consisted of grinding and removing inorganic 

carbon by performing several washings with dilute HCl.  This was done by adding 10 ml 

of 6% HCl to 3 g of powdered sample, mixing, and drying at 60ºC for 24 hours.  

Appropriate lab equipment for drying and venting the unreacted gaseous HCl must be 

used as it will cause corrosion in standard sediment drying ovens.  This process was 

repeated four times until the powdered samples did not react with the acid, indicating 

that the inorganic carbon had been removed.  The carbonates were consumed via the 

acid treatment leaving only organic carbon in the samples.  Prepared samples were then 

analyzed at the G.G. Hatch Stable Isotope Lab at the University of Ottawa.  

Samples were analyzed for carbon-13 isotope ratio (𝛿13C) in per mil (‰).  

Isotope values were then compared to a standard by calculating the deviation between 

the 13C/12C ratio in the sample to the same ratio in a standard (the Pee Dee Belemnite 

standard (PDB)). 𝛿13C values were calculated using the following formula: 

𝛿13𝐶‰ =

� 𝐶13

𝐶12 �
𝑆𝑎𝑚𝑝𝑙𝑒

− � 𝐶13

𝐶12 �
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑

� 𝐶13

𝐶12 �
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑

× 1000 
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Carbon isotope results were then compared to known source values (carbon 

from marine and terrestrial origins) to determine the provenance of organic material in 

sediments.  Terrestrially sourced carbon has typical carbon isotope values from -26 to    

-27 ‰, and marine-sourced carbon ranges from -20 to -22 ‰ within modern settings 

(Cifuentes et al., 1988; Chmura and Aharon, 1995; Pospelova et al., 2002).  Within the 

late Campanian to early Maastrichtian, carbon isotope values were slightly more positive 

that the modern with terrestrial values ranging between -24.8 to -25.8 ‰ (Yazykova and 

Zonova, 2004). 

1.7.3. Facies Analysis Integrated with the WAVE Classification 
System (workflow of this project) 

Allomembers D and E were interpreted from a facies analysis perspective while 

incorporating aspects of the WAVE classification to the succession.  1) Outcrop data 

was logged and analyzed.  Graphic logs containing sedimentologic and ichnologic data, 

and written descriptions were produced for each outcrop section.  Sedimentologic 

information such as lithology, grain size, bedding, contacts, sedimentary structures, and 

lithologic accessories were described along with ichnologic details such as bioturbation 

index (BI) and trace-fossil identification.  2) The strata were divided into facies, 

characterized by combinations of lithology, and physical and biologic structures.  3) The 

facies were interpreted from a process-response perspective.  For example, the 

hydraulic velocity required for specific bedform formation would be determined, leading 

to an understanding of hydraulic processes acting upon deposition.  Ichnological suites 

were also interpreted in terms of ethology, substrate, energy conditions and potential 

stresses on the ichnogenera.  4) Facies were combined into facies associations 

representing facies that are genetically related and have environmental significance.  5) 

The deposition environment was interpreted for each facies association by integrating 

the data available from current idealized facies models.  6) Facies associations were 

assigned an element complex designation from the WAVE classification system.  The 

ECs were also assigned a one to three letter, process-based classification code 

indicating the dominant-, secondary- and tertiary- processes responsible for deposition.  

7) The succession was interpreted in terms of element complex assemblages to assign 

WAVE terminology to the depositional setting.  
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2. Assigning Sedimentary Structures and 
Bedding Architectures to Wave, Tidal and 
Fluvial Hydraulic Processes 

2.1. Introduction 

This chapter outlines the sedimentary structures that can result from the 

hydraulic transport of sediment by waves, tides and/or rivers.  Though not an exhaustive 

summary, a brief description is provided for how each hydraulic process affects 

sedimentation.  Types of currents, direction, intensity, and duration are also discussed in 

regards to waves, tides and fluvial processes.  In addition, some of the most common 

bedforms and bedding architectures found in marginal-marine systems are discussed 

from a process-response perspective.  Structures, bedding architectures, and the 

controls on bedform formation such as current velocity, water depth, and grain size are 

also discussed.  

2.2. Waves 

Waves are formed by friction between wind and water, and wave height is 

controlled by wind speed, wind duration, and fetch (the distance wind blows over water 

in a single direction).  As waves enter shallow water, they increasingly erode and 

transport sediment through oscillatory currents (orbital motion of water) and through 

wave derived unidirectional currents (Komar, 1976; Clifton, 2006; Plint, 2010).  The 

intensity of waves and their effect on sedimentation varies between fair-weather 

conditions and storm events.  

Wave base (WB) is the depth at which a wave can influence sedimentation of the 

seafloor.  Depending on the basin, and the geometry of the shoreline, effective wave 

base during fair-weather conditions is approximately 5-15 m (Walker and Plint, 1992): 
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this is termed fair-weather wave base (FWWB; Fig. 2.1).  Below FWWB, the energy of 

the oscillatory currents is insufficient to move sediments deposited on the seafloor, and 

therefore FW waves are not manifested sedimentologically in the offshore zone.  In 

general, wave processes on the coastline can be divided into four zones: wave shoaling, 

wave breaking, surf and swash.  The shoaling zone represents the area between WB 

and the breaking point of waves.  As fair-weather waves enter shallower water and pass 

landward of FWWB, wave orbits become more elliptical and waves begin to shoal.  As 

waves shoal, increased friction between the wave and the seafloor forces the 

wavelength to decrease.  This results in waves appearing higher as wave heights are 

retained and wavelengths shorten.  The water in the wave piles up, becoming 

increasingly asymmetric, and when the wave height reaches one-seventh of the 

wavelength, the wave breaks (Aagaard and Masselink, 1999; Short, 1999).  This causes 

a shorter, more powerful landward movement of water under the crest of the wave and a 

longer, less powerful seaward movement of water under the trough (Short, 1999; Plint, 

2010).  After a wave breaks, unidirectional currents flow landward in the surf zone.  

Ultimately surf flows up the beachface as swash, and then back into the surf zone as 

backwash.  Swash flows up the beach with enough velocity to produce upper flow 

regime planar laminations in sand (Plint, 2010).  The swash zone consists of the 

intertidal zone (low tide to high tide) and extends from the point of collapse of the wave 

to the upper limit of swashing water. 

 

Figure 2.1: Wave Zonation 
The shoaling zone extends from fair weather wave base (FWWB) to the breaker zone.  The surf 
zone consists of breaking waves between the breaker zone and the swash zone.  The swash 
zone extends from the edge of the surf zone to the sub-areal beach within the intertidal zone (LT: 
low tide, HT: high tide; modified from Dashtgard et al., 2010) 
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Wave-induced currents such as longshore drift and rip currents add additional 

unidirectional components to wave processes.  Longshore drift results when waves 

approach the shoreline at an oblique angle.  The swash-backwash produced by breaking 

waves travels up the beach in the direction of wave propagation, then down the beach 

perpendicular to depositional slope and back into the surf zone.  This enables the shore-

parallel transport of sediment in the surf zone, referred to as longshore transport (Komar, 

1976).  Rip currents also form in the surf zone.  As waves break, water moves landward 

piling up against the beach.  The water is returned seaward by longshore circulation 

cells.  Longshore currents travel parallel to the shoreline until they converge with the 

longshore currents moving in the opposite direction resulting in a combined current 

moving in the seaward direction, termed a rip current (Komar, 1976).  The distance 

between rip current cells can range from 50–1000 m and is largely controlled by wave 

height and beach gradient (Short, 1985; Huntley and Short, 1992; Aagaard and 

Masselink, 1999).  They typically form narrow (20-40 m wide) and shallow (1-2 m deep) 

channels, and are capable of transporting sand and gravel in the seaward direction 

(Hunter et al., 1979; Plint, 2010).  

Storms are relatively short-lived events that tend to dominate sedimentary 

successions due to their intensity and erosive and depositional capabilities.  Storms 

produce large oscillatory waves that can affect sedimentation up to 200 m water depth 

(Komar et al., 1972).  Storms also produce unidirectional, coast parallel- to coast 

oblique-geostrophic flows (Swift et al., 1986).  During a storm, water is driven on land by 

winds and low pressure, resulting in coastal setup or coastal surge: a rise in sea level at 

the coastline that may be several meters.  The difference in water level from the 

shoreline to offshore produces a downwelling current that flows seaward.  This seaward 

flowing current is influenced by the Coriolis force, which deflects it to the right in the 

northern hemisphere or left in the southern hemisphere, and is referred to as a 

geostrophic current (Swift et al., 1986; Plint, 2010). 

2.3. Tides 

Tides refer to the periodic fluctuation in water level resulting from the gravitational 

pull of the moon and the sun on the ocean surface.  Although the moon has a smaller 
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mass, it exerts slightly more than double the tide-generating force of the sun due to its 

close proximity to earth (Dalrymple, 2010). 

Lunar tides consist of two forces: the moons gravitational force (strongest on the 

side of the earth closest to the moon), and the centrifugal force exerted on the earth 

because of its revolution around the earth-moon center of mass.  The result of the 

gravitational and the centrifugal force is the tide generating force (Fig. 2.2; Allen, 1997). 

At the most basic level, two tidal bulges are formed in the world’s oceans, one centered 

below the moon and one on the opposite side of the earth from the moon.  As the earth 

rotates, the bulges travel around the earth causing a regular rise and fall of water levels 

(Fig. 2.2; Dalrymple, 2010).  Flood tides refer to the rise in relative sea level and ebb 

tides refer to the fall in relative sea level.  The position of continents hinders the 

gravitational rotation of tidal bulges, resulting in significantly more complicated tidal wave 

rotations in oceanic basins.  Within basins, tides rotate around amphidromic points, or 

areas of zero tidal amplitude (Dalrymple, 2010). 

 

Figure 2.2: Effect of Lunar Gravity and Centrifugal Force on the Tidal Bulge 
The tide generating force (orange arrow) is the result of the pull of the moons gravity 
(gravitational force –red arrow) and the centrifugal force (white arrow).  The tide-generating force 
is responsible for the tidal bulges that cause the increase and decrease in relative sea level on a 
semi-diurnal basis (modified from Dalrymple, 2010). 
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One complete tidal cycle is slightly longer than half a day (12.42 hours).  If there 

are two tidal cycles in a day it is termed semi-diurnal frequency (Allen, 1997).  A diurnal 

(once a day) frequency can also result due to the inclination of earth’s axis with respect 

to the moon’s orbit.  This causes specific regions of the earth to pass closer to the peak 

of one tidal bulge than the other, causing two daily high and low tides of unequal range.  

Also, continental restriction of tidal bulges causes the semi-diurnal tide to be damped out 

leaving the diurnal tide as dominant (Dalrymple, 2010).  A combination of semi-diurnal 

and diurnal tides can be found where two daily tides occur with a strong diurnal 

influence, termed a mixed tide.  

The gravitational force exerted by the sun plays a significant role in the tidal 

range variations known as spring and neap tides.  Spring tides are the result of the sun 

intensifying the gravitational pull of the moon, which results in higher tidal amplitudes. 

Neap tides are produced when the Sun’s gravitational force partly counteracts the tidal 

force of the moon, resulting in smaller tidal amplitudes.  The spring-neap tidal range 

cycle occurs over a period of 14.76 days (Kvale, 2006). 

Tidal range is the vertical water level difference during a tidal cycle.  It is divided 

into microtidal (0-2 m range), mesotidal (2-4 m range), macrotidal (4-8 m range), and 

megatidal (>8 m range; Levoy et al., 2000).  In the open ocean, tide range is commonly 

less than one meter (Dalrymple, 2010).  On the continental shelf, tidal range increases 

due to the forcing action of the oceanic tide, and friction of the tidal wave with the 

shallower water on the shelf.  As the tidal wave moves onshore, the progressively 

smaller cross-sectional area of the water column over the shelf produces shoaling which 

amplifies the tidal range.  Morphologies such as funnel-shaped embayments also reduce 

the cross-sectional area, further amplifying the tidal range.  

Tidal currents develop from the rotation of tidal waves around oceanic basins, 

and have a direct impact on sedimentation.  The current velocity and direction changes 

during a tidal cycle have the greatest influence on sedimentation.  Current speed is 

controlled by the volume of water that passes a given point during a tidal cycle.  The 

speed of currents in not necessarily linked to tidal range (Dalrymple, 2010).  For 

example, a large tidal range on a straight coast may have slower flow velocities than a 

low tidal range in an estuary or embayment that is large compared to the cross-sectional 
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area of the estuary mouth.  Tidal range can also indirectly affect sedimentation of wave 

dominated coasts by causing a lateral translation of wave zones due to the change in 

water depth during a tidal cycle.  However, this is only well developed in macrotidal to 

megatidal settings (Dashtgard et al., 2010). 

In the open-ocean, tidal-current velocity and direction change in a way that 

produces a rotational tidal wave in which there is no slack-water period; consequently, 

current velocity never reaches zero.  When the tidal wave flow is confined in coastal 

regions such as in mouths of rivers, narrow seaways and straights, the currents reverse 

by 180 degrees causing a slack-water period where the current speeds reach zero 

allowing for deposition of very-fine grained sediment, such as mud (Allen, 1997; 

Dalrymple, 2010). 

In the open ocean the tidal wave is symmetric (equal flood and ebb tides), but in 

coastal environments the tidal wave interacts with the ocean floor producing deformation 

in the tidal wave, and creating inequalities in the flood and ebb tides.  Similar to wind 

waves, the tidal wave also becomes asymmetric as it enters shallower water, forming a 

flood tide that is of shorter duration and higher flow velocity than the ebb tide (Dyer, 

1995).  The shorter duration and higher velocity of the flood tide causes the majority of 

sediment movement in the landward direction (Dalrymple and Choi, 2003).  The 

exception to this is in areas of high fluvial discharge, wherein the ebb tide acts in concert 

with fluvial discharge producing dominantly seaward movement of sediment (Dalrymple, 

2010). 

2.4. River (Fluvial) Processes 

Rivers are the dominant mode of sediment transport from continental to 

marginal-marine environments.  This occurs primarily though traction transport of grains 

(Miall, 2010).  Deposition of fluvially derived sediment occurs both in the continental 

zone (channels and the floodplain) in the marginal-marine realm (deltas and estuaries), 

and in deep marine settings (hyperpycnal flows and some turbidites). 

