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Abstract 

This study aims to better understand certain reservoir properties of the Montney 

Formation by studying equivalent strata of the Sulphur Mountain Formation. Utilizing unmanned 

areal vehicle (UAV) based photography and photogrammetry, digital outcrop models were 

created of these outcrops and form the primary dataset for this work. Using these digital outcrop 

models the sedimentary fabric and natural fracture distribution of this formation has been 

assessed. This work has revealed several distinct metre-scale sedimentary fabrics within the 

Vega and Phroso Siltstone members that can be linked to core-scale sedimentary facies, although 

very similar core-scale sedimentary facies can have starkly different metre-scale fabrics. 

Through assessing the natural fracture distribution, it has been observed that sedimentary fabric 

has a strong control of the height distribution of natural fractures, and that the intensity of natural 

fractures may vary greatly laterally on different scales and spacings ranging from a few metres to 

hundreds of metres.  
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Chapter One: Overview  

1.1 Format 

This thesis is written in paper format, with Chapters 2 and 3 intended to be published 

after submission of the thesis. Chapter 1 lays of the format of the paper and explains the 

overarching goals. Chapter 2 discusses the findings of this study as they relate to sedimentary 

fabric, while Chapter 3 focuses on results regarding the natural fracture distribution. There is a 

great deal of overlap in background information and methodology between these two chapters, 

and every attempt has been made to minimise redundancy and repetition between these chapters. 

Chapter 4 includes a summary of the main findings of these two studies and offers suggestions 

on the most promising directions of future work. 

 

1.2 Contribut ions  

A large contribution to this work was made by Scott McKean, who did most of the 

coding for the automatic fracture detection and analysis workflow presented in Chapter 3 of this 

thesis. This collaborative work is intended to be published after submission of this thesis. 

 

1.3 Purpose 

One of the most challenging aspects of characterizing subsurface reservoirs is the lack of 

sample density, whereas cores are 10 cm thick and spaced 100s or 1000s of meters apart at best, 

and seismic resolution is on the order of 10s to hundreds of meters. The abundance of available 

detail is the principal reason for using outcrop analogues to understand subsurface formations. 

The overarching goal of this study examine outcrops using UAV photography to make 

observations that are not available in subsurface datasets, both in sedimentary fabric and fracture 
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characterization. In this study, the outcropping Sulphur Mountain Formation is used as an 

analogue for the Montney Formation, although the workflow presented in this thesis could just as 

easily be applied to other formations.  
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Chapter Two: Sedimentary Fabric of the Vega Siltstone and Phroso Siltstone Members in 

the Southern Canadian Rocky Mountains.  

2.1 Abstract 

In this study, several Sulphur Mountain Formation outcrops in southern Alberta were 

examined as sedimentological analogues for the Lower Triassic Montney Formation. The 

Montney Formation is a major unconventional oil and gas reservoir in Western Canada, with 

estimated marketable resources of 449 trillion cubic feet of natural gas, 14.5 billion barrels of 

natural gas liquids, and over 1 billion barrels of oil (National Energy Board, 2013). Outcrop 

analogue studies can contribute to the understanding of the sedimentology and reservoir 

characterization of this formation, thus enhancing hydrocarbon recovery and exploration. This 

study integrates a range of datasets, including sedimentological measured sections, hand samples 

for XRF and thin sections analysis, spectral gamma ray scintillometer measurements, and UAV 

photography. 

UAV photography and resulting digital outcrop models were used to map the metre-scale 

sedimentary fabric of the formation. Six units were defined at the Evan-Thomas Creek outcrop 

based on metre-scale sedimentary fabric. The defined sedimentary fabrics were compared to 

sedimentological measured sections, hand samples for XRF and thin sections analysis, spectral 

gamma ray scintillometer measurements, in order to relate the findings to sub-surface datasets 

(core and wire-line logs). It was found that several units, while having very similar core-scale 

sedimentary facies, had markedly different sedimentary fabrics on a metre-scale. These 

differences will have consequences for reservoir characterization and must be accounted for in 

the subsurface.  
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2.2 Introduction  

The Lower Triassic Montney Formation is a siltstone dominated succession, covering a 

present-day area of over 140, 000 square kilometres and over 300 metres thick in some areas. 

Within this extensive formation, dominant particle size generally ranges only from fine silt to 

very fine-grained sandstone, with shale being relatively uncommon within this formation (Davies 

et al., 1997). As grain size is typically used as a key indicator in depositional energy and thus 

environment, the limited grain-size range of the Montney Formation presents a significant 

challenge to core-based paleogeography and sequence stratigraphic interpretations.  

Most sedimentological studies on the Montney Formation have been largely based on core 

and well log data (e.g. Davies et al., 1997; Davies et al., 2018, Zonnelveld and Moslow, 2018), 

due to an abundance of these datasets within Alberta and BC, and the economic importance of 

the Montney Formation as a hydrocarbon reservoir. Some researchers have utilized significant 

outcrop data in their studies (e.g. Gibson and Barclay, 1989, Orchard and Zonneveld, 2009, 

Zelazney et al., 2018, Crombez et al., 2016). These studies, however, primarily focus on 2D 

measured sections akin to core descriptions, and for the most part do not describe lateral facies 

variability and sedimentary fabric on the scale of several metres to hundreds of metres. These 

metre-scale features, which are not possible to discern in subsurface datasets, can provide key 

insights into depositional processes and environments, lateral facies variability, and reservoir 

connectivity, both vertically and laterally. This study aims to bridge the gap between outcrop and 

core-scale observations by defining the metre-scale bedding geometry and sedimentary fabrics 

observed in outcrop and relating these fabrics to core-scale sedimentary facies of Montney-

equivalent strata in the Sulphur Mountain Formation, thus informing and improving reservoir 

characterization in the Montney Formation.  
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2.3 Background: 

The Sulphur Mountain Formation was deposited during the Lower to Middle Triassic and 

is presently found outcropping throughout the front ranges of the Southern Canadian Rocky 

Mountains (Figure 2.1). The Sulphur Mountain Formation is divided into the Phroso Siltstone 

Member, the Vega Siltstone Member, the Whistler Member and Llama Member (Gibson, 1969) 

(Figure 2.2). This study focuses on the Lower Triassic portion of this formation, which 

comprises the Phroso Siltstone Member and Vega Siltstone Member. Both the Phroso Siltstone 

and Vega Siltstone members are dominated by dolomitic and occasionally 

argillaceous/carbonaceous siltstone (Gibson and Barclay, 1989). The Phroso Siltstone Member, 

the basal member of the formation, is typically darker coloured, finer grained, and more 

recessive than the overlying strata of the Vega Siltstone Member. The Vega Siltstone Member is 

characterized by slightly coarser grain size, ranging from siltstone to very-fine grained sandstone 

with rare fine-grained sandstone and dolocoquina lenses, and increasing bed thickness towards 

the top of the member (Gibson, 1969). In some locations, the Vega Siltstone and Phroso Siltstone 

Members can not be distinguished and are instead referred to collectively as the Vega-Phroso 

Siltstone Member (Gibson and Poulton, 1994). The Lower Triassic Vega Siltstone and Phroso 

Siltstone members are equivalent to the Montney Formation (Gibson and Barclay, 1989) (Figure 

2.2, Figure 2.3), and have long been recognized as effective reservoir analogues for the Montney 

Formation (Noad, 2016; Crombez et al., 2016; Zelazney et al., 2018). Studying these well-

exposed reservoir analogues provides a unique insight the sedimentology, lateral facies 

variability, and bed geometry of the subsurface Montney Formation.  
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2.3.1 Study Area 

The study area is located within the front ranges of the Canadian Rockies, ca. 80 km west 

of Calagary, Alberta. Four outcrop locations have been studied ï Evan-Thomas Creek, Canmore 

