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Patricia’s Ph.D. research focused on the Lower 

Triassic Sulphur Mountain and Montney 

formations of the Western Canada Sedimentary 

Basin and aimed to refine our understanding of 

fine-grained sedimentary systems through an 

integrated, multi-scale investigation. Over the past 

several decades, the economic importance of the 

Montney Formation has increased considerably 

due to its development as one of Canada’s most 

prolific unconventional resource plays. However, 

despite this extensive development, these 

siltstone-dominated deposits have commonly 



 
been treated as laterally homogeneous, and the 

depositional processes and stratigraphic controls 

governing the internal heterogeneity have not 

been systematically evaluated. Therefore, the 

primary objective of Patricia's research was to 

develop a refined depositional and stratigraphic 

framework to better understand the controls, 

distribution, and sedimentological expression of 

heterogeneity at multiple scales within these 

formations. She conducted detailed 

sedimentological and stratigraphic analyses of 

Sulphur Mountain Formation outcrops in the 

Front Ranges of southwestern Alberta as 

analogues for the subsurface Montney Formation. 

She also completed a complementary core-based 

study of the subsurface Montney Formation in 

northeastern British Columbia. This integrated 

approach linked outcrop-scale characteristics with 

subsurface datasets (Figure 1). 

Thirteen sedimentary facies were identified from 

fourteen outcrops near Canmore and Kananaskis 

(Alberta, Canada). These facies were 

distinguished based on lithology, grain size, and 

sedimentary structures, and were grouped into 

facies associations that represent deposition 

across shallow-water environments, including 

shoreface, platform, slope, and basin-floor 

settings (Figure 2). Across the outcrops, these 

facies associations organize into shallow-water 

clinoforms comparable to modern systems. Three 

stacking styles are documented, each controlled 

by systematic changes in the balance between 

accommodation and sediment supply (δA/δS), 

demonstrating how the ratio exerts a fundamental 

control on the stratigraphic evolution of fine-

grained deposits. These relationships can be used 

to predict facies distribution and heterogeneity in 

the subsurface. Additionally, the meter-scale 

sedimentary fabrics associated with these 

clinothem architectures provide a 

sedimentological explanation for systematic 

variations in mechanical stratigraphy and natural 

fracture geometries. Building on fracture 

stratigraphy previously documented by Poirier 

(2020) in the Sulphur Mountain Formation, this 

work demonstrates that changes in depositional 

architecture are directly related to fracture 

spacing, orientation, and connectivity by 

controlling the distribution of mechanically 

distinct sedimentary fabrics. A paper based on this 

chapter is in preparation for submission to an 

international journal. 

Building on this architectural framework, 

exceptional two- and three-dimensional outcrop 

exposures enabled compilation of an extensive 

paleocurrent dataset (N = 672). Paleocurrent data 

indicate that sediment transport in the Sulphur 

Mountain Formation was not governed by a single 

dominant process. Instead, sediment dispersal 

resulted from the interplay of fair-weather wave 

reworking, episodic storm-driven flows, and 

gravity-driven transport processes, which were 

commonly overprinted by semi-permanent along-

shore and -slope currents. This overprinting of 

processes is supported by numerous paleocurrent 

measurements from unidirectional current ripples 

that are oriented at oblique angles or nearly 

perpendicular to the dominant direction of 

shoreline progradation. These relationships 

document the complex three-dimensional nature 

of sediment dispersal in shallow-water settings 

(Figure 3). These findings improve 

reconstructions of paleogeography and sediment 

dispersal pathways within fine-grained sediments 



 
and challenge simplified two-dimensional 

depositional models commonly applied to outcrop 

and subsurface datasets. A paper related to this 

chapter is currently under review in an 

international journal.  

Detailed sedimentological analysis indicates that 

a substantial proportion of the Sulphur Mountain 

Formation was deposited through bedload-

dominated transport. Grain size and mineralogical 

composition are uniform throughout the formation 

and consist predominantly of non-cohesive, silt-

sized quartz, feldspar, and detrital dolomite. 

Despite this compositional uniformity, bedding 

planes preserve a diverse suite of small-scale 

bedforms, including starved, barchan, sinuous, 

and linguoid morphologies (Figure 4). These 

observations suggest that traditional bedform 

models based on flow velocity, grain size, and 

sediment cohesion are insufficient to explain the 

observed variability. To account for bedform 

diversity independent of texture and composition, 

this study applied a novel sediment flux–to–

transport capacity (δSF/δTC) framework, 

demonstrating that variations in δSF/δTC can 

explain bedform morphology even within 

compositionally uniform strata. A paper based on 

this chapter is currently under review in an 

international journal.  