Deposition in fluvial systems occurs in channels and on the floodplain where the 

river loses its ability to entrain sediment.  Channel deposition consists of bar deposits 
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that can form mid-channel or along channel margins.  The most common bank-attached 

bar is a point bar.  Point bars form where helical flow around a meander bend leads to 

erosion on the outside bank and deposition by lateral accretion on the inside bend (Miall, 

2010).  On floodplains, fine-grained sediment such as silts and clays can be deposited 

during flood events, either through suspension settling or from water with high-

suspended sediment concentrations.  Generally within channels and proximal overbank 

environments, sedimentation is dominated by sand.  On the floodplain, deposition is 

dominated by silts and clays (Miall, 2010).  In fluvial settings where tides force the salt 

water wedge into the channel, there is a zone of increased mud deposition termed the 

turbidity maximum.  At this location of freshwater and salt water mixing, clay that is 

present in suspension flocculates, creating a zone high in suspended-sediment 

concentrations allowing for increased deposition of mud (Nichols and Biggs, 1985; 

Burban et al., 1989; Dyer, 1995; Dalrymple and Choi, 2003).   

A delta is formed as a river enters a standing body of water and the decrease in 

current velocity causes a loss of competence and deposition of sediment near the mouth 

of the river (Nichols, 2009; Bhattacharya, 2010).  When rivers debouch into marine 

basins, the flow is either hypopycnal, hyperpycnal, or homopycnal depending on the 

density difference between the river water and the water of the receiving basin 

(Bhattacharya, 2010).  Marine deltas are commonly hypopycnal as fresh water is less 

dense than seawater (Bhattacharya, 2010).  This allows for fine-grained sediments to be 

carried in suspension some distance from the river mouth before settling from 

suspension or due to flocculation.  However, at times of high discharge, the amount of 

suspended sediment in the river allows the flow to exceed the density of seawater 

producing a hyperpycnal flow (Mulder and Syvitski, 1995).  Homopycnal flows occur 

when the river water and the marine water are of near equal densities, leading to rapid 

and thorough mixing, and rapid deposition.  This however is rare, as only small density 

differences are required for a flow to become hypopycnal or hyperpycnal (Bhattacharya, 

2010).  
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2.5. Bedforms 

Bedforms (sedimentary structures) are important tools in determining the 

depositional conditions present at the time of their formation.  The structures listed below 

are described in terms of morphology, processes required to produce the bedform (e.g., 

flow velocity, sediment caliber, etc.; Fig. 2.3).  This list comprises some of the most 

common structures found in marginal-marine settings that can potentially be attributed to 

wave, tide and/or fluvial hydraulic processes. 

 

Figure 2.3: Bedform Stability Plot – Unidirectional Currents 
Plot showing the stability of bedforms at various unidirectional flow velocities (y-axis) and 
sediment calibers (x-axis) with a mean flow depth of 0.25-0.40 m.  Fr: Froude number (modified 
from Southard and Boguchwal, 1990). 
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2.5.1. Current Ripples 

Current ripples are asymmetric bedforms with a maximum bedform height of 5 

cm.  The steep (lee) side of the ripple faces downstream (Fig. 2.4A).  They form within 

the lower flow regime, from sediment transport by unidirectional currents. Current ripples 

are restricted to coarse silt to coarse sand (Fig. 2.3).  Sand grains roll or saltate up the 

crest of the stoss (upstream) side and avalanche down the lee (downstream) side of the 

ripple.  The avalanching grains that come to rest on a slope of approximately 30°, which 

is the angle of repose for sand (Nichols, 2009).  Ripples generally range in wave length 

from 5 to 20 cm and in height from 0.5 to 3.0 cm, and can form in flow depths greater 

than a few centimeters (Boggs, 2006).  

2.5.2. Oscillation Ripples 

Oscillation ripples (wave ripples) are symmetric ripples with strait to mildly 

sinuous crests (Fig. 2.4B).  The back and forth motion of oscillatory currents produces 

laminae within each ripple that dip in both directions.  They are formed from oscillatory 

currents in coarse silt to coarse sand (Boggs, 2006).  Though wave ripples result from 

oscillatory flow they are not always indicative of wave processes on the shoreline.  For 

example, wave ripples can form in continental settings from wind-driven oscillatory flow 

in ephemeral standing water on the floodplain, or in shallow lakes or lagoons (Bridge 

and Demicco, 2008; Nichols, 2009). 

2.5.3. Combined Flow Ripples 

Combined flow ripples are slightly asymmetric ripples formed from a combination 

of oscillatory and unidirectional currents.  They straddle the continuum between an 

oscillation ripple and a current ripple (Fig. 2.4C), and include both current- and wave-

dominated combined flow ripples (Hill et al., 2003).  A rounded crest and unidirectional 

dipping lamination are characteristic of combined-flow ripples (Harms, 1969; Yokokawa, 

1995). 
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2.5.4. Aggradational Ripples 

Aggradational ripples are produced under conditions of rapid deposition.  When 

rapid sedimentation occurs in a unidirectional current capable of producing ripples, 

climbing ripples are produced (McKee, 1965; Jopling and Walker, 1968).  For climbing 

ripples, there is no net removal of sand from the stoss side of the ripple; hence 

subsequent ripples migrate up the stoss side of the preceding ripple.  The ripples climb 

on one another so that they appear to be advancing upslope.  Climbing ripples are 

indicators of rapid sedimentation as the sedimentation rate has to be equal or greater 

than the rate of downstream migration of the ripples (Nichols, 2009).  Wave ripples can 

also be aggradational when sedimentation rates are very high.  Aggradational wave 

ripples generally retain their ripple form such that the same bedform can be tracked 

upward; however, they are significantly less common than climbing ripples (Allen and 

Hoffman, 2005). 

2.5.5. Planar-Tabular and Trough Cross-Bedding 

The migration of subaqueous dunes results in the formation of successive 

sloping layers of sediment formed as sand avalanches down the lee slope of the dune.  

The flow velocity controls whether the roller vortex, produced by flow separation as 

water flows over the dune, erodes sediment on the lee slope, which impacts the 

morphology of the cross-beds (Nichols, 2009).  Generally dunes formed in a few meters 

of water are tens of centimeters high, and dunes formed in tens of meters of water are 

meters high (Allen, 1982; Leeder, 1999).  Dunes can form in grains sizes from fine sand 

to fine gravel (Nichols, 2009).  

Planar tabular cross-bedding is formed in lower flow velocities in which the roller 

vortexes on the lee slope are too weakly developed to rework the sediment (Nichols, 

2009).  This causes the basal surface of the cross-beds to be flat and near horizontal 

due to the absence of scouring in the trough, and produces straight crested dunes (2D).  

The foresets within planar tabular cross-bedding are planar and commonly intersect the 

basal surface at sharp angles. 

Trough cross-bedding is formed at higher flow velocities where the roller vortex is 

well developed creating a zone of scouring and produces an undulatory erosional basal 
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surface (Nichols, 2009).  The crest of the dune is highly sinuous, forming 3D dunes. 

Foresets within trough cross-beds are commonly bowl-shaped and go tangential towards 

the lower surface (Fig. 2.4D).  

2.5.6. Hummocky and Swaley Cross-Stratification 

Hummocky cross-stratification (HCS) is made up of undulating sets of low angle 

(<15°) laminae that form both swales (concave upwards laminae) and hummocks 

(convex-downward laminae; Harms et al., 1975; Southard et al., 1990; Dumas and 

Arnott, 2006).  The successive bed sets commonly cut into previous beds with sharp 

erosional surfaces (Fig. 2.4E).  HCS commonly occurs in sandstone beds 10-50 cm 

thick, with rare beds thicker than 1 m (Walker and Plint, 1992).  The crests of hummocks 

are tens of centimeters to a meter apart and the laminae commonly thicken away from 

the crest (Nichols, 2009).  HCS commonly occurs in coarse silt- to fine-grained sand and 

rarely in medium-grained sand (Amos et al., 1996; Li and King, 2007).  The research of 

Southard et al. (1990), Dumas et al. (2005) and Dumas and Arnott (2006) indicates HCS 

is produced by large oscillatory currents accompanied by weak unidirectional flow.  

Swaley cross-stratification (SCS) is a structure similar to HCS, but where only the 

swales (concave up laminae) are preserved.  They are produced by the same processes 

that form HCS: large oscillatory currents with a weaker unidirectional component.  The 

preservation of swales only, opposed to both swales and hummocks, is attributed to 

deposition in shallower water leading to lower aggradation and more frequent erosional 

scouring of hummocks (Dumas and Arnott, 2006).  

2.5.7. Plane Beds 

Plane beds consist of horizontal and parallel laminae in sand.  Plane beds can 

form both under lower flow regime and upper flow regime unidirectional currents (Fig. 

2.3 and 2.4F).  Lower flow regime plane beds occur in sediment greater than 0.6 mm 

(coarse sand) in low flow velocities (close to the threshold for grain movement).  

Horizontal planar laminations in lower flow plane beds tend to be poorly defined (Boggs, 

2006; Nichols, 2009).  Upper flow regime plane beds can occur in silt to very coarse 

sand (Boggs, 2006).  The upper plane beds produce well-defined planar laminations of 
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5-20 grains thick (Bridge, 1978; Nichols, 2009).  Plane beds can also be produced by 

large oscillatory currents and combined flows attributed to storms (Arnott and Southard, 

1990; Dumas et al., 2005; Dumas and Arnott, 2006). 
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Figure 2.4: Bedform Examples from the Horseshoe Canyon Formation 
Examples of bedforms from the outcrops of the lower Horseshoe Canyon Formation in the Red 
Deer River Valley and Willow Creek. Allomember F photos courtesy of Liam Ricci.  A) Current-
ripple laminated sandstone within Allomember E (RDV-8).  B) Oscillation ripple within 
Allomember F (RDV-I).  C) Combined flow ripple within Allomember F (WC-6).  Note the rounded 
crest and unidirectional dipping lamination.  D) Trough cross-bedded sandstone within 
Allomember E (RDV-5’).  Note the mud drapes in the foresets in the middle of the photo.  E) 
Hummocky cross-stratified sandstone (HCS) within Allomember E (RDV-12).  F) Planar laminated 
sandstone within Allomember B (RDV-C). 
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2.6. Bedding Architecture 

Bedding architecture refers to bedsets that are formed under recurring fluctuating 

hydraulic conditions such as velocity or direction.  The bedsets listed below are 

described in terms of appearance, lithologic composition and the hydraulic processes 

responsible for deposition.  This list comprises some of the most common bedding 

architectures found within marginal-marine settings that can be attributed to wave, tide, 

or fluvial processes. 

2.6.1. Heterolithic Bedding 

Heterolithic bedding can be divided into flaser, wavy, and lenticular bedding 

architectures based on the proportion of sand to mud (Reineck and Wunderlich, 1968). 

Sands are typically current- or combine-flow rippled in these successions.  The 

deposition of heterolithic beds commonly represents fluctuating hydraulic energy 

conditions where periods of current-generated traction transport produce ripples in sand, 

and periods of relatively slow flow allows for mud deposition (Nichols, 2009).  Flaser 

bedding is made up of rippled sand with thin streaks of mud deposited in ripple troughs 

(Fig. 2.5A).  Mud is preserved within the troughs as current activity, subsequent to mud 

deposition, erodes the previously deposited ripple crest and covers the mud with new 

rippled sand (Dalrymple, 2010).  Lenticular bedding consists of interbedded mud and 

rippled sand, where the sand is present as discontinuous and isolated lenses within an 

overall muddy interval (Fig. 2.5B).  Wavy bedding contains approximately equal amounts 

of mud and rippled sand, and is situated between flaser and lenticular bedding.  The 

amount of mud in suspension and current velocity both partly control the sand and mud 

content of these heterolithic units.  

2.6.2. Tidal Rhythmites 

Tidal rhythmites are heterolithic deposits that show cyclic changes in bed 

thicknesses that occur in cycles similar to tidal cyclicity; diurnal or semi-diurnal, and 

neap-spring variations in tidal current velocities (Fig. 2.5C; Dalrymple et al., 1991; 

Williams, 1991; Tessier et al., 1995).  Rhythmic deposition caused by tides, can be 

representative of symmetrical tides, asymmetrical tides, and neap-spring variations in 
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tidal cyclicity.  In symmetrical tides, where flood and ebb currents are of equal speed and 

duration, two sand layers of equal thickness can be deposited, and may be separated by 

mud deposited during the intervening slack-water period (Dalrymple et al., 1991).  An 

asymmetric tide, such as a flood-dominated tide where the ebb tide is only capable of 

depositing a thin sand layer produces the alternation of thicker and thinner sand layers 

separated by mud.  In a highly asymmetric tide where the ebb or flood tide is not capable 

of transporting sand, there will be only one sand layer deposited within a tidal cycle 

(Dalrymple et al., 1991).  The sandstone beds within tidal rhythmites are typically 

structureless but can contain current ripple lamination, reflecting times of higher current 

velocities.  Generally, during spring tides, the sand layers will be thicker than during 

neap tides.  In order to develop tidal rhythmites, sediment supply must be high enough 

to produces at least a millimeter of deposition during a full tidal cycle (Dalrymple, 2010).  

This high rate of sedimentation typically only occurs in the delta-front, prodelta, and 

along the margins of channels (Dalrymple et al., 1991; Tessier, 1993; Dalrymple, 2010). 

2.6.3. Inclined Heterolithic Stratification 

Inclined heterolithic stratification (IHS) is defined as parallel to sub-parallel 

heterolithic strata with a notable depositional dip (Fig. 2.5D; Thomas et al., 1987).  The 

proportion of sand can vary substantially and can range from almost entirely 

crossbedded and rippled sand to almost entirely mud (Allison et al., 2003; Pearson and 

Gingras, 2006).  Development of IHS is influenced by seasonal cyclicity in fluvial 

discharge, the tidal cycle, and the location of the turbidity maximum (Musial et al., 2012; 

Sisulak and Dashtgard, 2012).  IHS is most commonly formed on laterally accreting point 

bars within the tidal fluvial transition zone, but can also be found in purely tidal and fluvial 

settings (Smith, 1987; Choi et al., 2004; Choi, 2010; Hubbard et al., 2011; Smith et al., 

2011).  