Dog Park, Hood Creek, and Sawmill Ridge (Figure 2.4). All studied outcrops are located within 

the Canadian Rockies Foreland Fold and Thrust belt. Deformation of the studied strata occurred 

post-deposition, primarily during the late Cretaceous to Paleocene periods (Evinchick et al., 

2007). The structure of the Canadian Rocky Mountains is dominated by easterly verging thrust 

faults (Price, 1981). The studied outcrops occur on different thrust sheets, and their structural 

positions are shown in cross section in Figure 2.5. The Evan-Thomas Creek and Canmore Dog 

Park outcrops are carried on the Lac Des Arc Thrust Sheet. The Evan-Thomas Creek outcrop is 

relatively structurally simple, dipping to the WSW at approximately 20 degrees. The strata at the 

Canmore Dog Park Outcrop are slightly overturned to vertical, occurring in the south-western 

limb of the footwall syncline beneath the Rundle Thrust which may have led to mild extension at 

this outcrop.  The Hood Creek section consists of steeply dipping strata carried on the Rundle 

Thrust Sheet, and the Sawmill Ridge strata are gently dipping WSW at approximately 30 

degrees, carried on the Sulphur Mountain Thrust Sheet. Major thrusts, such as the above-

mentioned Lac Des Arcs, Rundle, and Sulphur Mountain Thrusts, were interpreted by Price 

(1981) to have approximately 20-30 km of displacement relative to the underlying thrust sheet, 

although displacement decreases to zero towards the tips of the faults. Although no rigorous 

palinspastic reconstruction was done for this study, it is assumed that the paleo-distance between 

measured sections is increased by 10s of kilometers (<50 km) to the south-west for each major 

thrust that lies between them (Figure 2.6).  
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2.3.2 Depositional Setting 

Triassic strata of the Western Canadian Sedimentary Basin comprise a westward-

thickening wedge of siliciclastic and carbonates stretching from the US-Canadian border to the 

Yukon (Gibson and Barclay, 1989) (Figures 2.1, 2.3). These sediments are generally interpreted 

to have been deposited on the arid western margin of the North American Craton (Gibson and 

Barclay, 1989; Davies, 1997a, Davies et al., 1997). An arid climate is consistent with the 

abundant evaporates and evaporitic cements that are preserved in the Middle and Upper Triassic 

(Gibson and Barclay, 1989; Davies, 1997a). In the Lower Triassic sediments, the paucity of 

detrital clay and presence of detrital feldspars has been attributed to a lack of chemical 

weathering on the continent, providing further evidence for an arid source area (Davies et al., 

1997). The nearly uniform grain size, ranging from silt to very-fine grained sand, suggests 

aeolian transport by suspension and saltation played a major role in bringing sediments to the 

marine realm (Davies et al, 1997; Davies, 1997b; Zonneveld and Moslow, 2017), adding further 

support to an arid climate.   

Triassic strata of the Western Canadian Sedimentary Basin were long thought to have 

been deposited in a passive continental margin setting, with sediment being supplied exclusively 

from the North American Craton to the north and east of the basin (Gibson and Barclay, 1989; 

Davies et al., 1997). Recent work, however, has shown that the western margin of the North 

American craton was most likely tectonically active during this time, with both basin dynamics 

and depositional architecture being affected by approaching terranes colliding with the western 

margin of the craton (Davies, 1997a; Beranek and Mortensen, 2006, 2007; Ferri and Zonneveld, 2008; 

Golding et al., 2015). While it is still generally accepted that the majority of Lower Triassic 

sediments were derived from the east, recent work has indicated some sediment input was likely 
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from the west as well, beginning in the middle-late Smithian and becoming more significant in 

the Middle Triassic (Golding et al., 2015; Zonneveld and Moslow, 2018; Crombez et al., 2020). 

The apparent contribution of sediments from the west, as well as analysis of subsidence 

dynamics of the basin, has led some authors to suggest that the Triassic strata were deposited in a 

collisional retro-foreland basin (Zonneveld and Moslow, 2017; Rohais et al., 2018) in contrast to 

the passive margin setting proposed by Gibson and Barclay (1989).  

 Both syn-depositional tectonics and inherited structural controls, such as the Hay River 

Fault Zone, Fort Saint Johnôs Graben, Cindy Graben, Peace River Arch, Leduc Reef and Swann 

Hills Platform, have been recognised to have had a strong influence on Lower Triassic facies 

distributions and stratigraphic expression (Davies et al., 2018, Rohais et al., 2018; Zonneveld and 

Moslow, 2018; Crombez et al., 2020). The above-mentioned features and resulting complexity 

have been recognised through a wealth of subsurface data and decades of study. In the present 

study area much less is known about the paleogeography and paleostructural setting due to 

overprinting by the late Cretaceous to Paleocene fold and thrust belt, which affects all Triassic 

strata south of ca. 53° N, and due to a relative lack of research compared to the hydrocarbon-

bearing northern equivalents. 

No biostratigraphy was conducted as a part of this study, and only limited 

biostratigraphic data from within the study area are present in the literature (e.g. Gibson 1969, 

Gibson and Poulton, 1994 Henderson, 1997, Golding et al., 2015), and as a result the substage 

boundaries within these Lower Triassic strata remain relatively uncertain. Due to these 

complexities, sequence stratigraphic correlation from these southern outcrops to the rest of the 

basin remain rather speculative, particularly as the basin was likely undergoing spatially and 

temporally variable subsidence in the formation of the retro-foreland basin.  



 

21 

 

 

2.3.3 End Permian Extinction Event and Biotic Recovery 

 The deposition of Lower Triassic strata immediately followed the end-Permian 

Extinction Event, the largest extinction event in earth history with the extinction of 90% of 

marine species (Raup, 1979). This extinction event had a strong influence on the nature of these 

strata, both in terms of ichnology and preserved body fossils (Zonneveld and Moslow, 2018). 

Harsh conditions and slow ecological recovery resulted in the dominance of a limited range of 

generalist taxa (Eriwin, 1998; Kummel, 1973; Erwin, 1990; 1994). Global marine biodiversity 

remained low until the Anisian (Erwin, 1998), although conodonts (Orchard, 2007) and 

ammonoids (Brayard et al., 2009) recovered more rapidly.   

 In the Montney Formation, the most common invertebrates preserved are Claraia 

bivalves, lingulide brachiopods and gastropods, scattered amminoids, and rare terebratulide 

brachiopods (Zonneveld and Moslow, 2018). The Griesbachian and Dienerian strata generally 

have a low-abundance and low-diversity trace fossil assemblage, with locally diverse 

assemblages interpreted to represent areas of refugia in wave-agitated shallow marine areas 

(Beatty et al., 2008; Zonneveld et al., 2010a, 2010b; Zonneveld and Moslow 2018). Bioturbation 

becomes locally more pervasive in the Smithian and Spathian (Beatty et al., 2008; Zonneveld et 

al., 2010a, 2010b; Davies et al., 2018; Zonneveld and Moslow 2018), although the limited range 

of grain size can make taxonomic differentiation difficult . The combination of low diversity in 

benthic fauna, unusually harsh living conditions, and generally low degree of bioturbation result 

in the limited applicability and usefulness of ichnofacies models for these strata.   
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Figure 2.1: Distrib ution of Lower Triassic strata in the Western Canadian Sedimentary 

Basin. The outline of the study area, shown in Figure 2.4, is indicated by the red box. 

