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Abstract

This studyaims to béter 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 photogramymeigital outcrop models were
created of theseutcrops 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. Thigork has revealedeveral ditinct mete-scale sedimentary fabricsthin the
Vega and Phroso Siltstone membetsat carbe linked tocorescale sedimentary faciesthough
very similar corescale senentary facies can have starkly different mescale fabrics
Through assessing timatural fracture distribution, it hdeen observed thaedimentary fabric
has a strong control of the height distribution of natural fractures, anithéhiatensity ohatural
fractures may vary greatly laterally different scales argpacingsranging from adw metres to

hundreds of megs.
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Chapter OneOverview
1.1 Format

This thesis isvritten in paper formatyith Chapters 2 and 3 intended to be published
after submission of the thesis. Chapter 1 lays of the forhthe@apeand explains the
overarchinggoals. Chater 2 discusses the findis@f this study as they relate to sedimgnta
fabric, while ChapteB8 focuses on results regarding the naturakdir@cdistribution. There is a
great deal of overlap in backgned information and metliology betweentiese two chpters,
and every attemptas been made to minimise redundancy and itepebetween these apters.
Chapter 4 includes a summary of the nfaidings of these two studiesd offers suggestions

on themost promising directions of future work.

1.2 Contribut ions

A large contributiorto this work was made by Scott McKean, whd diost of the
coding br the automatic fracture detection and analsiskflow presented in Chapter 3 of this

thesis. This collabative work is intended to be publishedesfsubmis®n of this thesis.

1.3 Purpose

One of the most challenging aspects of ahtarizing subsurfaceservoirs is the lack of
sample density, wheascores are 1@8m thick and spaced 100s or 1000s of meterg apaest,
and seismic resolution is @he order ©10s to hundreds of meterBhe abundance of available
detail is the gncipal reason for usg outcrop analogues to understand subsurfaceatmrs.
The overarching goal of this studyxamine outcropusingUAV photography to make

observation that arenot available in subsurfacatasets, both in sedimentary fabric andttree

13



characterizationn this study, the outcropping Sulphur Mount&iormation is used as an
analogue for the Montney Formatiaithough the workflow presented in thiesis couldust as

easily be applietb other formations.
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Chapter TwoSedimentary Fabric ofthe Vega Siltstone ad Phroso Siltstone Members in
the Southern Canadan Rocky Mountains.

2.1 Abstract

In this study, several Sulphiountain Formation outcrops in southertb@rta were
examined as sedimentologl@analogues for theower TriassicMontney FormationThe
MontneyFormation is a majoaunconventional oiand gaseservoir inWesternCanadawith
edimatedmarkeableresoures of 449 trillion cubic feet of naturgas, 14.5 Hlion barrels of
natural gas liquids, and over 1 billion barrels d¢f(biational Energy Boal, 2013) Outcrop
analoguestudiescan contribute téhe undestanding of the sedimentology and reservoir
chamcterization of this fonation, tlus enhacing hydrocarbonrecoveryand explorationThis
study integrates a range of datasets, including sedahogrcal measured sections, hand samples
for XRF and thin sea@bins analysis, spectral gamma ray scintilomateasurements, and UAV
photography.

UAV photographyand resulting digital outcrop modelvere used to map the meseale
sedimentary fabric ohe formation. Six units were defined at the EWdmomas Creekwicrop
based on metrscale sedimentary fabrithe defined sedimentary fabrics were cangal to
sedmentological measured sectionspdasamples for XRF and thin sections analysis, spectral
gamma ray scintilometer measurements, in ordeelate the fidings to suksurface datasets
(core and wirdine logs). It was found that several unitdile having very similar corescale
sedimerary facies, had markedly different sedimentary fabrica oretrescale. These
differences will have congeences for resvoir characterizatioand must be accounted fio

the subsurface.
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2.2 Introduction

TheLower Thasst Montney Formation is a siltstone dominatedassion, covering a
preserdday area of ovet40, 000 square kilometres and over 300 metres thick in s@as. a
Within this extensive formation, dominardrtcle size generally ranges only fromé silt to
very finegrained sandstone, witiihalebeing relatively uncommonwvithin this formation (2vies
et al., 1997)As grain size is typically useas a key indicator in depitional energy and thus
environmat, the limited grairsize range of the bhtney Formation presents a significant
challenge to corbased paleagpgraphy and sequence stratigniapnterpretations.