2.6.4. Triplets 

Triplets are a heterolithic deposit containing sand, carbonaceous material and 

mud.  Ainsworth (1991) interpreted these deposits as being the result of waning flow of 

tidal currents. Sand is deposited during peak flows, with emplacement of carbonaceous 

material (acting as silt-sized particles) and finally mud during slack-water periods (Fig. 
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2.5E).  This bedding architecture is very similar to a sand-mud couplet, and is 

representative of a deposition resulting from the flood or ebb tide (sand deposition) 

followed by a period of slack water (mud deposition; Fan and Li, 2002).  

2.6.5. Foreset Reversals (Herringbone Cross-Stratification) 

Herringbone cross-stratification is defined as stacked dunes or current ripples 

with alternating directions of migration between the stacked bedforms.  Herringbone 

cross-stratification is generally formed from the bipolar current directions produced by 

flood and ebb tides (Nichols, 2009).  The subordinate current can produce dunes that 

migrate up the lee face of the dune deposited during the dominate tide producing this 

alternation of dip direction (Dalrymple, 1984). 

2.6.6. Double Mud Drapes 

Double mud drapes are two closely spaced mud drapes representing deposition 

during slack-water periods of a single tidal cycle.  During the dominant current stage, the 

dune migrates in the direction of the dominant current.  During the slack-water period, 

between the flood and ebb tide, mud is deposited as a drape.  The subordinate tidal 

current results in sand deposition as ripples over the previously deposited mud.  Finally, 

during the subsequent slack-water period, another mud drape is deposited.  The amount 

of sand deposited during the subordinate current is typically small, thus the mud drapes 

are commonly closely spaced (Fig. 2.5F; Dalrymple, 2010).  Double mud drapes require 

sufficient suspended sediment to allow for suspension settling during slack-water 

periods.  They are common only in subtidal settings, because intertidal settings are 

subaeriallly exposed during the low tide slack-water period (Nio and Yang, 1991) . 

2.6.7. Reactivation Surfaces 

Reactivation surfaces are formed in a single dune by bipolar currents that 

produce regularly spaced internal discontinuities.  During the dominant current, the dune 

migrates in the direction of flow.  During the subordinate current, erosion rounds out the 

dune crest and produces a surface that crosscuts the foreset beds.  Then during re-

establishment of the dominant current, foreset migration occurs on the lee face of the 
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dune.  Ripples produced by the subordinate current can also overlie the erosion surface 

(Kohsiek and Terwindt, 1981; Dalrymple and Rhodes, 1995).  The degree of truncation 

depends on the intensity of the subordinate current (Dalrymple, 2010).  
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Figure 2.5: Bedding Architecture Examples from the Horseshoe Canyon 
Formation 

A) Flaser bedded sandstone within Allomember E (WC-5).  B) Lenticular bedded sandstone 
within Allomember D (RDV-12).  C) Rhythmically bedded sandstone within Allomember D2 (RDV-
7).  D) Inclined Heterolithic Stratification (IHS) within Allomember B (WC-1, 2).  Red line 15m 
scale.  E) Triplets showing the alternating sand, mud and carbonaceous material within 
Allomember B (WC-1).  F) Double mud drape within Allomember D (WC-4). 
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2.7. Assigning Bedforms and Bedding Architectures to 
Hydraulic Processes 

The process of attributing bedforms and bedding architectures to waves, tides or 

fluvial processes is done through the comparison of the hydraulic conditions required to 

develop specific bedforms and bedding architectures and the depositional processes 

(i.e., waves, tides and fluvial) that are most likely to produce the necessary hydraulic 

conditions.  The correlation chart between deposition process, bedforms and bedding 

architectures is presented in Table 2.1.  From Table 2.1, it is evident that there are 

relatively few structures that are attributable to a single hydraulic process (waves, tides 

or fluvial), and that most can be formed from multiple processes.  For strata that contain 

bedforms that can be produced by multiple processes (e.g., trough cross-bedding), it is 

necessary to consider the association of the bedform to other structures (physical and 

biogenic) and architectures, to the overall stacking pattern of bedforms within the unit, 

and to other genetically related units.  This sort of “reverse engineering” can be used to 

deduce whether waves, tides or fluvial processes or a combination of processes, were 

most likely responsible for deposition of the ambiguous bedform(s) and/or 

architecture(s). 
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Table 2.1: Wave, Tide and Fluvial Classification of Bedforms and Bedding 
Architecture 

  

Wave-Generated 
Currents  

(Wc) 

Wave 
Oscillation 

(Wo) 

Tidal 
Currents 

(T) 

Fluvial 
Currents 

(F) 

B
ed

fo
rm

s 

Current Ripples Wc   T F 
Oscillation Ripples    Wo     
Combined Flow Ripples Wo + Wc, T, or F 
Aggradational Ripples Wc Wo T F 
Cross-Bedding Wc   T F 
Hummocky and Swaley 
Cross-Stratification Wo + weak Wc     

Plane Beds Wc Wo  T F 

B
ed

di
ng

 
A

rc
hi

te
ct

ur
es

 Heterolithic Bedding Wc Wo T F 
Tidal Rhythmites     T   
Inclined Heterolithic 
Stratification     T, T + F and F 

Triplets     T  Foreset Reversals   T  Double Mud Drapes    T   Reactivation Surfaces   T  
This table indicates which hydraulic process(es) are most likely to form which bedforms and bedding 
architectures.  For foreset reversals and double mud drapes, multiple processes can form these 
architectures, but tides are the most common producer of these forms.  Waves have been divided into 
unidirectional currents (W c) and oscillatory motion (W o).  
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3. Paleoenvironmental Interpretation and 
Classification of Allomembers D and E, Lower 
Horseshoe Canyon Formation, Alberta, 
Canada 

3.1. Introduction 

Deposition in marginal-marine systems is controlled to varying degrees by wave, 

tide and fluvial processes.  Though some marginal-marine systems can be characterized 

as wave, tide or fluvial dominated, most environments experience a combination of 

depositional influences, and are best described as “mixed influenced” (Ainsworth et al., 

2011).  In mixed-influence systems, varying degrees of dominant, secondary and tertiary 

processes operate to affect the architecture of the coastline and the environments and 

facies it encompasses.  To assess high-resolution changes in facies and depositional 

processes in strata of mixed-influence, marginal-marine environments, outcrop 

exposures of allomembers D and E of the lower Horseshoe Canyon Formation (HCFm) 

near Drumheller, Alberta are studied.  Sedimentologic, ichnologic and stratigraphic 

datasets are used to assign the relative proportions of wave, tide and fluvial controls on 

sedimentation.  In turn, the proportions of wave, tide and fluvial influence enable the 

recognition of element complexes (EC) and element complex assemblages (ECA), as 

defined under the WAVE process-based classification scheme (Ainsworth et al., 2011; 

Vakarelov and Ainsworth, 2013).  This study demonstrates how semi-quantified datasets 

can be used to identify subtle and distinct variations in depositional processes of 

successions, and to resolve both lateral and vertical depositional architectures within 

parasequences and between parasequence sets in such mixed-influence settings. 
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3.1.1. The Horseshoe Canyon Formation 

The Drumheller area was positioned on the western margin of the Western 

Interior Seaway (WIS) during the Late Cretaceous.  The WIS was located in the foreland 

basin that formed during the Late Jurassic in response to terrane accretion during 

evolution of the Cordillera (Williams and Stelck, 1975).  The fill of the foreland basin 

includes six major clastic wedges (Fig. 3.1).  The Campanian-Maastrichtian HCFm forms 

the base of the fifth major clastic wedge, known as the Edmonton Group (Cant and 

Stockmal, 1989; Stockmal et al., 1992), and appears to correlate with accretion of the 

Pacific Rim - Chugach Terrane to the Insular Superterrane (Cant and Stockmal, 1989; 

Price et al., 1994; Hamblin, 2004; Eberth and Braman, 2012). 

The HCFm was formally defined by Irish (1970), and the nomenclature was 

revised by Gibson (1977), Hamblin (2004) and Eberth and Braman (2012).  It represents 

an overall regressive clastic wedge that intertongues southeastward with marine shale of 

the Bearpaw Formation, forming the Bearpaw-Horseshoe Canyon transition zone 

(Shepheard and Hills, 1970; Eberth and Braman, 2012).  In the mid-Campanian to early 

Maastrichtian, the regional shoreline trend may have been generally oriented NNW-SSE 

(Fig. 3.2A; Blakey, 2013).  However, in the early Maastrichtian, the Drumheller area may 

have been situated at the head of a southeasterly oriented embayment with the regional 

shoreline trending NNE-SSW (Fig. 1.3B; Williams and Stelck, 1975). 

The HCFm is divided into seven members: Strathmore, Drumheller, Horsethief, 

Morrin, Tolman, Carbon, and Whitemud (Fig. 3.3; Eberth and Braman, 2012).  The lower 

portion of the Drumheller Member (the focus of this study) is interpreted as a wet, warm 

coastal plain and coastal zone (Eberth and Braman, 2012).  The allostratigraphic 

framework of Ainsworth (1991, 1992, 1994) was used in this study.  In Ainsworth’s 

framework, seven allomembers (A-G) are defined in the Red Deer Valley (RDV) 

exposures of the Drumheller Member.  The bounding discontinuities used to subdivide 

the interval into allomembers correspond to marine flooding surfaces, which commonly 

occur above coal seams.  There have been numerous previous studies of the lower 

HCFm focused on paleoenvironmental interpretation (see chapter 1.4).  The lower 

HCFm has been interpreted as deltaic deposits (Shepheard and Hills, 1970; Waheed, 

1983) and marginal-marine deposits reflecting a range of coastal environments 
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(Rahmani, 1983, 1988, 1989).  Associated strata of Allomember F, informally named the 

“Appaloosa Sandstone” were interpreted as a barrier-island and tidal inlet complex by 

Saunders (1989) and channelized deposits of Allomember B were described as 

distributary channels within a prograding deltaic complex (Lavigne, 1999).  In all cases, 

the deposits of the lower HCFm are regarded to comprise mixed-influence, marginal-

marine strata.  
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Figure 3.1: Clastic Wedges of the Western Canada Sedimentary Basin 
The six major clastic wedges that prograded into the Western Canada Sedimentary Basin.  The 
Horseshoe Canon Formation forms the base of the fifth wedge: the Edmonton Group (modified by 
Ainsworth et al., 2010 from Stockmal et al., 1992) 
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Figure 3.2: Regional Paleogeographic Map 
A) Regional paleogeographic map of Late Campanian to Maastrichtian time (73-

69 Ma) with a general shoreline trend of NNW-SSE (modified from Blakey, 2013). B) 
Early Masstrichtian paleogeopgraphic map showing the Drumheller study area within a NW-SE 

oriented embayment (modified from Williams and Stelck, 1975).  
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Figure 3.3: Regional Stratigraphy of the Horseshoe Canyon Formation 
The Horseshoe Canyon Formation is divided into seven members.  The lower portion of the 
Drumheller Member (time interval defined by the red line) is the focus of this study (modified from 
Eberth and Braman, 2012). 
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3.1.2. The WAVE Classification System 

The WAVE process and architectural classification system (Ainsworth et al., 

2011; Vakarelov and Ainsworth, 2013) was used to categorize the depositional 

environments of the lower HCFm in terms of the hydraulic processes (fluvial, wave 

and/or tidal) responsible for sediment deposition (see chapter 1.5).  This process-based 

classification subdivides marginal-marine systems into 15 categories based on the 

dominant, secondary, and tertiary hydraulic processes that affect sedimentation.  The 15 

categories are identified by a one- to three-letter acronym.  When describing hydraulic 

processes, the primary process is qualified by ‘-dominated’, the secondary process by ‘-

influenced’ and the tertiary process by ‘-affected’.  For example, a Wtf interval represents 

one that corresponds to a wave-dominated, tide-influenced, and fluvial-affected setting. 

The process-based classification is used in conjunction with an architectural 

classification, which consists of five architectural levels: Level I – element (E) and 

element set (ES); Level II – element complex (EC) and element complex set (ECS); 

Level III – element complex assemblage (ECA); Level IV: element complex assemblage 

set (ECAS); and Level V – T-R sequence (Vakarelov and Ainsworth, 2013).  This study 

defines ECs and ECAs in order to classify the depositional architectures of allomembers 

D and E.  Element complexes occur at the same hierarchical scale as facies 

associations and represent genetically related facies deposited by similar processes in 

the same part of the depositional system.  ECAs represent genetically related ECs and 

are conceptually similar to depositional systems (Vakarelov and Ainsworth, 2013). 

3.1.3. Study Area and Methods 

The northwest boundary of the study area is situated in the Red Deer River 

Valley (RDV), approximately 8 km southeast of Drumheller, Alberta, Canada.  The study 

area extends for 13.5 km along the Red Deer River Valley sub-parallel to interpreted 

depositional dip, and for 3 km along Willow Creek (WC), which is oriented sub-parallel to 

depositional strike (Fig. 3.4).  Throughout the study area, the lower 60 m of the HCFm is 

exposed in outcrop.  Thirty-one outcrop sections were logged; twenty-four in the Red 

Deer River Valley and seven in Willow Creek.  Outcrop section locations are 

approximately 500 m apart.  In addition to outcrop logging, three shallow cores from 



 

  64 

boreholes situated relatively near the outcrop were also included (logged by James A. 

MacEachern).  Cored intervals enable more robust stratigraphic correlations into the 

subsurface, revealing sedimentary structures and/or trace fossils not readily observable 

in outcrop due to excessive weathering of exposed sediments (Ainsworth et al., 2010). 

Outcrops of allomembers D and E form, and are commonly overlain by colluvium.  

To expose clean vertical and horizontal sections, 1.0 m wide by 0.2–0.5 m high steps 

were cut into the outcrop.  Data collected at each outcrop section includes unit 

thicknesses, bedding geometries, lithologies, sedimentary structures, ichnological 

structures, and bedding contacts.  Lithologic characteristics such as grain size, rounding, 

sorting and composition were also recorded.  The azimuths and dips of foresets of 

dunes (trough and planar tabular cross-stratification) and ripples were measured.  