Modified from Zonneveld et al. (2011). 
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Figure 2.2: Lithost ratigraphy  of the Lower and Middle Triassic strata of the Western 

Canadian Sedimentary Basin. Modified from Gibson and Barclay (1989). 
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Figure 2.3: Stratigraphic relationship of Triassic Stratigraphy of the Western Canadian 

Sedimentary Basin. The present study area is located in the SE foothills. Modified from 

Gibson and Barclay (1989). 
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Figure 2.4: Map of the study area, showing the locations of outcrops used in the study, as 

well as the distribution of the Sulphur Mountain Formation. Bedrock geology and major 

structures from Price (1970A, 1970B) and McMechan (2012, 2013). Base map is from 

Google Earth.  
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Figure 2.5: Geological cross section of line A to Aô, location indicated on Figure 2.4. Geology based on Price (1970a, 1970b) 

and McMechan (2012, 2013)

Sawmill Ridge Hood Creek Canmore Dog Park Evan-Thomas Creek A Aô 
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Figure 2.6: Approximate restoration of paleogeographic relationship between the studied 

outcrops based on palinspastic reconstruction of Price (1981). Thrust fault displacement is 

assumed to be ca. 15 km. Lower Triassic paleo-shoreline trend is based on sole mark 

paleoflow measurements at Hood Creek and Canmore Dog Park outcrops but is poorly 

constrained.  
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2.4 Data and Methods 

This study integrates a range of datasets, including sedimentological measured sections, 

hand samples for XRF and thin sections analysis, spectral gamma ray scintillometer 

measurements, and UAV photography. The data collected varies by outcrop, and is summarized 

in Table 2.1.  

Sedimentological measured sections were generally recorded at a decimeter-scale. These 

measured sections were used to identify distinctive sedimentary facies within these strata, which 

are discussed in detail in a subsequent section. These measured sections were compiled and used 

to create a cross section across the study area (Figure 2.7).  

Spectral gamma ray data was collected using a Radiation Solutions RS-230 handheld 

scintillometer at the Evan-Thomas Creek outcrop and was measured systematically at 50 cm 

intervals. Gamma ray is a very commonly used well-log data set for assessing sedimentary rocks 

in the subsurface, and gamma ray curves (usually supplemented by limited core data) have been 

used often as the principal basis for Montney correlations (e.g. Davies et al., 1997; Dixon, 2000; 

Crombez et al., 2016, 2020; Euzen et al., 2018; Davies et al., 2018). The gamma ray 

measurements collected in this study are comparable to gamma ray profiles measured in the 

subsurface, and are thus useful to relate outcrop observations to a typical subsurface dataset.  

At Hood Creek and several of the Evan-Thomas Creek measured sections, small hand 

samples were collected throughout the section. Sampling was done in a combined systematic and 

selective method, where samples were taken systematically at every 50 or 100 cm along the 

measured sections, as close to the mark as possible, but were also infilled by selective sampling 

of minor lithologies (e.g. sandstone bed within a siltstone dominated package, thin mudstone bed 

within a sandstone dominated package) that would have been missed by the systematic sampling. 
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These samples were cut on a rock saw, rinsed and dried prior to analysis by an Olympus Delta 

portable XRF apparatus. The portable XRF was calibrated using ICP-MS data for Montney core 

samples (Yang et al., 2019), which are mineralogical very similar to the Vega Siltstone and 

Phroso Siltstone members. As calibration was not done directly on the Vega Siltstone Member 

and Phroso Siltstone Member samples, the absolute accuracy of these elemental proportions 

should be viewed with some caution. However, for the purposes of this study the XRF analysis 

are used primarily in a relative sense to compare the geochemical trends and changes across the 

formation, and are thus very useful in identifying boundaries, observing relative geochemical 

differences within and between units, and aiding correlation between outcrops (Figure 2.8). 

Larger samples were selectively collected from different lithologies for polished cut slabs 

and thin section analysis. Thin sections were analysed primarily for grain size and small-scale 

sedimentary structures. Some thin sections were stained for feldspar and dolomite, revealing both 

minerals are present in these strata, although no detailed point counting or diagenetic analysis 

was done.  

Digital outcrop models were created for the Evan-Thomas Creek and Sawmill Ridge 

outcrops. High resolution photographs of the outcrops were taken using a Phantom 4 Pro UAV 

(unmanned areal vehicle), and digital outcrop models were generated using Pix4D structure-

from-motion photogrammetric software. Structure-from-motion photogrammetry refers to the 

process of calculating and modeling the 3D structure of an object using a series of overlapping 

offset images (Westoby et al., 2012) (Figure 2.9). The scale of the model is derived from the 

positional data of the photographs recorded by the UAV and is further constrained by objects of 

known dimensions placed within the modeled area. Orthomosaics images were generated from 

the digital outcrop models using the Pix4D software (Figure 2.10). An orthomosic is a high 
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resolution orthorectified mosaic of the modelôs input photographs. Due to the high resolution of 

the original photographs, orthomosaics are a more favourable dataset to interpret detailed 

depositional fabric than the 3D point cloud or mesh generated by the digital outcrop model, 

particularly on outcrops with a relatively uniform aspect. Orthomosaics were oriented so that the 

plane onto which the outcrop was projected is perpendicular to bedding and roughly parallel to 

the outcrop face (Figure 2.10).  

Data Collection 
Method 

Evan-Thomas 
Creek 

Hood Creek Canmore Dog 
Park 

Sawmill Ridge 

Sedimentological 
Measured 
Section 

Yes, with some  
gaps 
(inaccessible) 

Yes Yes Yes 

Systematic 
Sampling for XRF 

Yes (50 cm 
spacing) 

Yes (1m 
spacing) 

No No 

Spectral Gamma 
Ray 
Scintillometer 

Yes, 50 cm 
spacing 

No No No 

UAV 
Photography/ 
Digital outcrop 
model 

Yes (High 
resolution and 
low resolution) 

No No Yes (low 
resolution) 

Table 2.1: Data collected at the studied outcrop locations. 
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Figure 2.7: Measured sections and correlations of distinctive surfaces. The black boundary 

is the contact between the Vega Siltstone and Phroso Siltstone Members, the red surface is 

the Intra -Vega Composite Scour Surface, and the green surface is the Intra -Vega 

Transgressive Surface.  
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Figure 2.8: Data collected on Evan-Thomas Creek measured section ET-MS-1 and ET-MS-2, including Phroso Siltstone and 

Vega Siltstone member strata. Units are discussed in detail in subsequent sections.

Unit 1 

Unit 2a 

Unit 2b 

Unit 2c 

Unit 3 
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Figure 2.9: Structure from motion schematic. Modified from Westoby et al. (2012) 

 



 

34 

 

Figure 2.10: Example orthomosaic generation from a digital outcrop model using Pix4D 

software. The image on the left shows the 3-dimensional digital outcrop model point cloud. 

The outcrop is projected orthogonally onto the red plane, which is oriented perpendicular 

to bedding (green lines), resulting tin the orthomosaic images shown on the right.   
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2.5 Facies Descriptions: 

Due to the weathered nature of mudstone and siltstone outcrops, fine details and 

sedimentary structures can be more difficult to observe than on slabbed core. Therefore, detailed 

centimetre-scale or millimetre-scale facies analysis and process sedimentology of fine-grained 

sediments is best left to core-based studies where these small-scale sedimentary structures are 

more apparent. Although small-scale structures such as ripples, scours, sole marks, laminations, 

etc. were observed and recorded, the focus of this study is on the metre-scale features and fabrics 

observable only in outcrop, and the facies classification reflects this aim. As a result, 

sedimentary facies defined in this study are not particularly numerous or detailed, as they need to 

be applied over large swaths of outcrops and, in some cases, estimated from UAV photographs 

alone. 

 While many of the facies observed within the Montney Formation (e.g. Markhasin 1997; 

Davies et al. 1997; Crombez et al., 2016; Euzen et al., 2018; Moslow et al., 2018, Zonneveld and 

Moslow, 2018) have also been identified in this study, there are some notable exceptions. 

Bioclastic dolocoquina beds are rare in the study area and were observed only near the top of the 

Sawmill Ridge section (Figure 2.7). These Sawmill Ridge bioclastic strata appear to bear some 

resemblance to the subsurface Altares Member of the Montney Formation (Zonneveld and 

Moslow, 2018), but due to their limit ed exposure they are discussed no further in the present 

study.  