Most sedimentological studies the Montney Formatiorelve been largely based on core
andwell log data (e.g. Davies et al., 19%@vies et k, 2018, Zonnelveld and MoslqQ&018),
due to an abundance of these datasets within Allaexd BC, and the economic importance of
the Montng Formation as a hydrocanboeservoir Some researchers hawdized significant
outcrop data in thestudies €.g. Gibson and Barclag989, Orchard and Zonneveld, 2009,
Zelazney etla 2018, Crombez et al., 2016). These studies gvew primarily focus on 2D
measured sectigrakin to core descriptions, and tbhe most part do not describe lateraliés
variablity and sedimentary faix on the scale of several metres to hundrédsetres. These
metrescale features, which are rpssible to discern in subsurface datasets,provide key
insights into depasonal processes and environments, @téacies wariability, and reservoir
connectivity, both vertically and laterallyhis study aims to bridge the gap between outcrop and
corescale observations ldefining themetre scalebeddinggeomety andsedimatary fabrics
observedn outcropand rehting thesdabrics tocorescale sedimentary facie Montney
equivdent strata in the Sulphur Mountain Fornaatithusinforming andimproving reservoir

characterizatiom the Montney Brmation
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2.3 Background:

The Sulphur Mountain Formation was depaditiiring tie Lowerto Middle Triassicand
is presently found outcroppy throughotithe front ranges of the Southern Canadian Rocky
Mountains (Figure.1). The Sulphur Mountain Formation is died into the Phrosoil&tone
Member, the Vega Siltstone Membthe Whisler Member and Llama MembéGibson, 1969)
(Figure 2.2. This study f@auses on theower Triassicportion of this formation, which
comprises the Phroso Siltstone Member and Vegst&ie Member. Both énPhroso Siltstone
and Vega Siltstone mdyars are dminated by dolomitic and casionally
argillaceous/carbomaous siltstoe (Gibson and Barclay, 1989). The Phroso Siltstone Member,
the basal member of the formation, is typicallykéarcoloured, finer grined, and more
recessive than the oveityg strateof the Vega Siltstone MemheThe Vega Siltstone Member is
characterizé by slightly coarser grain size, ranging from siltstone to-fieg/grained sandstone
with rare finegrainedsandstone and dolocdga lensesand increasing bed thicknessvards
thetop of the member (Gibsp969) In some locations, théega Siltstme and Phroso Siltstone
Members can not be disguished and are instead referred to collectively as the-FPhgaso
Siltstone Membe(Gibson and Poulton, 1994). Thewer TriassicVegaSiltstone and Phroso
Siltstone members aeguivalento the Montney Brmation (Gibson and Barclay, 1989) (Figure
2.2, Figure 2.3), and have long been recognized as effectiveogsanalogues for the bhtney
Formation (Noad, 2016; Crombezatt, 2016;Zelazney et al., 2018). Studying these well
exposed reseoir analogus provides a unique insight the sedimentoldatgral facies

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

The studyareais locatedwithin the front anges of the Canadian Rockies, ca. 80 km west
of Calagary Alberta. Fair outcrop locations have been studidgivanThomas Creek, Canmore
Dog Park, Hood Creek, and Sawmill Riddgeglre 2.4). All studieadutcrops are located within
the CanadiaRockies Foeland Fold and Thrust belt. Deformation of the studiestasbccurred
postdeposition, primarily during the late &aceous to Paleocene periods (Evinchick et al.,
2007). The strcture of the Canadian Bky Mountains is dominated by easterlygiag thrus
faults (Price, 1981)I'he studied outcrops occur onfdifent thrussheets, and their structural
positions are ghwn in cross section in Figure 2.5. The EMdromas Creek andadmore Dog
Park outcropsire carried on the Lac Des Arc Thrust & &he Eva-Thomas Creek outcrop is
relatively structurally simpledipping to he WSW at approximately 20 degre€kestraa at the
Canmore Dog Park Outcrop are slightly overturnedettical, occurring in theaith-western
limb of the footwall synclie beneathite Rundle Thrusivhich mg have led to mild extension at
this outcrop The Hood Creek section consiststdeply dippng strata carried on the Rundle
Thrust Sheetand the Sawmill Ridge strata are ggripping WSW at appromately 30
degreescarried @ the Sulphur Mountain Thrust Shelajor thrusts, such as the abeve
mentioned Lac Des Arcs, Rundle, and@ur Mountén Thrusts, were interpreted by Price
(1981) b have approximately 280 km of disphcement relative to thenderlying thrussheet,
although displacement decreases to zero towards the tips of the faults. Although no rigorous
palinspastic reawstruction wa done for this study, it is assumed thatghkecdistance between
measured sectis is increased by 10¢ kilometers (<5km) to thesouthwest for each major

thrust that lies between thefigure2.6).
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2.3.2Depositional Setting