Ichnologic data include identification of ichnogenera, bioturbation intensity (Taylor and 

Goldring, 1993), trace-fossil diversity, and spatial distributions of trace-fossil 

associations.   

The sedimentology and ichnology of all strata were used to define facies.  The 

sedimentology of the facies was interpreted from a process-response perspective, which 

yielded data on the depositional processes controlling deposition.  Facies were then 

grouped into ECs, which were assigned a WAVE classification code based on the semi-

quantified percentages of wave-, tide- and fluvial-generated stratification types and 

bedding architectures present within the association.  Element complex assemblages 

were defined for each allomember, and encompass genetically related ECs.  ECAs were 

also assigned a process-based WAVE classification code. 
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Figure 3.4: Study Area 
The study area, located approximately 8 km southeast of Drumheller, Alberta, Canada.  Outcrop 
section locations are indicated by black circles and are named RDV-number/letter for Red Deer 
River Valley Sections, and WC-number for Willow Creek sections.  The location of cored wells 
are indicated by red circles and are labeled as ARC + number (ARC = Alberta Research Council). 
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3.2. Facies 

Within allomembers D and E, 19 facies and subfacies were identified.  Table 3.1 

lists the grain size, bedding, basal contacts, bedforms, architectures, bioturbation 

intensities, trace-fossil suites, and interpreted depositional environments for each facies.  

Facies were divided based on a combination of lithologic, physical, and biogenic 

structures.  Subfacies were defined based on features that show recurring variations 

within the facies.  For example, Facies 7 comprises trough cross-bedded sandstone.  

The subdivision to Facies 7a and 7b is based on the ichnological suite present.  Facies 

7a contains a low-diversity suite with low bioturbation intensities (BI 0-2) whereas Facies 

7b contains a more diverse ichnological suite with generally higher bioturbation 

intensities (BI 1-4, commonly 3).  The facies defined in this study are used to recognize 

ECs, and form the fundamental building blocks for the stratigraphic analysis of 

allomembers D and E. 

  



Table 3.1: Facies Scheme

Element 
Complex

Facies 
Number

Sub-
facies Facies Grain size Bedding/Contacts Sedimentology Ichnology 

B.I.

Trace fossil suite 
(Dominant 

traces)
3a Sandy Mudstone Sand: vfU 

to fL. Sand 
content 10-

30% 

Sharp contacts with 
mudstone and sandstone 

facies.

Sandy mudstone with sand content ranging from 10 to 35%. 
Locally contains carbonaceous fragments and mm to cm scale 

clean sandstone lenses. 

0, Core 1-
2

Op, Pa, Pl

3b Lenticular Bedded 
Mudstone

Mud and fL 
to fU sand

Gradational contacts 
common. Mm to cm scale 

sandstone lenses.

Lenticular bedded sandstone. Mm to cm scale sandstone lenses 
with rare current, combined-flow and wave ripples. The 

mudstone is commonly fissile. 

0 N/A

3c Interbedded 
Mudstone and 

Sandstone

Mud and fL 
to fU sand

Cm to dm scale sandstone 
beds. Sharp upper contact 

when overlain by 
sandstone, commonly 

gradational when overlain 
by mudstone.

Mudstone beds may contain carbonaceous fragments and mm to 
cm scale sandstone lenses. Sandstone beds commonly contain 
mud and carbonaceous drapes, current ripples, carbonaceous 

detritus and rare wave ripples. The abundance and size of 
sandstone beds generally decreases upward.

0, Core 1-
5

Pl, Pa, Th, rare Te, 
Ch, As, Ar, Cy, Ch, 

fu

3d Muddy Sandstone fL-fU  Rarely exhibits cm to dm 
scale beds. Sharp upper 

and lower contacts 
common.

Muddy sandstone with mud content between 25-40%. 
Commonly contains mud or carbonaceous drapes (mm scale). 
Rarely contains current ripples, aggradational current ripples, 

carbonaceous fragments, clean sandstone lenses, siderite 
nodules and elemental sulfur. 

0-2, Core 
3-4

Th, Di, Pl

7 7a Trough Cross-
Bedded Sandstone

fL-fU Dm to m scale trough 
cross-beds. Sharp 

contacts. 

Trough cross-bedded sandstone that commonly has mud or 
carbonaceous material draping the troughs (mm scale). Current 
ripples, siderite nodules, and carbonaceous fragments are rare. 

Facies may also include rare planar tabular cross-bedding.

0-1 Op, Th, Pa, Pl

9 9a Sandstone with Mud 
or Carbonaceous 

Drapes 

fL-mL Mm to cm scale sandstone 
beds. Mudstone and 

carbonaceous drapes are 
mm scale. Sharp contacts.

Sandstone with  mud or carbonaceous drapes. Mud drapes are 
common and generally show rhythmicity with the exception of a 

few small cemented zones where mud drapes are absent. 
Current ripples and double mud drapes are also common 
throughout the facies. Mud and carbonaceous drapes are 
commonly rhythmically bedded. Rare combined-flow and 

oscillation ripples, low-angle lamination, carbonaceous detritus, 
wood fragments, roots, and elemental sulfur. Disarticulated 

oyster shells may rarely make up 5-15% of bedload.

0-2, Core 
3-4

Op, Th, Pl, Pa, rare 
Sk, Ro, Si, Te, fu

3a Sandy Mudstone Sand: vfU -
fL. Sand 

content 10-
30% 

Sharp contacts with 
mudstone and sandstone 

facies.

Sandy mudstone with sand content ranging from 10 to 35%. 
Locally contains carbonaceous fragments and mm to cm scale 

clean sandstone lenses. 

0, Core 1-
2

Op, Pa, Pl

3b Lenticular Bedded 
Mudstone

Mud and fL 
to fU sand

Gradational contacts 
common. Mm to cm scale 

sandstone lenses.

Lenticular bedded sandstone. Mm to cm scale sandstone lenses 
rarely showing current, combined-flow and wave ripples. The 

mudstone is commonly fissile. 

0 N/A

3c Interbedded 
Mudstone and 

Sandstone

Mud and fL 
to fU sand

Cm to dm scale sandstone 
beds. Sharp upper contact 

when overlain by 
sandstone, commonly 

gradational when overlain 
by mudstone.

Mudstone beds may contain carbonaceous fragments and mm to 
cm scale sandstone lenses. Sandstone beds commonly contain 
mud and carbonaceous drapes, current ripples, carbonaceous 

detritus and rare wave ripples. The abundance and size of 
sandstone beds generally decreases upward.

0, Core 1-
5

Pl, Pa, Th, rare Te, 
Ch, As, Ar, Cy, Ch, 

fu

3d Muddy Sandstone fL-fU  Rarely exhibits visible cm 
to dm scale beds. Sharp 
upper and lower contacts 

common.

Muddy sandstone with mud content between 25-40%. 
Commonly contains mud or carbonaceous drapes (mm scale). 
Rarely contains current ripples, aggradational current ripples, 

carbonaceous fragments, clean sandstone lenses, siderite 
nodules and elemental sulfur. 

0-2, Core 
3-4

Th, Di, Pl

4a Oyster beds with 
Mudstone Matrix

Mud Preferred orientation: 
~70% of shells are sub-

horizontal. Sharp contacts.

Oyster beds (Ostrea glabra) with a organic rich mudstone matrix 
(Facies 2a). Oyster shells generally compose >90% of the bed. 

The shells are mostly disarticulated, though rare articulated 
shells are present. 

0 N/A

4b Oyster beds with 
Sandstone Matrix

fL to fU Preferred orientation: 
~80% of shells are sub-

horizontal. Sharp contacts. 
Erosional basal contact 

common.

Oyster beds (>50%, commonly >80%) with sandstone matrix. 
Sandstone may contain mud and carbonaceous drapes, 

carbonaceous detritus and rare current ripples. The shells are 
mostly disarticulated, with rare articulated shells present. 

0 N/A

5 - Low-angle Planar 
Laminated 

Sandstone with 
Macaronichnus

fL-fU Mm to cm scale bedding. 
Sharp upper and lower 

contacts.

Low-angle planar laminated sandstone. Rare current ripples are 
rarely present near the top of the facies. Mudstone and 

carbonaceous drapes are also rare.

1-4 Ma, rare Th

7 7a Trough Cross-
Bedded Sandstone

fL-fU Dm to m scale trough 
cross-beds. Sharp 

contacts. 

Trough cross-bedded sandstone that commonly has mud or 
carbonaceous material draping the troughs (mm scale). Current 
ripples, siderite nodules, and carbonaceous fragments are rare. 

Facies may also include rare planar tabular cross-bedding.

0-1 Op, Th, Pa, Pl

9 9a Sandstone with Mud 
or Carbonaceous 

Drapes 

fL-mL Mm to cm scale sandstone 
beds. Mudstone and 

carbonaceous drapes are 
mm scale. Sharp contacts.

Sandstone with  mud or carbonaceous drapes. Mud drapes are 
common and generally show rhythmicity with the exception of a 

few small cemented zones where mud drapes are absent. 
Current ripples and double mud drapes are also common 
throughout the facies. Mud and carbonaceous drapes are 
commonly rhythmically bedded. Rare combined-flow and 

oscillation ripples, low-angle lamination, carbonaceous detritus, 
wood fragments, roots, and elemental sulfur. Disarticulated 

oyster shells may rarely make up 5-15% of bedload.

0-2, Core 
3-4

Op, Th, Pl, Pa, rare 
Sk, Ro, Si, Te, fu

Tf-Tidal Flat

3

Twf-Tidal 
Flat

3

4
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Facies 
Scheme

Facies 
Number

Sub-
facies Facies Grain size Bedding/Contacts Sedimentology Ichnology 

B.I.

Trace fossil suite 
(Dominant 

traces)
3a Sandy Mudstone Sand: vfU 

to fL. Sand 
content 10-

30% 

Sharp contacts with 
mudstone and sandstone 

facies.

Sandy mudstone with sand content ranging from 10 to 35%. 
Locally contains carbonaceous fragments and mm to cm scale 

clean sandstone lenses. 

0, Core 1-
2

Op, Pa, Pl

3c Interbedded 
Mudstone and 

Sandstone

Mud and fL 
to fU sand

Cm to dm scale sandstone 
beds. Sharp upper contact 

when overlain by 
sandstone, commonly 

gradational when overlain 
by mudstone.

Mudstone beds may contain carbonaceous fragments and mm to 
cm scale sandstone lenses. Sandstone beds commonly contain 
mud and carbonaceous drapes, current ripples, carbonaceous 

detritus and rare wave ripples. The abundance and size of 
sandstone beds generally decreases upward.

0, Core 1-
5

Pl, Pa, Th, rare Te, 
Ch, As, Ar, Cy, Ch, 

fu

3d Muddy Sandstone fL-fU  Rarely exhibits cm to dm 
scale beds. Sharp upper 

and lower contacts 
common.

Muddy sandstone with mud content between 25-40%. 
Commonly contains mud or carbonaceous drapes (mm scale). 
Rarely contains current ripples, aggradational current ripples, 

carbonaceous fragments, clean sandstone lenses, siderite 
nodules and elemental sulfur. 

0-2, Core 
3-4

Th, Di, Pl

5 - Low-angle Planar 
Laminated 

Sandstone with 
Macaronichnus

fL-fU Mm to cm scale bedding. 
Sharp upper and lower 

contacts.

Low-angle planar laminated sandstone. Rare current ripples are 
rarely present near the top of the facies. Mudstone and 

carbonaceous drapes are also rare.

1-4 Ma, rare Th

7 7a Trough Cross-
bedded Sandstone

fL-fU Dm to m scale trough 
cross-beds. Sharp 

contacts. 

Trough cross-bedded sandstone that commonly has mud or 
carbonaceous material draping the troughs (mm scale). Current 
ripples, siderite nodules, and carbonaceous fragments  are rare. 

Facies may also include rare planar tabular cross-bedding.

0-1 Op, Th, Pa, Pl

8 8a Current Ripple 
Laminated 
Sandstone

fL-fU Cm scale bedding. Sharp 
contacts. Commonly 

gradational with facies 7a.

Current ripple laminated sandstone with rare carbonaceous 
drapes and with very rare climbing ripples.

0 N/A

9 9a Sandstone with Mud 
or Carbonaceous 

Drapes 

fL-mL Mm to cm scale sandstone 
beds. Mudstone and 

carbonaceous drapes are 
mm scale. Sharp contacts.

Sandstone with  mud or carbonaceous drapes. Mud drapes are 
common and generally show rhythmicity with the exception of a 

few small cemented zones where mud drapes are absent. 
Current ripples and double mud drapes are also common 
throughout the facies. Mud and carbonaceous drapes are 
commonly rhythmically bedded. Rare combined-flow and 

oscillation ripples, low-angle lamination, carbonaceous detritus, 
wood fragments, roots, and elemental sulfur. Disarticulated 

oyster shells may rarely make up 5-15% of bedload.

0-2, Core 
3-4

Op, Th, Pl, Pa, rare 
Sk, Ro, Si, Te, fu

6 - Hummocky Cross-
Stratified Sandstone

vfU-fL  Commonly have erosive 
basal contacts.

Hummocky cross-stratified sandstone. Commonly only exhibiting 
swaley cross-stratification. Low-angle laminations are common. 

May contain rare wave ripples, combined flow ripples, 
carbonaceous detritus and carbonaceous drapes.

0-3, Core 
1-5

Op, rare Di, Pl, Pa, 
Te, Ro, fu, Sk

7 7b Bioturbated Trough 
Cross-bedded 

Sandstone

fL-fU Dm to m scale trough 
cross-beds. Sharp 

contacts. 

Trough cross-bedded sandstone with common mud and 
carbonaceous material draping the troughs (mm scale). Current 

ripples are common. 

1-4 common Op, Pa, 
Pl, Ro, Th, Si, C, 
rare Sk, Di, Ma fu

8 8b Bioturbated Ripple 
Laminated 
S d

fU Cm scale bedding. Sharp 
Contacts.

Bioturbated ripple laminated sandstone with current, combined-
flow and oscillation ripples and rare carbonaceous drapes.

1-2 Op, Ma

9 9a Sandstone with Mud 
or Carbonaceous 

Drapes 

fL-mL Mm to cm scale sandstone 
beds. Mudstone and 

carbonaceous drapes are 
mm scale. Sharp contacts.