Massive argillaceous siltstones without coarser laminations are commonly observed in 

the subsurface and differentiated from the more laminated to starved rippled facies. This facies, 

however, is highly recessive in outcrop and only encountered at the base of the section, which is 

commonly covered. Therefore, this massive facies is not subdivided from the laminated facies in 

this study. Although some individual turbidite beds (up to 2m thick) were identified in outcrop, 
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no thick amalgamated turbidite fan bodies comparable to the LaGrace Sandstone Member 

(Zonneveld and Moslow, 2018) were identified in this study. 

 

2.5.1 Shoreface Profile Terminology: 

Definitions of shoreface subdivisions can vary by region or by author. Several classification 

schemes from recent Montney publications are summarized in Figure 2.11, highlighting the 

inconsistency in nomenclature, particularly in the application of the terms lower shoreface, 

offshore transition, and offshore. This study follows the nomenclature of Euzen et al. (2018) 

which places the shoreface above mean fair-weather wave base, proximal-offshore transition 

between mean fair-weather and storm wave base, distal offshore-transition between mean storm 

wave-base and maximum storm wave-base, and offshore beyond that. 

 

2.5.2 Facies 1: Massive to laminated dark siltstone 

Description: 

Facies 1A: Massive, starved ripple, or planar laminated fine to coarse siltstone. 

Facies 1A is dominated by dark, argillaceous, often laminated fine-to-coarse-grained 

siltstone (Figure 2.12a, b, 2.13). Most common sedimentary structures are parallel lamination 

and some small starved ripples. Parallel laminations are often discontinuous, and likely represent 

the tails of migrating starved ripples. Low-relief centimetre-scale scours and laminae truncations 

are present as well. Bioturbation is largely absent in this facies.    

Facies 1B: Laminated siltstone interbedded with medium coarser beds. 

This facies is similar to facies 1A in that it is mainly dominated by dark siltstone. In 

facies 1B the dark siltstone is interbedded with lighter, coarser material (coarse silt to very fine-

grained sand). These coarser beds are 5 to 40cm thick and are typically either massive with a 
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load casted base, contain well-developed current ripples (Figure 2.12c), or are somewhat chaotic 

and moderately bioturbated.  

Interpretation: 

Facies 1A: Massive, starved ripple, or planar laminated fine to coarse siltstone. 

A lack of wave-derived sedimentary structures indicates that this facies was deposited 

below storm wave base. Massive beds are likely the result of deposition out of suspension, 

although there appears to have been frequent unidirectional current energy as indicated by the 

presence of starved ripples and small scours in the strata enveloping the massive beds. 

Facies 1B: Laminated siltstone interbedded with medium coarser beds. 

The thicker and coarser beds within facies 1B are likely reflective of event deposits, 

deposited either out of suspension (massive beds) or by unidirectional currents (current rippled 

beds). There is a lack of wave-generated sedimentary structures in this facies, indicating 

deposition below storm wave base. Beds of coarse silt or very fine-grained sand thicker than 3 

cm thick are commonly massive and load casted with rare mudclasts floating within the sand 

matrix, indicating rapid deposition of these beds. Other coarser beds are laminated and current 

rippled and have a more gradational contact with the finer-grained material above and below, 

suggesting a more prolonged period of deposition and a gradual return to background conditions. 

 

2.5.3 Facies 2: Lenticular to flaser thinly-bedded siltstone and sandstone: 

Description: 

Facies 2 consists of thinly bedded (3-10cm) to laminated sandstone and/or siltstone 

(Figure 2.14a-d), and is the most common facies observed in outcrop. Bedding geometry is 

lenticular, wavy or flaser. Wave and current ripples are common in this facies, and small scale 
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scours are abundant. This facies is often lightly to moderately bioturbated (sensu Droser, and 

Bottjer, 1989), mostly by horizontal burrowing/grazing and short escape traces (Figure 2.15). 

Interpretation:  

Flaser, wavy, and lenticular interbedding/interlamination is indicative of a fluctuation wave 

and/or unidirectional current energy in the depositional system (Nichols, 2009). Wave ripples are 

relatively abundant in this facies, and where present they suggest deposition above wave-base. 

This facies also contains abundant current ripples, although in these fine-grained sediments 

current ripples and asymmetrical wave ripples or combined flow ripples are very difficult to 

differentiate (Markhasin, 1997). The bases of beds are commonly scoured, indicating at least 

periodically high energy.  

In recent Montney studies, this lenticular to flaser bedded facies is most commonly 

attributed to an offshore-transition environment (Euzen et al., 2018; Moslow et al., 2018; 

Zelazney et al., 2018) but similar facies have also been attributed to tidal flats or other tidally 

influenced environments (Markhasin, 1997; Davies et al., 1997, Crombez et al., 2016). In this 

study we do not attempt to subdivide facies 2 further to differentiate between tidal and offshore-

transition environments based on sedimentary structures. However, context of the surrounding 

facies can be used to determine depositional environment. In this study, facies 2 was commonly 

gradationally overlain by facies 3 (Figure 2.14e), which is representative of the proximal 

offshore-transition environment. Here, facies 2 likely represents a distal offshore-transition 

environment, with sediment being deposited and preserved between mean fair-weather and mean 

storm wave-bases.  
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2.5.4 Facies 3: Interbedded very fine-grained. sandstone and lenticular to flaser sandstone/ 

siltstone 

Description: 

Facies 3 consists primarily of 3-10 cm thick beds of flaser to lenticular siltstone or 

sandstone interbedded with 10 to 30 cm thick sandstone beds that occur at 50cm to 1m intervals 

(Figure 2.14f, g). This results in a distinctive weathering profile in outcrop, with the thicker 

sandstone beds being much more resistant to weathering than the recessive thin beds (Figure 

2.14f). The thicker sandstone beds are often parallel laminated at the base and become ripple 

laminated towards the top, commonly with an undulose upper contact. Laminations at the top can 

be either current ripple laminated, or sometimes hummocky cross stratified. The bottom contact 

of the sands are typically planar, but may also be undulose. In some cases, sole marks were 

observed at the base of the sandstone beds, generally indicating paleoflow to the west.  

Interpretation: 

 The interbedding observed in this facies in indicative of variable energy conditions, with 

the highest energy events depositing the thicker, coarser-grained beds. The 10-30 cm sandstone 

beds that punctuate the thinly bedded sediments are likely generated by storms waves. This is 

evidenced by the sole marks at the base of some beds, indicating unidirectional transport, and 

hummocky cross stratification within some beds indicating deposition by waning storm-waves 

(Dumas and Arnott, 2006). Although hummocky cross stratification is commonly present in 

facies 3 and absent in facies 2, the distinction between facies 2 and facies 3 is based upon the 

thickness of the thicker and coarser beds, not the presence or absence of hummocky cross 

stratification.  
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2.5.5 Facies 4: Amalgamated thick beds 

Facies 4A: Massive very fine-grained sandstone or coarse siltstone 

Description: 

This facies consists of internally massive amalgamated sandstones, typically greater than 

1 metre thick (Figure 2.16 a, b). Individual beds range from 30cm to 1m thick but are commonly 

amalgamated in thicker bed-sets. Thin discontinuous fine silt lamina are common between the 

sandstone beds. Sandstone beds are typically sharp based and may have rippled tops. It should be 

noted that some laminated sandstone beds in outcrop may be miss-identified as massive due to a 

massive appearing weathered surface. Some massive-appearing beds in outcrop were revealed to 

have internal laminations when samples were cut with a rock-saw, and massive sandstone beds 

are generally less common in core. This miss-identification is common in well sorted sandstones 

without fine-silt lamina to define the stratification, and may have lead to an over-estimation of 

the abundance of this facies in outcrop.  

Interpretation: 

 Massive sandstones may be deposited in many environments. Therefore, depositional 

setting is best determined by the enveloping facies. When surrounded above and below by facies 

1A or 1B, which are deposited below wave-base in an offshore environment, facies 4A may be 

indicative of turbidite deposits. When enveloped by offshore-transition or lower-shoreface 

deposits of facies 2, 3 and 4B, these may be more indicative of middle/upper shoreface 

sandstones.   