Triassic stata of the Wstern Canadian Sedimentary Basin comprise siwaed
thickening wedge of siliciclagtiand carbonates stching from the USanadian bater to the
Yukon (Gibson and Barclay, 1989) (Figures 2.1, 2.3). These sediments are generally interpreted
to have beedeposited on the arid western margin of thethNNdmerican Craton (Gibson and
Barclay, 1989; Davies, 19%/ Davies et al., 199. An aridclimate is consistent with the
abundant evaporates and evaporitic cements that are preserved in thedvidldbper Triassic
(Gibson and Barclay, 1989; Davies, ¥89. In theLower Triassicsediments,ite paucity of
detrital clay and presenad detritalfeldspars has been attributed to a lack of chemical
weathering on the continent, providing further evikefor an ad source area (Davies et al.,
1997). The neayluniform grain size, ranging from sttt very-fine graine sand, suggests
aeolan transpa by suspension and saltation played a major role in bringing sediments to the
marine realm (Davies et,dl997; Daves, 1997b; Zonneveld and Moslow, 2017), addimther
support to an arid climate.

Triassic strata ohe Western Canadian @mentary Bsin were long thought to have
been deposited in a passive continental margin setting, with sedimemsbppiied eglusively
from the North American Craton todmmorth and east of the basin (Gibsod Barclay, 1989;
Davies et al., 1997). Rent work,however, has shown that the western margin of the North
American craton was most likely tectonically aetiduring ths time, with both basin dynamics
and depositinal architecture being affected by apacting terranes dading with the wester
margin ofthe craton(Davies, 1997a; Beranek and Mortensen, 2006, 2007; Ferriamke¥eld, 2008;
Golding et al,2015. While it is still generally accepted that the mapof Lower Triassic

sediments were diged from the east, recent wohlas indiated someesdiment input was likely
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from the west as well, beginning in the midthée Smithian and becoming moigraficant in
the Middle Triassic (Golding et al., 2015;eveld and Moslow, 2018; Crombez et 2020).
The apparent contribution of setknts fromthe west, as well as analysis of subsidence
dynamics of the basin, has led some authors to suggetitehktassicstrata were deposited in a
collisional retreforeland basin (Zonneveld and Moslow, ZpRohais et al., 2018) in contrast to
the passive mrgin setting proposed by Gibson and Barclay (1989).

Both synrdepositional tectonics and inherited sturalcontrds, such as the Hay River
Fault Zone, FortSait Johnds Gr aben, ve€CAran,degducReehdndSwann P e a c e
Hills Plaform, havebeen recognised to have had a strong influendeowrer Triassicfacies
distributions and stratigraphixgresson (Davies et al., 2018, Rohais et al., 2018; Zoralé\and
Moslow, 2018; Crombez et al., 20). The abowenentioned features and witsng compexity
have been recognised through a wealth of subsurface data and decades of study. In the present
study areamuch kss is known about the paleogeography andptlectural setting due to
overprintingby the late Cretaceous to Paleocene éold thrusbelt, which affects all Triassic
strata south of ca. 83, and due to a relative lack of research comghan he hydocarbon
bearing northern equivalents.

No biodratigraphy wagondictedas a part ofttis study, and only liméd
biostrdigraphic datafrom within the study areare presenin the literatue (e.g.Gibson 1969,
Gibson and Poulton, 19%4endeson, 1997, Golding et.ak015, and asa result the substage
boundariesvithin these Lower Triags strata remaimelatively uncertain. Due to these
complexities, sequence stratigraphic correlation from these southern outcrops to the rest of the
basinremain rather speculatiy@articularlyasthe basin watkely undergoing spatially and

temporally \ariable subglence in the formation of ¢hretro-foreland basin
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2.3.3End Permian Extinction Event and Biotic Recovery

The deposition okower Triassicstrataimmediately followed the enBermian
Extinction Event, the largest extinction event in earth hystoth the etinction of 90% of
marine spcies (Raup1979). This extinction event had a strong influence on the nature of these
strata, both in terms offimology and preserved body fossils (Zonneveld and Moslow, 2018).
Harsh conditions and slow ecolodicecovery esulted in the dominance ofianited range of
generalist taxa (Eriwin, 1998; Kummel, 1973; Erwin, 1990; 1994). Global marine biodiversity
remaned low until the Anisian (Erwin, 1998), although conodonts (Orchard, 2007) and
ammonoids (Brayardt@l., 2009)recovered more rapidly.