Sandstone with  mud or carbonaceous drapes. Mud drapes are 
common and generally show rhythmicity with the exception of a 

few small cemented zones where mud drapes are absent. 
Current ripples and double mud drapes are also common 
throughout the facies. Mud and carbonaceous drapes are 
commonly rhythmically bedded. Rare combined-flow and 

oscillation ripples, low-angle lamination, carbonaceous detritus, 
wood fragments, roots, and elemental sulfur. Disarticulated 

oyster shells may rarely make up 5-15% of bedload.

0-2, Core 
3-4

Op, Th, Pl, Pa, rare 
Sk, Ro, Si, Te, fu

7 7a Trough Cross-
Bedded Sandstone

fL-fU Dm to m scale trough 
cross-beds. Sharp 

contacts. 

Trough cross-bedded sandstone that commonly has mud or 
carbonaceous material draping the troughs (mm scale). Current 
ripples, siderite nodules, and carbonaceous fragments are rare. 

Facies may also include rare planar tabular cross-bedding.

0-1 Op, Th, Pa, Pl

8 8a Current Ripple 
Laminated 
Sandstone

fL-fU Cm scale bedding. Sharp 
contacts. Commonly 

gradational with facies 7a.

Current ripple laminated sandstone with rare carbonaceous 
drapes and with very rare climbing ripples.

0 N/A

3 3a Sandy Mudstone Sand: vfU 
to fL. Sand 
content 10-

30% 

Sharp contacts with 
mudstone and sandstone 

facies.

Sandy mudstone with sand content ranging from 10 to 35%. 
Locally contains carbonaceous fragments and mm to cm scale 

clean sandstone lenses. 

0, Core 1-
2

Op, Pa, Pl

9 9b Sandstone with 
Inclined Mud and 

Carbonaceous 
Drapes/beds.

fL-fU Mudstone beds range from 
mm-cm scale. Sandstone 
beds range from mm-dm 

scale (cm scale most 
common). Beds are 

inclined ~5-10 degrees. 
Erosive basal contact.

Sandstone beds with muddy and carbonaceous laminations with 
inclinations of ~5-10 degrees. Mud content ranges from 5-40%. 
May contain rare trough cross-bedding. Sand content increases, 

while size and abundance of mudstone laminae decrease 
upwards.

0-1 Pl, Th, Sk

1 - Coal Coal Commonly sharp, rarely 
gradational with Facies 2.

Highly vitrinitic subbituminous terrestrial coal. Well cleated, 
virtually no visible clay, silt, or sand intercalated within the coal.

0 N/A

2a Black Organic-Rich 
Mudstone

Mud Sharp contacts, rarely 
gradational. Locally 

contains firmground traces 
at upper contact with B.I. 

1-2; Th, Ar, Di of the 
Glossifungites Ichnofacies.

Black, organic-rich mudstone. Commonly fissile, rare visible 
carbonaceous fragments present between laminae and 

associated with elemental sulphur.

0 N/A

2b Dark Brown 
Mudstone with 

Abundant 
Carbonaceous 

Fragments

Mud Commonly sharp, rarely 
gradational with facies 2a, 

2c and 4. 

Brown to dark brown mudstone with abundant carbonaceous 
fragments present between laminae. Commonly fissile. Rare 

elemental sulfur associated with the facies.

0 N/A

2c Brown Mudstone Mud Commonly sharp, rarely 
gradational with facies 2a, 

2b and 3.

Light to dark brown mudstone. Commonly fissile. Rare siderite 
nodules and roots present.

0 N/A
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3.3. Element Complexes 

Allomembers D and E comprise seven distinct ECs, and each is assigned a 

process-based classification code.  ECs are made up of genetically related facies that 

were deposited under similar process conditions in the same part of the depositional 

system.  While the sedimentological and ichnological characteristics of the facies are 

briefly discussed in this section, the focus is on the interpretation of facies occurring in 

each EC, and to identify wave, tide and fluvial processes that were responsible for 

sedimentation.  

3.3.1. Tf-Tidal Flat Element Complex 

The Tf-tidal flat EC is 0.2–2.5 m thick, and consists of heterolithic- and 

sandstone-facies.  These heterolithic facies comprise sandy mudstone [Facies 3a (F3a)], 

lenticular-bedded mudstone (F3b), interbedded mudstone and sandstone (F3c), and 

muddy sandstone (F3d).  The sandstone facies include trough cross-bedded sandstone 

(F7a) and sandstone with mud or carbonaceous drapes (F9a).  Facies are briefly 

described below in order of abundance in the EC. 

Facies 9a represents the most abundant facies in the Tf-Tidal Flat EC.  The 

rhythmic draping of mud on rippled sandstone is interpreted as tidally generated, 

wherein fine-grained material settled out from suspension during low-velocity or slack-

water periods.  The relatively low bioturbation intensities and low diversities may be 

indicative of a stressed setting likely resulting from potentially high deposition rates or 

salinity fluctuations (Fig. 3.5B-E, G, H, J).  The abundance of organic detritus is likely 

indicative of a proximal fluvial source that delivered organic material to the coastline.  

The presence, albeit rare, of syneresis cracks (only observed in core) suggests salinities  

fluctuated within the environment.  Cored intervals of this facies generally show higher BI 

values, indicating that the low bioturbation intensities observed in outcrop are probably a 

consequence of surface weathering, which obscures the trace-fossil suite.  This facies is 

interpreted to represent a sand-flat environment, and tidal currents are assigned as the 

dominant process that controlled sedimentation. 
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Facies 7a is indicative of a high-energy environment (trough cross-bedded 

sandstone) with regular periods of quiescence (e.g., mud and carbonaceous drapes).  

The low bioturbation intensities and low diversity of traces are interpreted to represent a 

stressed setting, consistent with high sedimentation rates and possible salinity 

fluctuations (Fig. 3.5F).  This facies is sporadically distributed throughout the element 

complex and typically cannot be correlated from section to section (~500 m spacing).  

The distribution of Facies 7A and the presence of dune-scale bedforms support the 

interpretation that this facies represents tidal channels within the tidal-flat environment. 

The heterolithic units of Facies 3 represent deposition on the tidal flat under 

lower and/or fluctuating energy conditions.  The four subfacies in F3 (F3a: sandy 

mudstone; F3b: lenticular bedded mudstone; F3c: interbedded sandstone and 

mudstone; and F3d: muddy sandstone) reflect variations in energy conditions, which are 

manifest by variable sand content.  Homogeneous intervals of sandy mudstone and 

muddy sandstone reflect deposition in a low-energy setting, with the increase in sand 

content likely representing an increase in tidal flow velocities and/or flow duration.  

Lenticular and interbedded facies were likely deposited under fluctuating energy 

conditions.  The bioturbation intensities in F3 are generally low in outcrop (Fig. 3.5A) and 

higher in core (Fig. 3.5I), again probably reflecting surface weathering effects.  Abundant 

intercalated organic fragments may indicate a nearby fluvial point source.  The 

heterolithic character of F3 is interpreted to represent tidal flat deposition in mid to upper 

tidal flat positions.  Mud deposition is common in landward positions of mixed flats and 

across muddy tidal flats where current velocities are low. 

The Tf-Tidal Flat EC is interpreted as tide dominated and fluvially influenced.  

Tidal currents are regarded to be responsible for the majority (~95%) of sediment 

transport and deposition.  Sandy bedforms such as current ripples and trough cross-

bedding are attributed to tidal currents during higher velocity periods, such as commonly 

occurring during ebb and flood tides.  Conversely, the deposition of fine-grained (mud 

and carbonaceous) drapes is attributed to low-velocity or slack-water periods.  Fluvial 

influence (~5%) is based on the abundance of terrestrially derived carbonaceous debris, 

which forms fine-grained drapes within the sandstone facies.  Additionally, the low 

bioturbation intensities and reduced diversities of the suites in most facies in this EC 

may indicate freshwater stresses on infauna.  
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Figure 3.5: Photos of the Tf-Tidal Flat Element Complex 
A) Muddy sandstone with Thalassinoides (Th) and Planolites (Pl).  WC-4 (1.5 m).  B) Sandstone 
with mud and carbonaceous drapes.  Traces include Ophiomorpha (Op)Thalassinoides (Th) and 
Planolites (Pl).  WC-5 (9.9 m).  C) Sandstone with carbonaceous drapes, rare double mud drapes 
and Planolites (Pl).  RDV-3 (3.5 m).   D) Double mud drape within Facies 9a (outlined by red box).  
WC-4 (8.2 m).  E) Sandstone with sideritised Ophiomorpha (Op).  The mud drapes at the top of 
the photo are also sideritised.  North of RDV-4.  F) Trough cross-bedded sandstone with rare 
Ophiomorpha (Op).  RDV-8 (0.8 m).  G) Sandstone with Schaubcylindrichnus (Sc) and rhizoliths 
(rt).  ARC 16-80 (125.9 m).  H) Sandstone with abundant carbonaceous mud drapes.  Traces 
consist of rare Palaeophycus (Pa) and Planolites (Pl).  ARC 16-80 (119.1 m).  I) Muddy 
sandstone with Thalassinoides (Th).  ARC 19-79 (87.2 m).  J) Sandstone with Ophiomorpha (Op) 
and Palaeophycus (Pa).  ARC 19-79 (85.3 m). 
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3.3.2. Twf-Tidal Flat Element Complex 

The Twf-tidal flat EC is broadly similar sedimentologically to the Tf-tidal flat EC, 

but includes three additional facies: oyster beds with mudstone matrix (F4a), oyster beds 

with sandstone matrix (F4b) and low-angle planar laminated sandstone with 

Macaronichnus (F5).  Facies 3a, 3b, 3c, 3d, 7a and 9a are also present in this EC, and 

the interpretations of these facies have been provided in the description of the Tf-tidal 

flat EC (section 3.3.1) above. 

Facies 4a consists of oyster beds with a mudstone matrix (Fig. 3.6A).  This facies 

occurs at the top of the Twf-tidal flat EC, and appears to form a paleotopographic high.  

The shell accumulations are interpreted as chenier ridges formed by storm-wave 

transport and deposition.  The chenier ridges likely formed landward of the zone of tidal 

reworking (i.e., supratidal).  Facies 4b is composed of oyster beds with a fine-grained 

sandstone matrix (Fig. 3.6B).  The sandstone contains current ripples, with seemingly 

rhythmic mud and carbonaceous drapes interpreted to have formed by tidal processes.  

The basal contact of this facies is commonly erosional.  Facies 4b is interpreted to be 

the result of tidal reworking of oyster shells within tidal channels and creeks.  

Facies 5 consists of low-angle planar laminated sandstone with an ichnological 

suite consisting solely of Macaronichnus segregatis (Fig. 3.6C).  The low-angle planar 

parallel laminated sandstone is interpreted as deposited under high-energy conditions, 

likely in the swash zone.  Bioturbation intensities range from BI 3-4, and the suite 

consists of a monospecific association of M. segregatis.  Such suites are commonly 

regarded as the “toe-of-the-beach” assemblage (Saunders and Pemberton, 1990; 

Saunders et al., 1994), interpreted to reflect the upper shoreface to foreshore transition.  

F5 may represent a swash zone on the outer part of a tidal flat.  Alternatively, F5 may 

have been deposited on a tidal bar, wherein tidal flux could have produced similar upper 

flow regime conditions as found in the swash zone.  

The Twf-tidal flat EC contains the same tide-dominated facies as in the Tf-tidal 

flat EC (Fig. 3.6D).  Structures interpreted as the product of tidal processes include: 

trough cross-bedding, current ripples, and rhythmic mud and carbonaceous drapes.  

These tidally produced structures make up ~90% of the EC.  Structures such as shell-

dominated chenier ridges and plane beds with monospecific suites of Macaronichnus 
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segregatis are interpreted to result from wave processes and constitute ~6% of the EC.  

Fluvial influences in the EC are based on the presence of carbonaceous material such 

as organic detritus and organic drapes, and representing ~4% of the EC. 
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Figure 3.6: Photos of the Twf-Tidal Flat Element Complex 
A) Oyster bed with an organic rich mudstone matrix, interpreted as a chenier ridge.  WC-2 (5.3 
m).  B) Oysters shells within sandstone with some articulated valves visible.  Most valves are 
disarticulated and fragmented.  The units are interpreted to be associated with tidal channels.  
WC-3 (6.3 m).  C) Low-angle planar laminated sandstone with BI 4 consisting of Macaronichnus 
segregatis consisting with swash zone conditions.  RDV-5 (5.6 m).  D) Interbedded sandstone 
and mudstone containing Skolithos (Sk), Palaeophycus (Pa), Planolites (Pa), syneresis cracks 
(sy) and soft sediment deformation.  ARC 16-80 (121.4 m). 
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3.3.3. Wft-Mouthbar Element Complex 

The Wft-mouthbar EC is a 0.5–3.3 m thick sandstone succession dominated by 

current-generated structures.  The dominant facies in this EC comprise trough cross-

bedded sandstone (F7a) and current ripple-laminated sandstone (F8a).  Subordinate 

facies include sandy mudstone (F3a), muddy sandstone (F3c), muddy sandstone (F3d), 

low-angle planar laminated sandstone with Macaronichnus (F5), and sandstone with 

mud or carbonaceous drapes (F9a).  Facies are described in order of abundance. 

Facies 7a makes up the majority of the Wft-mouthbar complex.  The trough 

cross-beds of F7a exhibit paleocurrents in the onshore (~290-330°) and alongshore 

directions (~185-195°) and on that basis are interpreted to have been generated by 

waves in the surf zone.  Mudstone and carbonaceous drapes on the foresets of troughs 

are rare and generally lack rhythmicity.  The absence of bioturbation is likely the result of 

mobile substrates, which inhibited infauna from establishing permanent dwellings (Fig. 

7A-B).  

Facies 8a locally overlies F7a and consists of current ripple-laminated sandstone 

(Fig. 3.7A).  F8a is interpreted to represent unidirectional fluvial flow on the mouthbar.  

Rare carbonaceous drapes present within F8a are of inferred fluid-mud origin.  Fluid 

muds were likely sourced from river discharge under high flow conditions such as during 

the freshet or following storm-induced flood events.  The lack of bioturbation is likely the 

result of high sedimentation rates and/or fluctuating salinity conditions. 