Facies 4B: Cross-laminated very fine-grained sandstone or coarse siltstone 

Description: 

This facies consists of parallel laminated, low-angle cross stratified, ripple laminated, 

hummocky cross stratified or swaley cros s stratified beds, typically composed of very fine-
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grained sand or rarely coarse silt (Figure 2.16c, d, 2.17). Beds are typically 5 to 60cm thick and 

are commonly amalgamated over several meters. As with facies 4A, silt or mudstone lamina or 

thin-beds may occur between the more common sandstone beds.  

Interpretation: 

 Laminated sandstone/coarse siltstones can be formed in several different environments, 

but these may be further refined based on the specific sedimentary structures where they can be 

positively identified. Both hummocky and swaley cross stratification were commonly identified 

in this study. Hummocky-swaley cross stratification is formed in silt to fine-grained sand by 

waning storm-wave energy (Dott, and Bourgeois, 1982; Dumas and Arnott, 2006), and thus may 

be formed above storm wave-base. Hummocks are not typically preserved above fair-weather 

wave base, resulting in swaley cross stratification in the lower shoreface, whereas hummocky 

cross stratification is preserved only below mean fair-weather wave base in the offshore 

transition (Leckie and Walker, 1982; Dumas and Arnott, 2006). Planar lamination and low angle 

cross stratification also occur in association with hummocky and swaley cross stratification but 

are less diagnostic. Due to the grain size being restricted to silt and very-fine grained sand, dune-

scale cross-bedding is likely rare or absent in this formation. (Reineck and Singh, 1980; Davies 

and Moslow, 1997). 

Facies 4C: Contorted or intraclastic very fine-grained sandstone or siltstone. 

Description: 

This facies is defined by over-steepened beds, convolute bedding, sediment injection 

dykes, and matrix-supported intraclastic breccias (Figure 2.16e-g). The sediment that make up 

these deposits is typically coarse silt to very fine-grained sand, but are also rarely composed of 

laminated fine siltstones (Figure 2.18). Intraclasts, usually composed of sand but occasionally of 
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mud, are commonly angular to sub-rounded (Figure 2.16e, f) and typically display evidence of 

soft sediment deformation (Figure 2.18g), indicating they were likely transported some distance 

while semi-consolidated.  

Interpretation: 

 These sediments are interpreted to be representative of mass-wasting or slump deposits. 

This facies occurs both in isolated, relatively thin intervals (1-2m thick convolute bedded 

intervals), and also in thicker intervals (2-10m) consisting of multiple stacked to amalgamated 

beds. The thin, convolute bedded intervals do not typically contain intraclasts, and display the 

same grain size and sedimentary structures as the sediments directly above and below. These 

deposits are thus interpreted as small cohesive subaqueous slumps, likely not travelling far from 

the slump scarp. Thicker amalgamated intervals commonly contain abundant intraclasts and are 

commonly intercalated with massive sandstones. The large intraclasts indicate significant erosion 

of a semi-cohesive seafloor or shallow substrate. The convoluted nature of some intraclasts 

(Figure 2.16g) indicates that, while cohesive, many of the intraclasts were not fully li thified at 

the time of transport. Thick intervals of facies 4C likely represent a depositional environment 

prone to mass wasting and slumping. The amalgamation or stacking of multiple beds in these 

deposits indicates they were deposited through multiple events over a prolonged period of time, 

unlike the thin slump deposits which are likely only recording a single event.  

 

2.5.6 Facies Associations: 

Prograding Clastic Wedge:  

This is the dominant facies association observed in the study area. The ideal thickness of 

this succession and its components is hard to predict due to uncertainty in the magnitude of 

accommodation increase or decrease relating to minor transgressions or regressions during 
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deposition. An idealized purely progradational succession is depicted in Figure 2.18, 

representing a conformable shoaling upward succession from facies 1A, to 1B, 2, 3, and 4B. 

Mass Wasting Deposits:  

This facies association is characterized by beds of facies 4A and 4C typically enveloped 

within facies 2 or facies 3 (Figure 2.19). The beds of facies 4A and 4C are commonly sharp 

based, and usually occur in packages of several amalgamated beds. This facies association is 

interpreted to be deposited through mass wasting, with facies 4A and 4C representing event beds 

punctuating normal sedimentation of facies 2 and 3 in the proximal to distal offshore transition.  
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Facies Lithology 
/Grain size 

Bedding Physical Sed. Structures Bioturbation  General 
Thickness 

Inferred Process of 
Deposition 

Depositional 
Environment 

F1A Massive to 
laminated dark 
siltstone 

Massive to thinly 
laminated 

Planar laminations, starved 
ripple lamination, rare small-
scale scours. 

None apparent ~10 m Unidirectional currents 
(oceanographic currents?), 
suspension 

Distal offshore/basin 
floor. Below storm 
wavebase.  

F1B Massive to 
laminated dark 
siltstone with 
coarser-
grained 
interbeds 

F1A interbedded with 
medium interbeds of 
coarse silt of v.f.g. 
sand.  

Current ripples, drapes on top 
of current ripples, load casts, 
rare small mud clasts, chaotic 
lamination  

Moderate 
bioturbation in 
some larger 
interbeds.  

~ 3 m Unidirectional currents 
(oceanographic currents?), 
suspension settling 

Distal offshore/basin 
floor. Interbeds likely 
represent event 
deposits from storms, 
turbidites, or sediment 
gravity flows.  

F2 Lenticular to 
flaser bedded 
siltstone to 
v.f.g. 
sandstone  

Thinly bedded, 
commonly interbedded 
between fine and 
coarse silt or v.f.g. 
sand.  

Flaser to lenticular bedding, 
current ripples, wave ripples, 
scours, planar lamination, 
hummocky cross stratification 

Occasional minor 
bioturbation 
(planolites) 

~4m Lenticular to flaser bedding 
indicates fluctuating energy/ 
sediment supply 

Offshore transition to 
lower shoreface, or 
tidal/intertidal 

F3 Interbedded 
v.f.g. 
sandstone and 
lenticular to 
flaser 
sandstone/ 
siltstone 

F2 interbedded with 
medium beds 10 -50cm 
thick of v.f.g. 
sandstone or coarse 
siltstone.  

Coarser beds commonly 
hummocky cross stratified, 
planar laminated, or bouma b-
c-d sequence. Thin interbeds 
are the same as F2 

Rare minor 
bioturbation 
within the thin 
interbeds. Not 
observed in 
coarser beds. 

~5m Alternating fair weather 
deposition and storm 
deposition. 

Proximal offshore 
transition. Coarser 
beds likely represent 
event deposits within 
the background 
sedimentation 

F4A Massive v.f.g. 
sandstone or 
coarse 
siltstone 

Thick beds or 
amalgamated beds 
with a thickness of 
over 30cm 

Massive bedded. Some 
siltstone or mudstone lamina 
may occur between beds. 

Possible crypto-
bioturbation 

1-5m Rapid/episodic deposition, or 
extended period of 
bioturbation 

Many possible 
environments. May 
occur as turbidites if 
surrounded by 
offshore facies.   

F4B Cross-
laminated 
v.f.g. 
sandstone or 
coarse 
siltstone 

Thick beds or 
amalgamated beds 
with a thickness of 
over 30cm 

Hummocky/swaley cross 
stratification, trough cross 
stratification, planar parallel 
lamination 

None 1-3m Wave and unidirectional 
current deposition 

Shoreface 

F4C Contorted or 
intraclastic 
v.f.g. 
sandstone or 
siltstone 

Thick beds or 
amalgamated beds 
with a thickness of 
over 30cm 

Convoluted bedding. Intraclasts 
floating within v.f.g. sand or silt 
matrix.  