In the Montrey Formation, the most common invertebrates preservediaraia
bivalves, lingulide brachiopods andsg@pods, scattered amminoids, and rare terebratulide
brachiopods (Zonneveld and Moslow, 2018). Gressbachiarand Dienerian strata gendyal
have adw-abundance and lowiversity trace fossil assemblage, with locally diverse
assemblages interpretedrapresent areas of refugia in weagitated shallow marine areas
(Beatty et al., 2008; Zonneveldat, 2010a,2010b; Zonneveld and Moslovd28). Bioturbation
becomes locally more pervasive in the Smithian and Spathian (Beatty et al., 2008; Zonneveld et
al., 2010a, 2010MDavies et al.2018;Zonneveld and Moslow 20})8although the limited range
of gran size can make taxomic differentiatian difficult. The combination of low diversity in
benthic fauna, unusually harsh living conditions, and genewmhydegree of bioturbation result

in the limited applicability and usefulness of ichnofacies modelth&se strata.
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Figure 2.1 Distrib ution of Lower Triassic strata in the Western Canadian Sedimentary
Basin. The outline of thestudy area, shown inFigure 2.4, is indicated by the red box.
Modified from Zonneveld et al. (2011).
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Figure 2.2 Lithostratigraphy of the Lower and Middle Triasgc 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 pesentstudy area is located in the SEoothills. Modified from
Gibson and Barclay (1989).
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Figure 2.4: Map of the study area, showing the locations of outcropssed in the study, as
well as the distribution of the Sulphur Mountain Formation. Bedrock getogy and major
structures from Price (1970A, 190B) and McMechan (2012, 2013). Base map is from
Google Earth.
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@ Restored Position Relative to Evan Thomas Creek
Figure 2.6: Approximate restoration of paleogeographicrelationship between the studied
outcrops based on palinspastic reconstruction of Ree (1981) Thrust fault displacement is
assumed to be ca. 15 knk.ower Triassic paleashoreline trendis based on sole mark
paleoflow measuranents at Hoal Creek and Canmore Dog Park outcropsbut is poorly
constrained.
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2.4 Data and Methods

This study integries a range of datasets, including sedimentological measured sections,
hand samples for XRF and thiacsions analysis, spectralrgma ray saitillometer
measurements, andgAV photography. The data collected varies by outcrop, and is summarized
in Table 21.

Sedimentological measured sections were generally recorded at a desiraktdihese
measured s#ions were used to identify distinctigedimentaryacies wihin these strata, which
are discussed in detail in a subsequent section. These measured sections were compiled and used
to create &ross sewbn across the study areadtre 2.7).

Spectral @gmma ray dta was collected using a Ratha Solutons RS230handheld
scintilometer at the Evamhomas Creek outcrop and was measured systematically at 50 cm
intervals Gamma ray is a veryommonly usd well-log data set for @gssing sedimentary rocks
in the subsurface, and gamma ray curussiglly suplementedy limited core data) have been
used often as the principal basis for Montney correlations (e.g. Davies et al., 1997; Dixon, 2000;
Crombez etl., 2016, 2020; Euzen ak, 2018 Davies et al.2018). The gamma ray
measurements collest in thisstudy arecomparable to gamma ray profiles measured in the
subsurface, and are thus useful to relate outcrop observations to a typicdbseldatage

At Hood Creek and sexa of the EvaAThomas Crek measured sections, small hand
samplesvere colleted throudpout the section. Sampling was done in a combined systematic and
selective method, where samples were taken systematically atséveryl00cm along the
measured seioins, as close to the maak possible, but were also infilled bslective senpling
of minor lithologies (e.g. sandstone bed within a siltstone dominated package, thin mudstone bed

within a sandstone dominated packaitp@)t wouldhave been missed by thgstematic sampling.
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Thesesamples were cut on a rock saw, rinsed éimed pror to anaysis by an Olympus Delta
portable XRF apparatus. The portable XRF was calibrated usinylECBata for Montney core
samplesYang ¢ al., 2019, which are mineralogicalery similar to the Veg8&iltstone and

Phroso Siltstone memberss Aalibraton was notlone directly on the Vega Siltstone Member

and Phroso Siltstone Member samples, the absolute accuracy of these elementalqsoportio
should ke viewed with some cautiorowever, for the purposeof this study the XRF analysis

are usegbrimarily in a relaive sense to compare the geochemical trends and changes across the
formation, and are thus very useful in identifying boundarieserving réative geochemical
differences within and between itéy and aiding correlation between oofgs (Figure2.8).

Larger samples were selectively collected from different lithologies for polished cut slabs
and thin section analysis. Thin sectionsrgvanalyse primarily for grain size&and smaklscale
sedimentey structures. Some thin sections wearstd for €ldspar ad dolomite, revealing both
minerals are present in these strata, although no detailed point counting or diagenetic analysis
was dome.