F9a also locally overlies F7a, and comprises sandstone with mud or 

carbonaceous drapes, and common current ripples.  The rhythmic nature of some mud 

drapes likely records tidal processes acting on the mouthbar.  The preservation of tidal 

indicators may indicate that this facies was deposited in a locality largely sheltered from 

wave approach.  Bioturbation is generally absent, but where present consists of rare 

Planolites (BI 0-1).  The overall lack of bioturbation is attributed to stresses associated 

with salinity and/or elevated sedimentation rates. 

F5 consists of low-angle planar laminated sandstone with sporadically distributed 

(BI 0-1) Macaronichnus and rare Thalassinoides (Fig. 3.7C).  This facies is only 

recognized in core of ARC 20-79.  The low-angle planar laminated sandstones with 
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Macaronichnus are indicative of deposition in a foreshore, although bioturbation is 

sporadically distributed and is significantly lower than in typical “toe-of-the-beach” 

assemblages (Saunders and Pemberton, 1990; Saunders et al., 1994).  Infauna that 

colonized sediments in this setting likely experienced both salinity variations and high 

sedimentation rates, such that the trace-fossil assemblage departs from the typical 

swash-zone assemblage of strandplain shorefaces.  This facies is interpreted to 

represent the intertidal swash zone of the mouthbar complex.  

F3a, F3c and F3d occur only locally within the mouthbar complex.  F3a and F3d 

occur towards the seaward limits of the mouthbar.  The increased abundance of mud in 

these localities is interpreted to reflect decreased flow velocities in the setting.  

Bioturbation is generally absent, and BI values range from 0-1.  Trace fossils found in 

F3a and F3d include Ophiomorpha, Palaeophycus and Planolites.  Facies 3c occurs 

within the middle of the mouthbar complex and is bounded above and below by F9a.  

The heterolithic F3c unit separates two sandy, relatively thick mouthbar sandstones 

(F9a), potentially marking a pause in the progradation of the mouthbar complex or a 

break between two distinct mouthbar complexes. 

The facies within the Wft-mouthbar EC commonly show basinward dipping, 

through- going geometries, interpreted as being part of prograding sediment bodies that 

have an apparent trend of ~185-195° (Fig. 3.7D).  The majority of structures within the 

EC are current generated, and through the use of paleocurrent indicators, the troughs 

and ripples are assigned to either wave or fluvial processes.  Wave processes dominate 

~70% of deposition on this mouthbar, based on the majority of dune and ripple-scale 

bedforms oriented alongshore and onshore relative to the paleoshoreline.  The 

basinward-dipping geometries of the prograding units and the absence of bioturbation 

are indicative of fluvial influence on sedimentation.  Fluvial influence is considered to 

have controlled ~25% of sediment deposition in this EC.  Tidal influence is based on 

rhythmic mud drapes within F9a and constitutes up to ~5% of the EC.  
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Figure 3.7: Photos of the Wft-Mouthbar Element Complex 
A) Trough cross-bedding and current ripple laminated sandstone.  RDV-6’ (9.4 m).  B) Trough 
cross-bedded sandstone.  RDV-5’ (7.0 m).  C) Low-angle planar laminated sandstone containing 
Macaronichnus (Ma).  The low BI (1-2) departs from a typical toe-of-the-beach assemblage, but 
likely represents swash zone conditions in a stressed setting.  ARC 20-79 (78.3 m).  D) 
Basinward-dipping geometry (marked in red) of the sandstone units within the mouthbar complex, 
terminating on the marine flooding surface as it prograded to the south.  Southeast of RDV-6. 
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3.3.4. Wtf-Lobe Element Complex 

Wtf-lobe EC is a 0.5–3.2 m thick sandstone succession dominated by wave-

generated structures.  Grain sizes coarsen both upwards and paleolandwards from 

upper very fine- to upper fine-grained sand.  The most seaward (southeastern) facies 

contains HCS and SCS (F6) with rare beds of sandstone containing mudstone and 

carbonaceous mudstone drapes (F9a).  In the paleo-landward direction, the majority of 

the succession consists of bioturbated trough cross-bedded sandstones (F7b).  The 

facies described below are presented from seaward to landward depositional positions.  

Facies 6 comprises the most seaward facies in the EC, and consists of 

amalgamated HCS and SCS (Fig. 3.8E).  Hummocks are not commonly expressed in 

F6, and so the majority of the succession is dominated by SCS.  The presence of 

amalgamated SCS beds is indicative of deposition in relatively shallow water, under 

strong storm influence, or in settings characterized by high frequency storms, leading to 

erosional scouring of bedforms on the paleo-seafloor.  Moving landwards the bedforms 

become less discernable and consist on low-angle undulatory parallel lamination with 

rare wave and combined flow ripples.  The majority of this facies seemingly lacks 

bioturbation.  Rare, sporadically distributed horizons 0.2–0.5 m thick show sparse to 

moderate (BI 1-3) bioturbation.  The trace-fossil suite is of lower diversity and commonly 

comprises monospecific associations of Ophiomorpha (Fig. 3.8D).  These rare 

bioturbated horizons preserve fair-weather deposits reflecting the activity of infauna 

during ambient conditions.  F6 is interpreted as high-energy storm deposits that 

accumulated in a lower to middle shoreface setting.   

F9a occurs locally between intervals of F6.  Ripples are of current, combined-

flow, and oscillatory origin.  The unit contains fine-grained units showing double mud 

drapes, interpreted to record tidal processes.  At RDV-9, near the top of F9a (5.55-5.85 

m) occurs a 30 cm thick zone dominated by fine-grained beds of inferred fluid-mud 

origin.  These fluid mud intervals may be associated with heightened levels of fluvial 

discharge, which delivered large volumes of fine-grained sediment into the basin during 

or shortly after storm events.  Bioturbation (BI 0-1) consists of suites containing 

Ophiomorpha, Thalassinoides and Planolites.  The paucity of bioturbation is likely 

indicative of a stressed setting residing close to a fluvial point source.  
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The trough cross-bedded sandstones of Facies 7b occur landward of F6.  The 

stratification is indicative of migrating dune-scale bedforms.  Current, combined-flow and 

wave ripples are also common.  The carbonaceous mudstone drapes are rhythmically 

bedded and show rare double mud couplets interpreted to reflect tidal influence.  The 

abundance of carbonaceous material was likely sourced from a nearby fluvial source.  BI 

ranges from 1-4 (commonly 2-3), with an ichnological suite containing Ophiomorpha, 

Palaeophycus, Planolites, Rosselia, Thalassinoides, Conichnus, Skolithos, 

Diplocraterion and fugichnia.  The facies is interpreted to have been deposited from 

wave-forced currents in the surf zone with tidal influence indicated by the rhythmic 

carbonaceous drapes and double mud drapes (Fig. 3.8B-C). 

Facies 8b overlies F7b and consists of bioturbated ripple laminated sandstone.  

Bioturbation is absent to sparse (BI 0-1), but where present includes Ophiomorpha and 

rare Macaronichnus (Fig. 3.8A) observed.  Combined flow and oscillation ripples are 

ascribed to wave processes, while the presence of current ripples may be indicative of 

either wave or tidal processes.  The carbonaceous mudstone drapes are attributed to 

tidal processes, wherein the fine-grained sediment settled out of suspension during 

slackwater periods.  This facies is associated with wave- and tide-generated currents.  

The Wtf-lobe EC is dominated by structures assigned to wave processes, which 

comprise ~88% of the interval.  Structures interpreted as wave-generated include HCS, 

SCS, low-angle lamination, trough cross-bedding, combined-flow ripples and oscillation 

ripples.  Current ripples are likely the result of tidal flow.  The rhythmic draping of mud in 

F7b is attributed to tidal processes that facilitated slackwater periods.  Tidal processes 

are interpreted to make up ~10% of the EC.  Fluvial influence is interpreted based on the 

presence of inferred fluid mud and intercalated carbonaceous detritus, and is estimated 

to make up 2% of the succession. 



 

  82 

 

 

 



 

  83 

Figure 3.8: Photos of the Wtf-Lobe Element Complex 
A) Bioturbated ripple laminated sandstone.  Open Ophiomorpha (Op) burrows due to surface 
weathering.  RDV-8 (6.8 m).  B) Sandstone with rhythmic carbonaceous and mudstone drapes 
with Rosselia (Ro) and Ophiomorpha (Op) in the upper shoreface deposits at RDV-8 (6.0 m).  C) 
Rosselia (Ro) and Ophiomorpha in the upper shoreface deposits at RDV-8 (6.2 m).  D) Open 
Ophiomorpha (Op) burrows in low-angle, undulatory parallel laminated sandstone, interpreted to 
represent tempestites.  RDV-9 (7.0m).  E) Hummocky and swaley cross-stratified sandstone.  
RDV-12 (7.5 m).  F) Low-angle undulatory parallel laminated sandstone interpreted as 
tempestites.  ARC 16-80 (118.5m). 
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3.3.5. Ft-Channelized-A Element Complex 

Ft-channelized-A EC comprises a 3.8 m thick succession of cross-bedded 

sandstone (F7a) and current ripple-laminated sandstone (F8a).  The sandstone is well 

sorted and upper fine grained.  Bioturbation was not observed within this EC.  

Facies 7a makes up the majority of the channel fill.  The trough and planar 

tabular cross-bedding are interpreted to be of fluvial origin (Fig. 3.9A).  The mud drapes 

are indicative of rhythmically fluctuating energy conditions, interpreted to reflect the 

influence of tides in the channel.  The abundance of drapes decreases upwards within 

the channel fill, likely representing an upward decrease in tidally influenced 

sedimentation.  Facies 8a shares a gradational contact with F7a and consists of fine-

grained, current and aggradational current ripple laminated sandstone (Fig. 3.9A).  

The majority of structures within this EC are interpreted to form from fluvial flow 

within a channel (e.g., trough cross-bedding, planar tabular cross-bedding, current 

ripples, and aggradational current ripples).  The measured paleocurrents are oriented in 

the SE direction (~165-175°) indicating that the majority of bedforms migration was in 

the basinward direction.  The presence of rhythmic mud and carbonaceous drapes are 

interpreted to reflect deposition during tidal slack-water periods in the channel and 

deposition of fine-grained sediment on the foresets of dunes.  The fill of the channel is 

interpreted to be fluvial dominated (~95%) based on the sandstone-dominated channel 

fill with downstream-oriented current-generated structures.  The relative tidal influence 

(~5%) is based on the rhythmic mud drapes present on the foresets of the cross beds.  

While the downstream-oriented bedforms have been interpreted to represent fluvial 

processes, it is possible that tidal processes could be underestimated due to the 

potential difficulty in distinguishing downstream-oriented fluvial bedforms from ebb-

oriented tidal bedforms.  

3.3.6. Ft-Channelized-B Element Complex 

Ft-channelized-B EC is a 7.1 m thick channel fill, consisting of F9b (sandstone 

with inclined mud and carbonaceous mud drapes), capped by F3a (sandy mudstone).  

The channel fill generally fines upward from sandstone to sandy mudstone.  The facies 

are described below from the bottom to top of the channel fill. 
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Facies 9b makes up the majority of the channel fill and consists of sandstone 

with inclined mud and carbonaceous mud drapes/beds (Fig. 3.9B-C), interpreted as 

inclined heterolithic stratification (IHS).  Mudstone contents range from 5–40% within the 

channel, with varying percentages of mud throughout the channel complex.  The basal 

contact of the channel is erosional with at least two other scoured contacts within the fill, 

possibly indicating multi-story fill.  The basal 0.8 m of fill is made up of relatively low-

angle (~5°) IHS, with approximately 30% mud content.  The overlying 3.2 m of fill 

consists of a fining upward unit of IHS showing an abundance of inclined (~10°) mud 

beds, increasing upwards from about 20% to 40%.  The upper 2.5 m of IHS fill contain 

~5-10% mudstone dipping at ~10° to the SW (240°).  A low diversity ichnological suite is 

characteristic and comprises diminutive Planolites, Thalassinoides and Skolithos.  The 

trace-fossil assemblage reflects a stressed setting, possibly due to fluctuating salinity 

(brackish-water) and variable sedimentation rates.  This facies is interpreted to represent 

a laterally accreted point bar deposited by a mix of fluvial and tidal influence within a 

channelized environment. 

Facies 3a caps the channel fill and consists of sandy mudstone.  This relatively 

thin unit (0.6 m) is interpreted to represent lower flow conditions operating during the 

latest stages of channel filling.  

The deposition of IHS can occur in tidally influenced fluvial settings, tide-

dominated fluvial channels, and in purely tidal channels.  IHS is most commonly 

attributed to lateral accreting bedforms such as tidal influenced point bars and elongate 

tidal bars (Dalrymple and Rhodes, 1995; Choi et al., 2004; Dalrymple and Choi, 2007).  

Sand deposition is interpreted to have occurred during higher velocity fluvial or tidal 

currents, with mud deposition reflecting periods of low flow velocity, when suspended 

fine-grained sediment was deposited.  The location relative to the turbidity maximum 

within the fluvial-tidal transition zone also affects the suspended-sediment 

concentrations, and consequently the abundance of mud drapes in IHS deposits 

(Dalrymple and Choi, 2007).  The majority of sandstone deposition in the channel is 

interpreted to have been the result of fluvial processes (~60% of structures) whereas the 

deposition of mudstone drapes and beds is attributed to tidal processes (~40%).  Given 

the subequal mix of fluvial- and tide-generated structures and the inherent difficulty in 
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distinguishing fluvial bedforms from ebb-oriented tidal bedforms, it is also possible that 

this channel is tide dominated and fluvially influenced (Tf) overall.  
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Figure 3.9: Photos of the Ft-Channelized-A and B Element Complexes 
A) Ft-channelized element complex-A.  Trough cross-bedded sandstone facies overlain by 
current rippled sandstone at RDV-7 (3.8 m).  B) Ft-channelized element complex-B.  Inclined 
heterolithic stratification (IHS) at WC-6.  Red line indicates channel fill.  C) Close-up of the Ft-
channelized-B complex.  IHS at WC-6. 
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3.3.7. F-Onshore and Coal Element Complex 

The F-onshore and coal EC consists of 0.1–3.5 m thick accumulations of 

mudstone and coal.  The coal EC is a distinct complex and consists of Coal (F1). The F-

onshore EC consists of black, organic-rich mudstone (F2a), dark brown mudstone with 

abundant carbonaceous fragments (F2b), brown mudstone (F2c), and lenticular-bedded 

mudstone (F3b) facies are commonly laterally gradational with one another.  