None 1-10m Debris flows or slumping. 
Soft-sediment deformation 
possibly due to sediment 
loading. Intraclasts indicate 
erosion/mass wasting  

Mass Transport 
Complex (shoreface to 
offshore) 

Table 2.2: Facies classification of Lower Triassic Strata within the study area.
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Figure 2.11: Schematic of wave-dominated marine depositional environments based 

primarily on wave-base. This study follows the terminology of Euzen et al. (2018). 
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Figure 2.12: Outcrop and core photographs of facies 1. a) outcrop photograph of facies 1A 

(laminated dark siltstone) at Evan-Thomas Creek; b) core photograph of facies 1A, 6-36-

71-4 W6M core 3, box 11 of 18; c) outcrop photography displaying current r ipple-

laminated coarse silt bed of facies 1B at Evan-Thomas Creek. 
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Figure 2.13: Hand sample photograph (left) and plane-polarized light photomicrograph 

(righ t) of facies 1A. The sample is argillaceous interlaminated fine siltstone and medium to 

coarse sil tstone, with euhedral pyrite grains and minor detr ital muscovite. Abbreviations: 

Mus = muscovite, Py = pyrite. Hand sample collected from Evan-Thomas Creek (MS-ET-1, 

25.8m). 
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Figure 2.14. a) Field photograph of facies 2 at Evan-Thomas Creek and b) core photograph 

of facies 2, 11-28-71-3 W6M core 1, boxes 1-3 of 17; c) detailed view of facies 2 in field-

collected hand sample from Evan Thomas Creek and d) Facies 2 in core, 6-36-71-4W6M 

core 3, box 15 of 16; e) outcrop photo at Hood Creek, demonstrating the typical 

gradational contact between facies 2 and 3; f) medium interbedded sandstone and thinly 

bedded siltstone/sandstone of facies 3 at Sawmill Ridge; g) facies 3 as seen in core 11-28-71-

3 W6M core 2, boxes 12-15 of 17.  
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Figure 2.15. Bioturbation wit hin facies 2. a) shows linginchnus traces; b) shows diminutive 

planolites; c) shows 4mm diameter horizontal burrow, possibly thalassinoides. 
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Figure 2.16. a) Outcrop photo of facies 4A at Evan-Thomas Creek; b) cut hand samples 

from facies 4A (collected from Evan-Thomas Creek). Note massive appearance of the left 

hand sample and mottled to irregularly flaser-bedded appearance or the right hand 

sample, which appears massive on a weathered surface; c) Outcrop example of facies 4B 

from Evan-Thomas Creek with well developed hummocky-swaley cross stratification; d) 



 

51 

 

core example of facies 4B with numerous erosive surfaces and well defined inclined 

stratifications, 11-28-71-3 W6M core 3, box 13 of 16; e) outcrop photo of facies 4C from 

Evan-Thomas Creek showing convoluted bedding of laminated siltstone; f) facies 4C in 

core, displaying both convoluted bedding and mud intraclasts in a sandy matrix, 6-36-71-4 

W6M core 3, box 5 of 18; g) Outcrop hand specimen from facies 4C from Evan-Thomas 

Creek containing sandy intra clasts in a darker siltstone matrix. The intraclasts are also 

soft-sediment deformed, indicating they were likely cohesive but mailable during the 

transport/deposition of this bed. 

 

 

Figure 2.17: Hand sample photo (a) and thin section photomicrographs in plane-polarized 

light (b) and cross-polarized light (c) from facies 4B. Abbreviations: Dol = dolomite, Kfs = 

potassium feldspar, Mus = muscovite, Qtz = quartz. Sample is from MS-ET-1, 49.4m. 
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Figure 2.18. Idealized Vega Siltstone and Phroso Siltstone members storm-dominated 

shoaling-up succession facies association. 
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Figure 2.19. Idealized Vega Siltstone Member mass wasting deposits facies association. 
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2.6 Sedimentary Fabric 

 

2.6.1 Line Drawings 

Much of this work is based on the tracing of orthomosaic images generated from UAV 

imagery-derived digital outcrop models to create line drawings of the metre-scale depositional 

fabric and geometry of beds. Measured sections taken along the margins of the outcrop provide 

facies control for most of the succession. These measured sections show that the thicker beds are 

generally composed of very fine-grained sand and the thinner beds are generally silty, although 

bed thickness does not necessarily correlate directly to grainsize, as both thickly-bedded 

siltstones and thinly-bedded sandstones were observed. While most of the succession was 

observed in detail through the measured sections, a portion of the outcrop is inaccessible or 

poorly exposed and can only be observed through UAV imagery (Figure 2.20). Facies 

interpretation from the orthomosaic is based mainly on bed thickness and large-scale 

sedimentary structures, such as large scours or convoluted bedding. In some instances, due to 

differences in weathering of the outcrop surface, bed thickness may erroneously appear variable. 

Grainsize and small-scale sedimentary structures, such as laminations, ripples, hummocks, etc., 

which are also an important part in constraining sedimentary facies, are generally not observable 

on the orthomosaics. Despite the limitations, orthomosaics are a critical and useful tool for 

assessing fabric and lateral facies variability and allows observation of otherwise inaccessible 

parts of the outcrop.  
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2.6.2 Major Surfaces 

Several major surfaces have been identified within the study area, both bounding and 

within the Phroso Siltstone Member and Vega Siltstone Member of the Sulphur Mountain 

Formation. These surfaces are described below. 

 

2.6.2.1 Ranger Canyon Formation-Sulphur Mountain Formation Contact (Permo-Triassic 

Unconformity): 

Unconformably underlying the Sulphur Mountain Formation within the study area is the 

Permian-aged Ranger Canyon Formation (Gibson, 1969). The surface between these two 

formations is recognised as a first order sequence boundary and transgressive surface (Gibson 

and Barclay, 1989; Embry, 1997). Using conodont biostratigraphy, Henderson (1997), identified 

the Permian-Triassic boundary at 1.5 m above the top of the Ranger Canyon Formation at the 

Opal Creek outcrop in the vicinity of the present study area (ca. 8 km south of Hood Creek). 

Within the study area the boundary between the Ranger Canyon Formation and Sulphur 

Mountain Formation is demarcated by a cherty pebble-conglomerate interpreted as a 

transgressive lag (Gibson, 1969; Gibson and Barclay, 1989), directly overlain by argillaceous 

siltstone of the Phroso Siltstone Member. This contact was exposed and observed at the Hood 

Creek and Sawmill Ridge outcrops. At Evan-Thomas Creek, the basal argillaceous siltstone is 

covered, although the transgressive lag that defines the contact is exposed in the creek. This 

contact is covered at the Canmore Dog Park outcrop, and thus was not observed at that location.  

 

2.6.2.2 Vega Siltstone-Phroso Siltstone Contact: 

This boundary appears as a sharp colour change from a dark grey below to a lighter buff 

colour above on weathered outcrop surfaces. The boundary is observed approximately 43 m 
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above the base of the Phroso Siltstone Member at the Evan-Thomas Creek location, at 

approximately 50 m at the Hood Creek location, and at 78 m at the Sawmill Ridge location. The 

colour change is particularly noticeable on the UAV photography at the Evan-Thomas Creek 

outcrop (Figure 2.20). XRF data collected along Hood Creek and Evan-Thomas Creek measured 

sections show a sharp decrease in clay proxy elements Ti, Fe, and Al above this boundary 

(Figure 2.8, 17 m), suggesting an abrupt decrease in clay content across this boundary.  

This surface is interpreted to represent the contact between the Phroso Siltstone Member 

and the Vega Siltstone Member, based on facies descriptions and measured sections from Gibson 

(1969), who formally defined the members. In the study area the contacts appear conformable. It 

is uncertain whether this boundary has sequence stratigraphic significance, reflective of changing 

oceanographic conditions, or simply a facies change resulting from normal regression of the 

system.  