Digital outcrop models were creat for theEvanThomasCreek and Sawmill Ridge
outcrops. High resation photgraphs othe outcrops were taken using a Phantom 4 Pro UAV
(unmanned areal vehicle), and digital outcrop models were generated usingstihirciire
fromrmotionphotogrammetrisoftware. Structurérom-motion photogrammetry refers to the
proces of calcuating andnodeling the 3D structure of an object using a series of overlapping
offset imagegWestoby et al., 2012) (Figure 2.9he <ale d the modeis derived from the
posiional data of the photogphs recorded by the UA®INd is further costrained i objectsof
known dimensions placed within the modeled area. Orthomosaics images were generated from

the digital outcrop models using thex#D softwae (Figure 2.10) An orthamosic is ahigh
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resolutonor t horecti fi ed

m ot preotograpso Due ti thekigh mesotlttofofd s

the original photographs, orthomosagrs a more favourable dataset to intergeghiled

depositional faric than he 3D point cloud or megfenerated by the digital tarop model

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

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

the outcrop facéFigure 2.10)

Data Collection | EvanThomas Hood Creek Canmoe Dog Sawmill Rige
Method Creek Park

Sedimentological Yes, with some | Yes Yes Yes
Measured gaps

Section (inaccessible)

Systematic Yes (50 cm Yes {m No No
Sampling for XR| speacing) spacing)

Spectral Gammg Yes, 50 cm No No No

Ray spacing

Scintillometer

UAV Yes (High No No Yes (low
Photograhy/ resolution and resolution)
Digitd outcrop | low resolution)

model

Table 2.1: Data collected at the studied outcrop locains.
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Figure 2.9: Structure from motion schematic Modified from Westoby et al. (2012)
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Digital Outcorp Model Point Cloud Orthomosaic Projection

Figure 2.10: Example orttomosaic geeration from a digital outcrop model using Pix4D
software. The image on the left shows the-8imensional digital outcrop model point cloud
The outcrop is projected orthogonally onto the red plane, whiclis 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 naturemfidstone and siltstoneiterops fine details and
sedimentary structures can be more diffito observethan on slabbed car&heefore, detded
centimetrescale or millimetrescalefacies analysis and process sedimentolaigyne-grained
sedimentss best left to cordasedstudies whee these smabcalesedimentary structurese
more apprent.Although smaHscale structures sh as rippés, sours, sole marks, laminations,
etc. were observed and recorddxd tocus of this study is on the meseale features and fabrics
observablenly in outcrop, and the facietassificatiorreflecs this am. As a result,
sedimentary faciedefined inthis study are not particularly numerous or detailed, as they need to
be applied over large swaths of outcrops and, in some casestedtinomUAV photographs
alone.

While many of the facies observeathin the Montney Formation (e.g. Marksin 1997,
Davieset al. 1997; Crombez et al., 2016; Euzen et al., 2018; Moslow et al., 2018, Zonneveld and
Moslow, 2018) have also been identifiecthis stuly, there are some notable exceptions
Bioclasticdolocayuinabeds are rare in the studyea andvere obsared oy nearthe top of the
Sawmill Ridgesection (fkgure 2.7). TheseSawmill Rdge bialastic strata appear to bear some
resemblancéo thesubsurface hares Member of the Montney Formation (Zonne\asid
Moslow, 2018, butdue tother limited exposuréheyare discussed no further in the present
study.

Massive argillaeous siltstones without coarser laminations are commonly observed in
the subsurface artifferentiated from the more laminated to st rippled facies. Thisaties,
however,s highlyrecesive in outcrop and only encountered at the base of the seghh is
commonly covered. Therefore, this massive facies is not subdivided from tihatedrfacies in

this study. Although some inddual turbidite beds (upo 2m thick) vere identifed in outcrop,
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no thick amalgamated turbidite fan bodies comparabiedlLaGrace Sandstone Member

(Zonneveld and Moslow, 2018) were identified in this gtud

2.5.1Shoreface Profile Terminology:

Definitions of shoreface subdivisiorean vary by rgion or byautha. Several classification
schemes from recent Montney publica@re summarized in Figure 2.11, highlighting the
inconsistency in nomenclature, partamly in the application of the terms lowercshface,
offshore transion, and offsha. This stdy follows the nomenclature of Euzen et al. (2018)
which places the siieface above mean faireather wave base, proximaffshore transition
between mean feweather and storm wave base, distal offsticaasition between meatosm

wavebaseand maximunstorm wavebase, and offshore beyond that.

2.5.2Facies 1:Massive to lammateddark siltstone

Description:

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

Facies 1A is domiated by dark, argillaceousften laminatd fineto-coar®-grained
siltstone (Figure 2.12a, b, 2.13). Most common sediangrstructures are parallel lamination
and some small starved ripples. Parallel lamimetiare often discontinuous, and likely repras
the tails of migratingtarved ripple. Lowrelief centimetrescale scours and laminae truncations
are present as weBioturbation is largely absent in this facies.

Facies1B: Laminated siltstone intbedded with medium coarser beds.