Bioturbation is not observed within thes ECs. 

Samples were collected from F2a-c and F3b from the F-onshore complex and 

were analyzed for Carbon-13 isotopes to determine to provenance of the mudstones.  

The results ranged from -25.31 to -26.06‰ (Table 3.2), which is indicative of terrestrially 

derived organic material (Cifuentes et al., 1988; Chmura and Aharon, 1995; Pospelova 

et al., 2002; Yazykova and Zonova, 2004). 

 

Table 3.2: Carbon-13 Isotope Anaylsis – F-Onshore EC 

Section Depth (m) Delta 13C (‰) 
RDV-J 3.50 -25.75 
RDV-F 2.25 -25.51 
RDV-F 3.50 -25.92 
RDV-B 2.25 -25.77 
RDV-B 4.25 -25.96 
RDV-4 2.75 -26.04 
RDV-4 5.10 -26.06 
RDV-4 7.50 -25.74 
RDV-8 4.20 -25.50 
RDV-8 7.80 -25.49 

RDV-13 3.75 -25.31 
RDV-13 6.40 -25.59 
WC-3 3.40 -25.92 
WC-3 7.00 -25.85 

Carbon-13 isotope samples from the F-onshore ECs of allomembers D, E1 and E2.  The values 
are indicative of terrestrially derived organic material (Cifuentes et al., 1988; Chmura and Aharon, 
1995; Pospelova et al., 2002; Yazykova and Zonova, 2004). 
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The main source of lithologic variation found within the onshore and coal ECs 

centers around the amount of preserved organic material.  The onshore complex is 

interpreted to have accumulated in a swampy coastal plain setting.  Such swamps are 

commonly anoxic, which results in low rates of decomposition that enables the 

accumulation of plant matter, and constitute precursor environments for coal formation.  

Within a swampy coastal plain setting, there are two types of swamps: well drained and 

poorly drained.  In a well-drained swamp, the fluctuations in the water table create 

periods of submergence and subaerial exposure.  Within a poorly drained swamp, the 

water table is sufficiently high that even through seasonal fluctuations, the swamp 

remains submerged (Coleman, 1966).  In channel-margin swamps, drainage is reduced 

with distance from the channel, resulting in a transition from well-drained swamps to 

poorly drained swamps (Weimer, 1977).  The coal (F1; Fig. 3.10C) and organic-rich 

mudstones (F2a; Fig. 3.10A) were likely deposited in poorly drained swampy areas of 

the coastal plain.  Mudstones with abundant carbonaceous fragments (F2b; Fig. 3.10B) 

and mudstones lacking carbonaceous material (F2c) were likely deposited closer to the 

fluvial source of the sediment, such as on the floodplain or in well-drained swamps.  The 

lenticular-bedded mudstone (F3b) occurs locally, indicating fluctuating energy 

conditions, likely in close proximity to the fluvial source.  The onshore EC is regarded as 

fluvial dominated, as the sediment is fluvially sourced and was likely deposited during 

river flood events on the floodplain and coastal plain.  
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Figure 3.10: Photos of the F-Onshore and Coal Element Complex 
A) Black, organic-rich mudstone.  RDV-F (3.4 m).  B) Fissile brown mudstone.  RDV-13 (3.0 m).  
C) Coal.  ARC 16-80 (124.1 m). 
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3.4. Stratigraphic Architecture and Paleogeography 

The allostratigraphic framework of Ainsworth (1991, 1992, 1994) was used to 

define the boundaries between the base (the flooding surface between allomembers C 

and D) and the top (the flooding surface between allomembers E and F) of the studied 

interval.  Stratigraphic analysis of allomembers D and E led to the recognition of an 

addition flooding surface within Allomember E, resulting in the identification of 3 distinct 

allomembers: D, E1 and E2.  The overall thickening of the succession to the SE is likely 

the result of increased accommodation basinwards and differential compaction of mud 

prone facies (more prevalent to the NW).  The following is a description of the: 1) 

bounding surfaces of the three allomembers; 2) element complexes within each 

allomember; 3) processes (wave, tide, or fluvial) interpreted to have controlled their 

deposition; 4) inferred orientation of the paleo-shoreline; and 5) characterization of the 

larger-scale Element Complex Assemblages (ECAs) that they form (Figs. 3.11 and 

3.12). 
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Figure 3.11: Red Deer River Valley and Willow Creek Cross-Sections 
Cross-sections of element complex distributions through the Red Deer River Valley and Willow 
Creek.  Red Deer River Valley cross-section: RDV-J to RDV-13 (marked in red on the study area 
legend).  The cored wells are projected into the section.  Willow Creek cross-section WC-1 to 
WC-7 (marked in blue on the study area legend).  The sections show the distribution of the 
element complexes across the study area.  The element complexes are plotted on the ternary 
diagram to show the relative percentages of wave, tide and fluvial processes interpreted to have 
been responsible for deposition . The marine flooding surfaces denoting the discontinuities that 
divide the allomembers are marked in green.  The locations of the chenier ridge within 
Allomember E1 is shown with the red star in both the Red Deer River Valley and Willow Creek.  
The C-13 sample locations are denoted by the blue stars (data in Table 3.2). 
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Figure 3.12: Fence Diagram of Outcrop and Cored Sections 
Fence diagram of the element complex distribution in the Red Deer River Valley (RDV), Willow 
Creek (WC) and the cored wells (ARC).  The element complexes are plotted on a ternary diagram 
that displays the relative percentages of wave, tide and fluvial processes interpreted to have been 
responsible for sedimentation.  The locations of the chenier ridge within Allomember E1 are 
shown with the red star in both the RDV and WC. 
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3.4.1. Allomember D 

The base of Allomember D is defined as a marine flooding surface that 

commonly mantles Coal 1; the coal represents the latest regressive phase of 

Allomember C (Figs. 11 and 12).  Coal 1 is absent in the far SE part of the study area 

(RDV-6 to RDV-13, except RDV-9) as well as in WC-5.  At RDV-6 to RDV-8, RDV-10 

and WC-5, the flooding surface at the base of Allomember D overlies the channelized 

complexes of Allomember C, and so the basal contact is positioned at the sandstone (Tf-

tidal flat EC of Allomember D) overlying mudstone that caps the channelized complexes 

of Allomember C.  From RDV-11 to RDV-13, the contact representing the flooding 

surface corresponds to a sandstone-on-sandstone contact marked by a rooted horizon 

(top of Allomember C).  Also marking the flooding surface at RDV-13 is a suite of 

firmground Diplocraterion, considered to represent a Glossifungites Ichnofacies-

demarcated discontinuity.  The Diplocraterion are excavated into the underlying very 

fine-grained sandstones of Allomember C, and are passively infilled with upper fine-

grained sand derived from the overlying Allomember D.  

Allomember D contains two ECs: Tf-tidal flat and F-onshore.  The Tf-tidal flat EC 

extends for 7.8 km in the Red Deer Valley and 1.5 km in Willow Creek.  The complex 

thins and eventually pinches out NW of RDV-2 and SW of WC-4 (Figs. 3.11 and 3.12).  

The Tf-tidal flat EC sharply overlies the marine flooding surface that divides allomembers 

C and D.  The F-onshore and coal EC extends across the entire study area, and varies 

in thickness from 0.2–2.8 m.  The onshore EC overlies the Tf-tidal flat EC (where the 

tidal flat is present), with localized gradational and sharp contacts.  Sharp contacts are 

observed where the onshore complex directly overlies the flooding surface.  

The shoreline zone of Allomember D was dominated by the Tf-tidal flat EC (Fig. 

3.13A).  The abundance of current generated structures and rhythmically deposited fine-

grained (mud and carbonaceous debris) drapes are indicative of tidal processes.  Fluvial 

influence on the Tf-tidal flat EC is interpreted on the basis of abundant carbonaceous 

detritus marking stratification.  The low abundance of bioturbation and low diversity of 

traces are consistent with salinity reduction and/or fluctuations. 

The F-onshore EC is the depositionally up-dip to the Tf-tidal flat EC.  This EC lies 

beyond the reach of marine processes, and received sediment solely from fluvial 
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sources.  As the system prograded, terrestrial muds and coals developed over the 

previously deposited tidal flat facies (Fig. 3.13B).  

The ECs within Allomember D form a Tf-ECA.  Tidal processes constitute the 

dominant depositional processes affecting the coastline during deposition of Allomember 

D.  A direct source of fluvial input was not identified in the study area, but the influences 

of fluvial input can be seen within the tidal flat deposits. 

The shoreline orientation of Allomember D is estimated using the maximum 

landward extent of marine facies (Tf-tidal flat EC), which is positioned NW of RDV-2 and 

SW of WC-4.  Based on this, the shoreline is inferred to have been oriented NE-SW 

(~45°).  This shoreline orientation indicates that the Red Deer River Valley is oriented 

sub-parallel to the depositional dip direction, and that Willow Creek is sub-parallel to 

depositional strike of Allomember D. 
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Figure 3.13: Paleoenvironmental Reconstruction of Allomember D 
A) The maximum landward extent of the Tf-tidal flat element complex.  The shoreline trend is NE-
SW based on the maximum extent of this marginal-marine complex.  B) During the last phase of 
Allomember D, the F-onshore and coal complex prograded at least 7.8 km over the previously 
deposited tidal flat complex.  The maximum extent of progradation is not observed within the 
study area. 
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3.4.2. Allomember E1 

The basal bounding surface of Allomember E1 is positioned at the flooding 

surface capping the F-onshore EC at the top of Allomember D (Figs. 3.11 and 3.12).  

The contact is sharp and separates overlying sandstone beds (Twf-tidal flat EC of 

Allomember E1) from underlying mudstone (F-onshore EC of Allomember D) throughout 

most of the study area.  At RDV-D, E, H, I and J, the contact is indistinct, because 

mudstone (F-onshore EC of Allomember E1) overlies mudstone (F-onshore EC of 

Allomember D) and the exposure is highly recessive.  At RDV-7 and WC-5, younger 

channelized complexes incise through the basal flooding surface to depths of 0.5 and 

1.5 m, respectively, and hence the original contact is not preserved. 

Allomember E1 consists of four ECs: Twf-tidal flat, Ft-channelized-A, Ft-

channelized-B and F-onshore complexes.  The Twf-tidal flat EC extends through all of 

Willow Creek and much of the Red Deer River Valley.  The tidal flat complex pinches out 

to the NW of RDV-C, is absent through RDV-D and E and reappears in ARC 19-79 and 

RDV-F, before pinching out again NW of RDV-G (Figs. 3.11 and 3.12).  The Ft-

channelized-A EC occurs at RDV-7 and consists of a 3.8 m thick channel fill.  The Ft-

channelized-B EC occurs at WC-5 and consists of a 7.1 m thick channel fill.  The F-

onshore and coal EC occurs throughout the entire study area with the exception of ARC 

20-79.  The onshore EC overlies the Twf-tidal flat, Ft-channelized-A, Ft-channelized-B 

ECs, and also directly overlies the F-onshore EC of Allomember D. 

The Twf-tidal flat was deposited during the first phase of progradation of 

Allomember E1 (Fig. 3.14A).  At that time, tidal processes dominated sedimentation, 

resulting in the formation of tidal flats with accompanying tidal channels.  The oyster 

mounds present at WC-2 and RDV-3 are likely part of the same shore parallel ridge 

formed by wave processes during storm events, and are interpreted as chenier ridges.  

Minor fluvial influence on sedimentation is interpreted based on the abundance of 

terrestrially derived carbonaceous debris and the stressed ichnological signature 

assigned to salinity reduction and/or fluctuation.  

Subsequent to deposition of the Twf-tidal flat, the Ft-channelized A and B ECs 

incised into underlying units, and represent different proportions of fluvial and tidal 

influence on their fill (Fig. 3.14A).  In both complexes, channel deposits incise through 
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the previously deposited tidal-flat units of Allomember E1 as well as the onshore 

deposits of Allomember D.  Both the incision and fill of these channels is regressive, 

likely as part of a deltaic complex that is postulated to have existed along-strike of the 

study area. 

The F-onshore and coal EC represents the final phase of deposition of 

Allomember E1.  This EC represents the normal progradation of terrestrial mudstones 

and coals over the previously deposited tidal flat and channelized complexes (Fig. 

3.14B).  

Allomember E1 constitutes a Tfw-ECA.  Dominant tidal processes with 

subordinate fluvial and wave processes are responsible for the deposition of units in this 

part of the allomember.  Tide processes are dominant in the Twf-tidal flat EC, which 

encompasses most of Allomember E1 in the study area.  Fluvial influence is represented 

in the deposits by the multiple channel complexes as well as the abundant 

carbonaceous detritus in the Tf-tidal flat EC.  Wave influence, though minor, is 

interpreted based on the presence of wave-generated structures, such as the chenier 

ridges developed at the top of the Twf-tidal flat EC. 

The paleo-shoreline orientation during accumulation of Allomember E1 is derived 

primarily from the orientation of the oyster mounds.  These mounds are interpreted as 

chenier ridges formed by wave processes and, hence, are regarded to lie parallel the 

shoreline.  These oyster ridges are interpreted to trend almost north-south at ~4°.  