The final component of Patricia’s thesis focused 

on the subsurface Montney Formation in 

northeastern British Columbia, where she applied 

a systematic, multi-variable analytical approach to 

quantify heterogeneity. Using representative core 

samples, this chapter integrated multiple 

analytical methods to characterize sedimentary 

fabric, composition, and geomechanical 

properties at the centimeter- to microscale. These 

methods included petrographic analysis, scanning 

electron microscope (SEM), computed 

tomography (CT) scanning, handheld X-ray 

fluorescence (XRF) elemental geochemistry, 

microhardness measurements, and quantitative 

statistical techniques. Multivariate analysis 

(Figure 5) delineated relationships among 

microfacies, elemental composition, and rock 

hardness, demonstrating that subtle but systematic 

variations in sedimentary fabric and mineralogical 

makeup control mechanical behavior. More 

specifically, distinct microfacies occupy discrete 

regions of multivariate space and are associated 

with contrasting hardness ranges and fracture 

distributions observed in core. These findings 

have direct implications for predicting fracture 

propagation and mechanical variability in 

unconventional reservoirs, as they demonstrate 

that fracture development is strongly governed by 

fabric heterogeneity. This thesis chapter was 

published as: Fraino, P.E., Furlong, C.M., & 

Pedersen, P.K. (2023). Quantifying Centimeter- to 

Microscale Heterogeneities in Sedimentary, 

Compositional, and Geomechanical Properties of 

Siltstone Deposits in the Lower Triassic Montney 

Formation, northeastern British Columbia, 

Canada. Lithosphere (Special 12), 
https://doi.org/10.2113/2022/1232390. 

Additional results were disseminated in Fraino, 

P.E. (2023). Using principal component analysis 

to explore multi-variable relationships. Nature 

Reviews Earth & Environment, 4(5), 294-294. 

https://doi.org/10.1038/s43017-023-00414-z.  

A copy of this thesis can be downloaded at:  



 
https://ucalgary.scholaris.ca/items/554baa85-

f792-41f5-ab12-ddfba8c61d54 
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Figure 1. A) Regional map of Lower Triassic strata in western Canada showing Alberta and British Columbia 

(modified from Zonneveld et al., 2011). Red stars mark study area locations, including two cored wells in 

northeastern British Columbia and outcrop sections from the southern belt of southwestern Alberta. B) 

Lithostratigraphy of Permian–Triassic strata in the Western Canadian Sedimentary Basin showing the northern 

outcrop belt (British Columbia), subsurface (Alberta and British Columbia), and southern outcrop belt (British 

Columbia and Alberta). Brown boxes highlight the lithostratigraphic nomenclature for the subsurface and 

outcrop study areas, respectively (modified from Gibson 1969). 



 

   

Figure 2. Schematic stratigraphic cross-section showing correlations and interpreted facies associations and 

depositional environments for the Phroso and Vega Siltstone members (Lower Triassic) of the Sulphur Mountain 

Formation in the Canmore–Kananaskis study area. Note that the basal part of the Phroso Siltstone Member has been 

interpreted to be Late Permian in age by Schoepfer et al. (2013). Thick coloured lines (green, red, and blue) denote 

major shifts in depositional environments and mark sequence stratigraphic surfaces. The substages Griesbachian 

through Spathian are based on conodont biostratigraphy from the OC section (Buchan, 2020). Abbreviations: JC – 

James Creek; OP – Opal Creek; CDP – Canmore Dog Park; ET – Evan Thomas Creek; KQ – Kamenka quarry. The 

datum is the Smithian-aged maximum flooding surface at the base of clinothem set II. The distribution of measured 

sections is proportional to paleo-reconstructed distances across thrust sheets. 

 

 

 



 

 

 

Figure 3. Conceptual sediment dispersal model for the Lower Triassic Sulphur Mountain Formation (Phroso and Vega 

Siltstone members). A) Schematic block diagram illustrating compound clinoform architecture comprising shoreline 

clinoforms, subaqueous platform, and subaqueous clinoforms. The diagram includes key bedforms, erosional features, 

and paleocurrent directions associated with the facies associations. Paleocurrent arrows indicate permanent oscillatory 

currents, episodic basinward-directed flows, and semi-permanent oblique shore- and slope-parallel currents that 

collectively governed sediment dispersal. B) Representative vertical section showing characteristic bedforms 

associated with different clinothem segments. Note that symmetrical wave ripples are restricted to shoreline 

clinothems (FA1), whereas current- and gravity-influenced structures dominate subaqueous deposits. Abbreviations: 

WR – wave ripples; CR1 – asymmetrical current ripples in platform deposits; GC – gutter casts; SM1 – sole marks at 

the base of low-angle, cross-stratified siltstone; SM2 – sole marks at the base of massive coarse siltstone; CR2 – 

current ripples in foreset deposits; SR1 and SR2 – starved ripples; SWWB – storm-wave base; FWWB – fair-weather 

wave base. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Examples of bedforms observed in the Sulphur Mountain Formation and their conceptual relationship to 

sediment flux and transport capacity. Field photographs illustrating representative ripple morphologies in compositionally 

uniform, silt-sized deposits: A) starved, B) barchan, C) sinuous, and D) linguoid forms. E) Conceptual framework relating 

bedform types to the ratio of sediment flux (SF) to transport capacity (TC), showing how variations in the δSF/δTC ratio 

govern bedform morphology. 

 



 

 

Figure 5. Discriminant analysis (DA) illustrating relationships among sedimentary fabric, composition, and 

mechanical behavior in Montney Formation siltstones. A) Variable loadings on discriminant axes. B) Sample scores 

plotted in discriminant space, colored by microfacies and sized by measured microhardness values. The distribution 

shows that distinct microfacies occupy discrete regions of multivariate space and are associated with contrasting 

hardness ranges. 

 