This facies $ similar to facies 1A ithat it is maiy dominatel by dark siltstone. In

facies 1B the dark siltstone is interbeddethvighter, coarser material (coarse silt to veryfine

grained sand). These coarser baas5 to 40cm thick and are typically eitineassive with a
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load castedbase, contaimell-develgped arrent ripples (Figure 2.12c), or are somewhat chaotic
and modergely bioturbated.

Interpretation:

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

A lack of wavederived sedimentary structess indicates tht this faces was deposited
below storm wave base. Massive beds are likelydbeltr of deposition out of suspension,
although there appears to have been frequeniraaitbnal current energy as indicated by the
presence of starved ripgl@and small saos in thestrat enveloping the massive beds.

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

The thicker and coarser beds within facies 1B amdylikeflective of event deposits,
deposited ¢her out of suspension (ssive beds) doy unidirediond currents (current rippled
beds). There is a lack of wagenersed sedimentary structures in this facies, indicating
deposition below storm wave bageds of coarse silt or very firgrained santhicker than 3
cm thick ae commonly masge and loa cased with rare mudclasts floating within the sand
matrix, indicatng rapid deposition of these beds. Other coarser beds are laminated and current
rippledand have a more gradational contact with therfgrained material ab@vand below,

suwggesting anoreprolonged period of deposition and a gradual return to backgaunditions.

2.5.3Facies2: Lenticular to flaser hinly-bedded siltstone and sandstone:

Desciption:

Facies Zonsists of thinly bedded{B)cm)to laminatedsandstone and/or stone
(Figure 214ad), and is the most common facies observed in out@e@dirg geometry is

lenticular, wavy or flaser. Wave and current ripples are common in tiesfand small scale
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scours are abundant. Bifacies is often djhtly to moderately ibturbated(sensi Droser, and
Bottjer, 1989), mostly by horizontal burrowing/girag and short escape traces (Fig2irEy).
Interpretation:

Flaser, wavy, and lenticulamterbedding/interlamination is indicative affluctuation wave
and/or unidirectionaturrent eergyin the dgositional system (Nichols, 20p9Vave ripples are
relaively abundant in this facies, and where present they suggest deposition abovmawave
This facies also contains abundant currgales although inthese finegrained sdiments
currentripples and asymmetrical wave ripples or combined flow ripplesery difficult to
differentiate (Markhasin, 1997 he bases ofdalsare commonlyscaired,indicating at least
periodically high eargy.

In recent Montney studies, thisgcular toflaser bedded facies is most commonly
attributed to an offshorFranstion environment (Euzen et al., 2018; Moslow et al., 2018;
Zelazney et al., 2018) bunsilar facies have also been attributed taltiffats o other tidally
influenced envionments (Mirkhasin, 1997 Davies et a] 1997 Crombez et al., 20}6In this
study we do not attempt to subdivide facies 2 further to differentiate between tiddfsimate
transition environments based sedinentary structures. Howevamntextof the surroundig
faciescan be used to determidepositional environmenin this gudy, facies 2 was commonly
gradationally overlain by facies(Bigure 2.14e), which igepresentative of the proximal
offshoretranstion environment. Here, facies 2 likelgpresents distal offshoretransition
environment, with sediment being deposiéed preserved betweemeanfair-weather andnean

stormwavebases
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2.5.4Facies 3: Interbeded \eryfine-grained sandstone and lerdular to flaser sandstone/
siltstone

Descripton:

Facies3 cansists primarily of 3L0 cm thick beds of flaser to lenticulaltsione or
sandstone interbedded with 10 to 30 cm thick sandstone beds that occum &b 30c intervals
(Figure 2.14f, g). Thisesuts in a distinctive weathering profile butcrop with the thicker
sandstone beds being much more resistant to weaihben the recessive thin beds (Figure
2.14f). The thicker sandstone beds are oftenllghtaminated at the base and becomelep
laminated towards the top, commonly withundulosauppercontact. Laminations at the top can
be either current ripple lamated, or sometimes hummocky cross stratified. The bottom contact
of the sands are tygally planar, but may also be undulosesbne cases, sole marks were
observed at thbase of thesandtone beds, generally indicating paleoflow to the west.
Interpreation:

The interbedding observed in this facies in indicative of variable energytiomsdiwith
the highest energy events dsjiing the thicker, coarsegrained beds. Th£0-30 cm sindsbne
beds that punctuate the thinly bedded sediments are likegrafed by storms waves. This is
evidenced by the sole marks at the base of some Inditsgting unidirectional transport, and
hummody cross stratification within some beuslicatingdepo&ion by waning storrwaves
(Dumas and Arnott, 2006). Althoughnmocky cross stratification is commonly present in
facies 3 and absent in facies 2, tligtinction between facies 2 and facieis Based upon the
thickness of the thicker drcoarser bds,not the presence or absence of hummocky cross

stratification.
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2.5.5Facies4: Amalgamateahick beds