Gibson and Barclay (1989) suggest a Griesbachian-Dienerian age for the Phroso Siltstone 

member and predominantly Smithian-Spathian age for the Vega Siltstone Member (Figure 2.2) 

based primarily on sparse ammonite biostratigraphy. This implies that the boundary between 

these members, although most likely diachronous, approximates the Dienerian-Smithian 

substage boundary. A similar and potentially equivalent boundary defined by a change in clay 

content has been recognized in the subsurface Montney Formation and has also been interpreted 

to coincide with the Dienerian-Smithian boundary (Euzen et al., 2015). 

 

2.6.2.3 Intra-Vega Siltstone Member Composite Scour Surface: 

A composite scour surface with up to 9m of local relief was identified within the study 

area. This surface is best observed at the Evan-Thomas Creek outcrop (Figure 2.20). The 

sediments which infill the scours are described in more detail below. This surface is difficult to 
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pinpoint at locations without large lateral exposure. Despite this difficulty, this surface is also 

recognised at Hood Creek and Canmore Dog Park and is placed at the base of the first thick 

amalgamated sandstone with a scoured base. This scour surface is not observed at the Sawmill 

Ridge outcrop, a more paleo-distal outcrop compared to the others. This indicates that the scour 

surface is not continuous across the entire basin and may only have formed in more proximal 

settings.  

 

2.6.2.4 Intra-Vega Siltstone Member Transgressive Surface: 

This surface occurs near the top of the Vega Siltstone Member and is recognised at all 

outcrops in this study. The fine-grained deposits immediately above the surface form a recessive 

bench at the top of the cliff at Evan-Thomas Creek and at the Sawmill Ridge outcrop. The same 

surface also forms a small waterfall at Hood Creek, and a step in the Canmore Dog Park spillway 

due to the resistive thickly-bedded sands below and the more fissile siltstone above. Strata above 

this surface comprise distinctive coarsening upward cycles with highly scoured bedding 

geometry, which are described in detail below in section 2.5.3.6 (Unit 6). At Sawmill Ridge the 

strata above this surface differ slightly from the other outcrops in that they contain abundant 

dolocoquina lenses, bearing some similarity to the Altares Member of the Montney Formation 

defined in the subsurface (Zonneveld and Moslow, 2018).  

 

2.6.2.5 Top of the Vega Siltstone Member: 

 The Vega Siltstone Member within the study area is either overlain abruptly by siltstone 

or silty limestone of the Whistler Member by the coarser clastics and limestone of the Llama 

Member, or unconformably overlain by the shales of the Jurassic Fernie Group (Gibson, 1969) 

(Figure 2.21). The Whistler or Llama Member overlie the Vega Siltstone Member at Hood Creek 
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and Sawmill Ridge (Gibson, 1969; Golding et al., 2015). At Evan-Thomas Creek and at the 

Canmore Dog Park, the Vega Siltstone is overlain by the sub-Jurassic Unconformity.  

 

2.6.3 Sedimentary Units at Evan-Thomas Creek: 

The Evan-Thomas Creek outcrop provides the best lateral and vertical exposure of Vega 

Siltstone Member and Phroso Siltstone Member strata available within the study area and is the 

ideal location for assessing metre-scale sedimentary fabric. At Evan-Thomas Creek these 

members have been divided into 6 units: Unit 1 encompassing the Phroso Siltstone Member, and 

Units 2-6 within Vega Siltstone Member (Figure 2.20, 2.22).  

These units were defined on based on several criteria, listed here in order of importance: 

the bedding geometry and bed thickness observable from the orthomosaic images (i.e. 

sedimentary fabric), grainsize, bed thickness, and sedimentary structures observed on the outcrop 

(i.e. sedimentary facies), and lastly changes in composition as indicated by the XRF profile 

and/or gamma ray response. The term ñsedimentary fabricò in this study is used in the context of 

distinctive bedding thicknesses, bedding geometries, erosional surfaces, and sedimentary bodies. 

The units defined below are specific to the Evan-Thomas Creek location, although similar fabrics 

were observed and recognised at other outcrop locations within this study.  

Orientation of sole marks at the Hood Creek and Canmore Dog Park outcrops shown 

paleoflow to the west with an average azimuth of 279 degrees. Assuming the sole marks are 

aligned down-slope, the shoreline trend is likely approximately perpendicular to the axis of the 

sole marks, striking at 9 degrees. Outcrop strike at Evan-Thomas is at 333 degrees and is thus at 

a 33 degree angle to the shoreline and 54 degree angle to the dip section. Therefore, the line 

drawing at Evan-Thomas is neither a dip-section or a true strike section, as it is oblique to both.  
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2.6.3.1 Unit 1: Dark, argillaceous siltstone 

This unit is observed at the base of the section at the Evan-Thomas Creek outcrop (Figure 

2.23a) and corresponds to the Phroso Siltstone Member. Although the Phroso Siltstone Member 

is approximately 41 m thick at this location, the bottom 24 m of the Member is covered, leaving 

only 17 m of section exposed in Unit 1. Sediments in this unit consist of thinly-bedded 

argillaceous siltstone with occasional beds of coarse siltstone or very-fine grained sandstone 

(facies 1 and 2). Bed boundaries are typically planar, and individual beds are correlatable over 

distances of at least 1500m, with little change in thickness. Although some minor centimetre-

scale scouring is observed, no high relief scours or truncations were observed. The top of the unit 

is the Vega Siltstone Member-Phroso Siltstone Member contact. 

 

2.6.3.2 Unit 2: Low-amalgamation coarsening-up siltstone to sandstone 

This base of this unit is the Vega Siltstone Member-Phroso Siltstone Member contact. 

Unit 2 is 40 m thick and is observed to coarsen upwards overall. The dominant facies in this unit 

transitions from facies 2 at the base, to facies 3 in the middle, to facies 4B in the upper part of the 

unit, reflecting an overall increase in energy. This is interpreted to represent an overall shoaling-

upwards succession.   

Unit 2 is split in to three units which are discussed below. Each subunit is characterized 

by a distinctive fabric and dominant lithofacies. Boundaries between the subunits are gradational. 

 

Unit 2A: Thinly-bedded siltstone: 

This unit is dominated by the thinly bedded siltstone to sandstone facies 2, although 

laminated dark siltstones, hummocky cross stratified very fine-grained sandstones, convoluted 

beds (facies 1, facies 4B, and facies 4C, respectively) occur rarely. It is 23 m thick. Beds 
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generally laterally continuous and planar on a metre-scale (Figure 2.24), although bed boundaries 

are commonly wavy on the centimetre-scale (Figure 2.13a-d). There are no high-relief scour 

surfaces, although cm-scale scours are relatively common, particularly within facies 2.  

A small slump deposit consisting of folded siltstone strata occurs within this unit (Figure 

2.22, 2.25). The presence of slump deposits indicates gradient and slope instability. The top 

contact of the slump is planar and erosive, truncating the folded strata of the slump, indicating 

significant erosive energy in the depositional environment.  

 

Unit 2B: Interbedded sandstone and siltstone: 

This unit is approximately 9 m thick and is dominated by facies 3. This facies consists of 

resistant coarse siltstone to very-fine grained sandstone beds interbedded with thinly-bedded 

sandy siltstone. At Evan-Thomas Creek, where this interval is exposed in a 1500 m wide panel, 

the lateral continuity of these beds has been assessed. The resistant beds typically have low relief 

top and bottom boundaries, although both can be undulose, particularly in thicker beds. 

Generally, the sandstone beds are continuous for 10s to hundreds of metres, and either are 

truncated, pinch out, or become so thin that they are indistinguishable from the thinly-bedded 

siltstone that envelopes them (Figure 2.22, 2.26).  

Some thicker very fine-grained sandstone beds (ca. 30cm or more) are observed to extend 

across the entire 1500m of exposure. By comparing detailed panels from across the outcrop, 

some beds greater than 30cm in thickness appear to correlate, whereas thinner beds apparently 

pinch out or thin between the panels (Figure 2.26). Lateral variability in the proportion and 

thickness of beds greater than 10 cm thick is apparent from comparison between these panels. 