Though it is important to recognize the uncertainty of interpreting paleoshoreline 

orientation based on only two data points.  
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Figure 3.14: Paleoenvironmental Reconstruction of Allomember E1 
A) The maximum landward extent of the Twf-tidal flat element complex.The shoreline trends is 
estimated to be NNE-SSW (~4°), based on the maximum landward extent of the tidal flat complex 
and the orientation of the chenier ridge that is interpreted to be parallel to the shoreline.  B) Ft-
channelized-A and Ft-channelized-B ECs cut through the previously deposited tidal flat. Their 
inferred orientations are shown based on flow indicators at the outcrop locations.  C) The 
maximum progradation (at least 8.5 km) of the F-onshore and coal EC over the tidal flat and 
channelized complexes. 
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3.4.3. Allomember E2 

The basal bounding surface of Allomember E2 is the marine flooding surface 

capping the F-onshore EC of Allomember E1 (Figs. 3.11 and 3.12).  This contact is 

demarcated by marine sandstones (Tf-tidal flat, Wft-mouthbar or Wtf-lobe of Allomember 

E2) overlying continental mudstone and coal deposits (F-onshore and coal EC of 

Allomember E1).  At ARC 20-79, the F-onshore is not developed and the Wft-mouthbar 

EC of Allomember E2 directly overlies the Twf-tidal flat EC of Allomember E1.  A 

firmground suite of Diplocraterion and Thalassinoides is present at RDV-6’, RDV-7 and 

RDV-8, representing the Glossifungites Ichnofacies.  These traces were excavated into 

compacted underlying mudstones of the F-onshore complex of Allomember E1 and are 

passively filled with sand derived from the overlying sandstone facies of Allomember E2. 

The upper bounding surface of Allomember E2 is a marine flooding surface that 

overlies the F-onshore EC in most localities (Figs. 3.11 and 3.12).  The contact is 

commonly mudstone-on-mudstone NW of RDV-6’, consisting of the F-onshore EC of 

Allomember E2 overlain by prodeltaic mudstones of Allomember F.  Between RDV-7 to 

RDV-10, the contact consists of marine trough cross-bedded sandstones of Allomember 

F overlying the mudstones and coals of the F-onshore complex of Allomember E2.  At 

RDV-7, a firmground suite of Thalassinoides is present, representing the Glossifungites 

Ichnofacies.  The upper bounding surface of Allomember E2 from RDV-11 to RDV-13 

consists of a scoured sandstone-on-sandstone contact at the base of Allomember F.  

The contact is identified by a facies change from F6 of Allomember E2 to trough cross-

bedded sandstones of Allomember F.  The F-onshore EC at the top of Allomember E2 is 

also absent in all three cored wells in the study area.  In ARC 19-79, the corresponding 

contact separates prodelta mudstones of Allomember F from F9a in the Tf-tidal flat EC 

of Allomember E2.  In ARC 20-79, the surface is sharp and separates bioturbated, 

rhythmically draped sandstones of Allomember F from F5 of the Wft-mouthbar EC of 

Allomember E2.  In ARC 16-80, the surface corresponds to a scoured contact separating 

the overlying trough cross-bedded sandstones of Allomember F from the underlying F3a 

of the Wft-mouthbar of Allomember E2.  This contact also contains a firmground suite of 

Thalassinoides, representing the Glossifungites Ichnofacies. 
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Allomember E2 is made up of four ECs: Tf-tidal flat, Wft-mouthbar, Wtf-lobe and 

F-onshore ECs (Figs. 3.11 and 3.12).  The Tf-tidal flat EC pinches out NW of RDV-G 

and passes laterally into the Wft-mouthbar EC, southeast of RDV-5.  The Wft-mouthbar 

EC extends from the NW contact with the Tf-tidal flat EC to another lateral transition to 

the Wtf-lobe EC between RDV-7 and RDV-8.  A relatively thin (0.5–1.6 m thick) portion 

of the Wft-mouthbar EC overlies the Wtf-lobe EC between RDV-8 and RDV-11.  The 

Wtf-lobe EC extends from NW of RDV-8 to SE of RDV-13 (beyond the study area).  

The paleo-shoreline of Allomember E2 included a tidal flat, mouth bar and delta 

lobe that were laterally adjacent to each other.  The transition in the Red Deer River 

Valley from the Tf-tidal flat to the Wft-mouthbar to Wtf-lobe is interpreted to be the result 

of variations in the dominant hydraulic process between the updrift and downdrift 

portions of an asymmetric delta.  The Wtf-lobe EC is interpreted to constitute the updrift 

portion of the asymmetric delta (Fig. 3.15A-B).  The Wft-mouthbar EC consists of 

sandstone facies with dipping, through- going geometries that indicate paleo-flow to the 

south (~188°).  Assuming that the paleoshoreline trend was similar to Allomember E1 

(i.e., N-S, 4°), the mouthbar would have been prograding almost parallel to the shoreline.    

This longshore progradation of the mouthbar is interpreted to have been caused by 

dominant oblique-to-shoreline wave approach from the northeast and longshore currents 

deflecting the mouthbar to the south.  This is consistent with the regional net sediment 

transport in the Western Interior Seaway (Slingerland and Keen, 1999).  The mouthbar 

EC shows a series of stacked mouthbars that prograded both to the south and in the 

seaward direction (Fig. 3.15B).  The Tf-tidal flat EC is interpreted to have been deposited 

on the downdrift portion of the asymmetric delta.  The southerly defected mouthbar 

would have protected the downdrift side of the delta from wave processes (Fig. 3.15A-

B), which would have favored sedimentation by tidal processes.  The tide-dominated 

facies of the downdrift portion of the delta in Allomember E2 represents a departure from 

the asymmetric delta model (Bhattacharya and Giosan, 2003). 

In addition to along-strike changes in lithofacies characteristics in this interpreted 

asymmetric delta, the ichnologic suite also varies from the updrift to downdrift side of the 

delta, consistent with previous studies of ichnological variability in deltaic successions 

(MacEachern et al., 2005; Hansen and MacEachern, 2007; MacEachern et al., 2010).  

The updrift side of the asymmetric delta (Wtf-lobe EC) is characterized by a more 
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diverse trace-fossil suite with higher bioturbation intensities, interpreted to indicate a 

relatively unstressed marine setting.  By contrast, the Wft-mouthbar EC lying downdrift is 

devoid of bioturbation, which is consistent with the high deposition rates and salinity 

fluctuations that would likely occur in this setting.  The ichnology of the downdrift side of 

the asymmetric delta (Tf-tidal flat EC) consists of a relatively low diversity trace-fossil 

suite, consistent with a stressed setting that was likely subjected to salinity variations 

and high deposition rates.  

The F-onshore EC is the updip equivalent of the coastline, and is interpreted as 

swampy floodplain deposits.  The F-onshore EC prograded over most of the underlying 

units in Allomember E2, and prograded at least 9.5 km during Allomember E2 time (Fig. 

3.15C).  The maximum extent of progradation is uncertain, as the upper contact of 

Allomember E2, southeast of RDV-10 is scoured and the F-onshore EC is erosionally 

removed. 

Allomember E2 comprises a Wtf-ECA.  Wave processes dominate the coastline 

as shown by the Wtf-lobe (updrift side of the delta) and Wft-mouthbar ECs.  The Tf-tidal 

flat (downdrift side of the delta) was shielded from the oblique-to-shoreline wave 

approach by the mouth bars, allowing for tidal processes to dominate sediment 

deposition.  Even though the depositional setting is predominantly deltaic, fluvial 

processes are assigned a minor influence on sedimentation, because most of the fluvial 

sedminet into the system appears to have been extensively reworked by wave and tidal 

energy.   

While there are no distinct paleo-shoreline indicators present within the outcrops 

of Allomember E2, the orientation of the shoreline is believed to be similar to 

Allomember E1, that is, roughly north-south (~8-15°).  This orientation is based on the 

maximum basinward extent of the coal complex found within the F-onshore complex.  

The regional mapping of this coal complex was done through wireline log anaylsis of 

wells surrounding the Red Deer River Valley by the WAVE Consortium (Ainsworth et al., 

2012). 

  



 

 104 

 

 

Figure 3.15: Paleoenvironmental Reconstruction of Allomember E2 
A) The asymmetric delta of Allomember E2.  The updrift side of the delta consists of the Wtf-lobe 
element complex.  The Wft-mouthbar element complex shows deflection to the south, interpreted 
to be due to oblique-to-shoreline wave approach.  The downdrift side is represented by the Tf-
tidal flat.  Landward of the influence of marine processes, the continental F-onshore EC was 
deposited.  B) As the system prograded, multiple mouthbar complexes were stacked vertically 
and prograded both seaward and further to the south.  C) The F-onshore complex prograded at 
least 9.0 km over much of the deposited marine facies during the latest phase of Allomember E2. 
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3.5. Implications for Interpretations of Marginal-Marine 
Strata 

Laterally continuous exposures of lower HCFm strata in the Red Deer River 

Valley provide an opportunity to test the utility of completing high-resolution, semi-

quantified analysis of marginal-marine strata to improve paleo-environmental 

interpretations and resolve previously unrecognizable relations.  In this study, high-

resolution, semi-quantified analysis led to the recognition of an additional flooding 

surface, an increase in wave influence on sedimentation vertically between 

allomembers, and a shift in shoreline orientation between allomembers D and E1.  

It is also possible that decreasing the spacing between outcrops from 500 m to 

250 m or even 100 m would reveal higher resolution changes in the architecture of 

marginal-marine strata, which reinforces the notion that increased resolution leads to 

higher accuracy in interpretation.  As well, this study showcases the utility of assigning 

sedimentological and ichnological characteristics to depositional processes as proposed 

through the WAVE classification (Ainsworth et al., 2011; Vakarelov and Ainsworth, 

2013), and how this methodology can reveal previously unrecognized changes in the 

paleo-depositional environment. 
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4. Conclusion 

The main objectives of this study were to: 1) integrate sedimentology, ichnology 

and stratigraphy to identify facies, resolve stratigraphic surfaces and architectures, and 

interpret paleoenvironments for allomembers D and E of the lower HCFm as defined by 

Ainsworth (1991); 2) define element complexes (ECs) and element complex 

assemblages (ECAs), and classify them using the WAVE classification system 

(Ainsworth et al., 2011; Vakarelov and Ainsworth, 2013); and 3) test the utility of the 

WAVE classification scheme in analyzing marginal-marine strata. 

Allomember D comprises a Tf-tidal flat EC overlain by an F-onshore EC, to form 

a larger Tf-ECA.  Within this allomember, a landward change in depositional process is 

noted, from tide-dominated in paleo-seaward deposits (SE of RDV-2) to fluvial-

dominated in paleo-landward deposits (NW of RDV-2).  This is also manifest vertically by 

the F-onshore EC overlying the previously deposited Tf-tidal flat EC, consistent with 

progradation. 

A new minor marine flooding surface is recognized within Allomember E, leading 

to its subdivision into allomembers E1 and E2.  Allomember E1 includes Twf-tidal flat, Ft-

channelized-A, Ft-channelized-B, and F-onshore ECs, which together form a Tfw-ECA.  

The majority of deposits within E1 comprise facies associated with the Twf-tidal flat EC.  

Within the tidal flat complex, lateral variations in hydraulic processes are observed 

where channelized ECs are present.  As with Allomember D, similar up-depositional-dip 

and up-section variations in depositional processes are preserved, wherein the F-

onshore EC caps the Twf-tidal flat and channelized complexes, reflecting progradation. 

Allomember E2 is composed of Tf-tidal flat, Wft-mouthbar, Wtf-lobe and F-

onshore ECs, which combine to form a Wtf-ECA.  Within Allomember E2, lateral 

hydraulic process shifts are recorded by the lateral transitions from the Tf-tidal flat EC to 

the Wft-mouthbar EC and finally to the Wtf-lobe EC.  This lateral shift in processes 
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controlling sedimentation is common along marginal-marine coastlines, as fluvial input 

and coastline morphology influence which processes dominate locally.  In the case of 

Allomember E2, the shift from wave to tide dominance is interpreted to result from an 

oblique-to-shoreline wave approach acting upon the shoreline, producing an asymmetric 

delta.  The prograding mouthbar acted as a barrier, effectively shielding the downdrift 

lobe from wave reworking and allowing tidal processes to dominate deposition.  In a 

manner similar to that of allomembers D and E1, a vertical shift in process domination is 

recorded where the F-onshore EC overlies over the marginal-marine deposits (Tf-tidal 

flat EC, Wft-mouthbar EC and Wtf-lobe EC), indicating progradation. 

Through the use of the WAVE classification system, changes in lateral and 

vertical hydraulic processes were able to be semi-quantified within the ECs of 

allomembers D, E1 and E2.  While tidal processes generally dominated most of the 

deposition in allomembers D and E1; tide-dominated units in Allomember E2 were 

laterally distributed with time-equivalent wave-dominated ECs.  The effect of waves on 

sedimentation increases moving upwards within the allomembers, from no observable 

wave influence in Allomember D, to secondary wave influence in the Twf-tidal flat EC 

within Allomember E1, to wave-dominated ECs (Wft-mouthbar and Wtf-lobe) within 

Allomember E2.  The high-resolution, semi-quantified analysis undertaken in this study 

reinforces the notion that increased resolution leads to higher accuracy in interpretation.  

As well, by assigning sedimentological and ichnological characteristics to depositional 

processes as proposed through the WAVE classification (Ainsworth et al., 2011; 

Vakarelov and Ainsworth, 2013), it is possible to identify previously unrecognized 

changes in the paleo-depositional environment, both in terms of depositional process 

and shoreline orientation. 
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Appendix A.  
 
Measured Outcrop Sections 
 

 

 

 
 

 

 
 



Outcrop locations WGS84 
Section N W 
RDV-2 51.37731 112.52588 
RDV-3 51.37292 112.52077 
RDV-4 51.36663 112.51691 
RDV-5 51.35935 112.51328 
RDV-5' 51.35437 112.51159 
RDV-6 51.35113 112.50544 
RDV-6' 51.34818 112.50294 
RDV-7 51.34483 112.49828 
RDV-8 51.34138 112.49173 
RDV-9 51.33837 112.48442 
RDV-10 51.33494 112.47652 
RDV-11 51.33066 112.46751 
RDV-12 51.32914 112.46063 
RDV-13 51.32716 112.45696 
WC-1 51.38145 112.52849 
WC-2 51.38581 112.52034 
WC-3 51.38916 112.51042 
WC-4 51.38939 112.50175 
WC-5 51.39127 112.49636 
WC-6 51.39134 112.49366 
WC-7 51.39523 112.49428 
RDV-A 51.38267 112.5365 
RDV-B 51.3851 112.54413 
RDV-C 51.38667 112.55046 
RDV-D 51.38848 112.55582 
RDV-E 51.39104 112.56227 
RDV-F 51.39458 112.57035 
RDV-G 51.3976 112.5735 
RDV-H 51.39957 112.58009 
RDV-I 51.40286 112.58592 
RDV-J 51.40521 112.5886 
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