Facies 4A:Massive ‘ery finegrainedsandstone or coarsétstone
Description:

This facies consistsf internally massive amalgamated sandsgnypicaly greater than
1 metre thick (Figure 2.16 a, b). Individual beds mfrgm 30cm to 1m thick but are commonly
amalgamated in thicker besgets. Thin discontumous fine silt lamina @acommon between the
sandstone beds. Sandstone beds are typsiahrp baed ad may have rippled tops. It should be
noted that some laminatsdndstone beds in outcrop may be Atdesntified as massive due to a
massive appearingeathered surface. Someassiveappearing beds outcrop were revealed to
have internalaminatiors when samples were cut with a reskw, and massive sandstone beds
are generally less common in core. This mdantification is common in well sorted satases
without finesilt lamina to define thetsatification, and may have lead to areeestimaton of
the abundance of this facies in outcrop.

Interpretation:

Massie sandstones may be deposited in many environments. Therefore, depositional
setting isbest determined by theeeloping facies. Whesurrounded above and below by facies
1A or 1B, whidh aredeposited below wavkase in an offshore environment, faciesMay be
indicative of turbidite deposits. When enveloped by offstiaesition or loweishoreface
deposits of faies 2, 3 and 4B, thesnay banoreindicative of middle/uppeshoreface
sandsones
Facies 4B:Crosslaminatedvery fine-grainedsandstone or cose siltstone
Description:

This facies consists of parallel laminated, lamgle crosstratified, ripple &minated,

hummocky cros stratified or swaley crasstratifiedbeds, typially composed of very fine
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grained sand or rarely coarse silt (Figuresg,d, 2.17). Beds are typically 5 to 60cm thick and
are commonly amalgamated over saVeneters. As withécies 4A, silt or mudene lamina or
thin-beds may occur betwedtme more ommon sandstone beds.

Interpretation:

Laminated sandstone/coarse siltgts can be formed in several different environments,
but these may be further refinbdsed on the specifgedimentary structureghere they can be
positively identified Both hummaky and swaley cross stratification were commonly identified
in this stug. Hummockyswaley cross stratification is formed in silt to figeined sand by
waningstormwave energy@ott, and Bourgeois, B2; Dumas and Arnott, 2006), and thus may
be formedabove storm wavérase. Hummocks are not typically preserved abovenather
wave base, resulting in swaley cross stratification in the lower shoreface, svthen@anocky
cross statification is presenatonly below mean faiweather wavdasein the offdiore
transition (Leckie and Walker, 1982; Dumas and Arnott, 2006). Plamanation and low angle
cross stratification also occur in association with hummoaoklysavaley cross sttification but
are lesgliagnostic. Due to the grain size benegtrictedo silt and veryfine grained sand, dune
scale cros$edding is likely ree or absent in this formatiorR€ineck and SinghH980; Davies
and Moslow, 1997).

Facies4C: Contorted oiintraclasticvery fine-grainedsandstone or siltstone
Descriptbn:

This fecies is defined by ovesteepened beds, convolute bedding, sedimentiofec
dykes, and matrisupported intraclastic breccias (Figure 2-gipeThe sediment #t make up
these degsits is typically coae silt to very finggrained sand, but @also rarly composed of

laminated fine siltstones (Figure 2.18). Intraclasts, llysaamposed of sand but occasionally of
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mud, are commonly angular to stdunded (Figue 2.16e, f) and typally display evidencef
soft sediment deformation (Figure 2g)8indicaing they were likely transported some distance
while semiconsolidated.
Interpretation:

These sediments are interpreted to be representative ofwaatag orslump deposits.
This facies occurs both isolated, relatively thin intervals {2m thick corvolute bedded
intervals), and also in thicker intervals12m) consistig of multiple stacked to amalgamated
beds. The thin, convolute bedded intervals do yptally contain intaclasts, and displahe
same grain size and sedimentary strtet as theediments directly above and below. These
deposits are thus interpretasl small cohesive subaqueous slumps, likely not travelling far from
the slump scarp. Toker amalgamated ietvals commonly contaiabundant intraclasts and are
commonly irercalatedvith massive sandstones. The large intraclasts indicate significamtrerosi
of a semicohesive seafloor or shallow substrate. The convoluted nature of soroasgigra
(Figure 2.16yindicates that, whileohesive, many of the intraclasts weot fully lithified at
the time of transport. Thick intervals of facies 4C likelyresgnt a depositional environment
prone to mass wasting and slumpime amalgamationrastacking of multife beds in these
deposis indicates they were deposited thronghitiple events over a prolonged period of time,