Most sandstone beds could not be mapped continuously across the entire outcrop, as most of the 
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outcrop was not captured with sufficient image resolution to observe beds less than 30cm thick 

and covered areas of the outcrop limit how far a single bed may be traced.  

 

Unit 2C: Thinly Bedded Sandstone 

Unit 2C is approximately 8 m thick. The fabric of this unit is defined by thin, mostly 

planar bedding, with some scours and occasional thicker beds up to 60 cm. These thicker beds 

commonly display undulose top and bottom contacts. This unit was observed in measured 

section to be predominantly composed of laminated very fine-grained sandstone (facies 4B). The 

top of this unit is marked by a transition from facies 4B to facies 2.  

Unit 2C also coincides with a marked increase in the carbonate content and decrease in 

silica relative to Unit 2B as observed on the XRF profile (Figure 2.8). Thin section analysis 

reveals that change is due to an increased proportion of dolomite at the expense of quartz and 

feldspar, occurring both as detrital grains and cement. Interestingly, the thin-section scale fabric 

does not markedly change from Unit 2B to Unit 2C, as the proportion of detrital grains and 

cement is relatively consistent despite the obvious compositional change. The geochemical 

change may represent a change in sediment sourcing, ocean chemistry, or carbonate production 

at the time of deposition.  

. 

2.6.3.3 Unit 3: Stacked tabular thickly-bedded sandstone 

Unit 3 is defined by thickly-bedded tabular very-fine grained sandstones (facies 4A, B, 

and C), enveloped by thinner-bedded siltstone and very fine-grained sandstone. These thickly-

bedded very fine-grained sandstone beds are generally continuous over the 1500 m dip-oblique 

length of the Evan-Thomas Creek outcrop (Figure 2.20). The thickly-bedded very fine-grained 

sandstone beds are sharp based and vertically stacked in packages ranging from 2 to 8 m thick. 
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These packages vary laterally in the degree of vertical amalgamation (Figure 2.27, 2.28). Some 

of the thick beds near the top of the section are more discontinuous, and thin rapidly or pinch out 

over 100s of metres (Figure 2.27).  

Outcrop measured sections show that the thick beds are primarily massive very fine-

grained sandstone (facies 4A). However, sandstone beds with abundant soft sediment 

deformation and deformed intraclasts (facies 4C) (Figure 2.28, 2.29) are increasingly common 

towards the top of the unit. Enveloping the tabular very fine-grained sandstone packages within 

Unit 3 are thinly-bedded siltstone occasionally interbedded with 10 to 30 cm beds of coarse 

siltstone to very fine-grained sandstone (facies 2 or facies 3). The top of this unit is marked by 

the Intra-Vega Composite Scour Surface. Relief on this surface results in variable thickness of 

the unit, which ranges from 30 m to 39 m thick 

. 

2.6.3.4 Unit 4: Amalgamated scour-fill ing thickly-bedded sandstones 

The base of this unit is the Intra-Vega Siltstone Composite Scour Surface described 

above, which erodes into the top of Unit 3. Unit 4 is dominated by thickly-bedded very fine-

grained sandstones (facies 4) that are highly amalgamated with abundant inclined internal scour 

surfaces (Figure 2.30). Most scours are broad with 1-2 m of relief, although rare examples with 

higher relief are also observed (Figure 2.31). The largest of these scours has 9 meters of local 

relief and is shown in Figure 2.31. This large scour feature occurs in the middle of the cliff and is 

inaccessible for detailed observation. Although this feature could not be accessed, the fill is dark 

and massive-appearing in UAV imagery, indicating the fill could be massive sandstone or 

siltstone of facies 4A.  

The amalgamated very fine-grained sandstone of Unit 4 is conformably but sharply 

overlain by thinly-bedded strata at the base of Unit 5. Unit 4 is variable in thickness, ranging 
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from 5 to 14 m, but overall is relatively laterally continuous as it is observed to extend across the 

entire Evan-Thomas Creek outcrop. Similar fabrics are identified at the Canmore Dog Park and 

Hood Creek locations 10s of kilometers away (Figure 2.32) and are interpreted to correlate to the 

sediments within Unit 4. This fabric is not observed at Sawmill Ridge. 

Based on observations made primarily at the Hood Creek and Canmore Dog Park 

locations, the infilling sediments of the scour features are dominated by massive very fine-

grained sandstone (facies 4A) and soft-sediment deformed siltstone to very-fine grained 

sandstone (facies 4C), with common intraclasts found within the sandstone beds (Figure 2.29d). 

The massive and intraclastic deposits are overlain by thinly-bedded strata of facies 2 or facies 3. 

 

2.6.3.5 Unit 5: Isolated scour-filling thickly -bedded sandstones 

This unit extends from the top of the amalgamated sandstones described in Unit 4 to the 

Intra-Vega Siltstone Transgressive Surface, which marks the top of the unit, and is 

approximately 17 m thick. This unit contains scours with a similar scale and geometry to those 

described below in Unit 4. These scours are filled with very-fine grained sandstone. However, 

the thickly-bedded scour-fill ing sandstones within Unit 5 are more isolated, both vertically and 

laterally, than those in unit 4. In between the scour-filling sandstones are thin beds interbedded 

with occasional 10-30 cm thick beds (most likely facies 3). This interval also contains thickly-

bedded tabular sandstone bodies without scoured bases (Figure 2.33), although these beds are not 

as laterally continuous as beds of similar thickness observed in Unit 3.  

 

2.6.3.6 Unit 6: High-amalgamation coarsening-up siltstone to sandstone  

This unit is bounded by the Intra-Vega Siltstone Member Transgressive Surface at its 

base and the sub-Jurassic Unconformity above, encompassing approximately 60m of 
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stratigraphy. However, only 25m within the center of the unit is well-enough exposed to examine 

and describe the metre-scale sedimentary fabric (Figure 2.34a). In this unit beds are generally 

thin but low angle scours are common (Figures 2.35a, b, 2.36, 2.37, 2.38). These scours are 

typically several centimetres to 10s of centimetres deep, with beds directly above commonly 

conformable to the scour surface. Some scours have a stepped profile and are often draped with a 

thin (1-2cm) layer of mudstone just above the scour surface (Figure 2.37). Similar scours have 

been reported elsewhere within the Vega Siltstone Member and were interpreted to belong to a 

shoreface environment (Gibson and Poulton, 1994). Analysis of the Evan-Thomas Creek 

orthomosaic shows that scour surfaces are abundant throughout the interval and metre-scale 

lenticular bedding is common in this unit (Figure 2.34a). Grain size is observed to overall 

coarsen upwards from fine siltstone to very fine-grained sandstone. Sedimentary facies are 

observed to stack from facies 2 at the base, to facies 3, to facies 4B at the top of the cycle with 

scours being increasingly common toward the top, indicating increasing energy and a shoaling 

upward succession. 

 

The succession of facies observed in Unit 6 is very similar to the succession observed in 

Unit 2. These two units display similar small-scale sedimentary structures (Figure 2.34, 2.39), 

including current ripples, wave ripples, and hummocky-cross stratification. However, the two 

units differ in terms of their meter scale bedding geometry. Unit 6 is characterized by the 

abundance of scours and lenticular bedding, whereas Unit 2 displays a much more tabular-

bedded fabric (Figure 2.34).  
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Figure 2.20 (previous page): Orthomosaic of Evan-Thomas Creek outcrop with 

depositional line drawing; a) orthomosaic of entire outcrop with no vertical exaggeration. 

Blue outline shows the outer boarder of b) 8 times vertical exaggeration orthomosaic. 

Close-up images shown in Figure 2.23 are located and referred to in red boxes and 

lettering. 

 

 

Figure 2.21: Schematic stratigraphic relationships within the study area. Modified from 

Gibson (1969). 
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Figure 2.22: South wall of the Evan-Thomas Creek outcrop orthomosaic showing vertical 

variation in sedimentary fabric . No vertical exaggeration.  
















































































































































































































































































