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

2.5.6FaciesAssociations:

Prograding Clastic Wedge:
This is thedominant facies associati observed in the study area€itiealthickness 6
this succession and its components is hard to predict due to untgdrtaive magnitude of

accommodation increase or decrease relating to minor transgeessi@gressionsuting
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deposition. An iddi&ed purely progradational successiomlépicted m Hgure 2.18,
representing a conformable shoaling upward successiornféimes 1A, to 1B, 2, 3, and 4B.
Mass Wasting Deposits:

This facies association is claataized by beds of facies 4A and 4C tygllg enveloped
within facies 2 or facie8 (Figure2.19). The beds of facies 4A and 4C are commonly sharp
based, and usualbyccur in packages of several amalgamated beds. This facies association is
interpreted tdedeposited through mass wasting, withiés 4A and 4C representing event beds

punctuating ormal sedimentation of facies 2 and 3 in the proximal to distal off¢hamnsition.
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Facies | Lithology Bedding Physical Sed. Structures | Bioturbation | General Inferred Process of Depositional
/Grain size Thickness | Deposition Environment

F1A Massive to Massive to thinly Planar laminations, staed None apparent | ~10 m Unidirectional curents Distal offshore/basin
laminated dark | laminated ripple lamination, rare small (oceanographic currents?), | floor. Below storm
siltstone scale scours. suspension wavebase.

F1B Massive to FlAinterbedded with | Current ripples, dapes on top | Moderate ~3m Unidirectional currents Distal offshore/basin
laminated dark| medium interbeds of | of current ripples, load casts, | bioturbation in (oceanographic currents?), | floor. Interbeds likéy
siltstone with coarse silt of v.f.g. rare small mud clasts, chaotic | some larger suspension settling represent event
coarser sand. lamination interbeds. deposits from storms,
grained turbidites, or sediment
interbeds gravity flows.

F2 Lenticularto Thinly bedded, Flaser to lenticular bedding, Occasiaalminor | ~4m Lenticula to flaser bedding | Offshore transition to
flaserbedded | commonlyinterbedded | current ripples, wave ripples, | bioturbation indicates fluctuating energy/ | lower shoreface, or
siltstoneto between fine and scours, plaar lamination, (planolites) sediment supply tidal/intertidal
v.f.g. coarse silt or v.f.g. hummocky cross stratificatn
sandstone sand.

F3 Interbedded F2interbedded with Coarser beds commonly Rare minor ~5m Alternating fair weather Proximal offshore
v.f.g. medium beds 1650cm | hummocky cross stratified, bioturbation depostion and storm transition. Coarser
sandsbne and | thick of v.f.g. planar laminated, or boumb- | within the thin deposition. beds likely rpresent
lenticular to sandstone or coaes c-d sequence. Thin interbeds | interbeds. Not event deposits within
flaser siltstone. are the sane as F2 observed in the background
sandstone/ coarser beds. sedimenation
siltstone

F4A Massive v.f.g. | Thick beds or Massivebedded. Some Possible crgto- 1-5m Rapid/episodic deposition, of Many posgble
sandstone or | amalgamated beds siltstone or mudstone lamina | bioturbation extended period of environments. May
coarse with a thickness of may occur between beds. bioturbation occur as turbidites if
siltstone over 30cm surrounded by

offshore facies.

F4B Cross Thick beds or Hummocky/swaleyross None 1-3m Wave and unidirectional Shoreface
laminated amalgamatededs stratification, trough cross current deposion
v.f.g. with a thickness of stratification, pana parallel
sandstone or | over 30cm lamination
coarse
siltstone

FA4AC Contorted or Thick beds or Convoluted bedding. Intraclastf None 1-10m Debris flows or slumping. Mass Transport
intraclastic amalgamated beds floating within v.f.g. sand or silt Softsediment deformation Complex (shorefac®
v.f.g. with a thickness of matrix. possibly due to sediment offshore)
sandstone or | over30cm loading. Intraclasts indicate
siltstone erosion/mass wasting

Table 2.2: Facies classifiation of Lower Triassic Strata within the study area.




Shoreface Offshore-Transition Offshore
Upper i Mid | Lower | Proximal Distal Moslow et al., 2018
Shoreface Offshore Zelazny et al., 2018
UiEei s Transition Offshore (after Walker and Plint, 1992;
PPer | Envoy and Moslow, 1995)
Shoreface Offshore-Transition i Offshore
: SRR opens
Upper i Mid Lower Proximal | Distal gtorm. | S0 " Zonneveld and Moslow, 2018
Shor:eface Offshore Transition Offshore Euzen etal., 2018
Upper | Lower Proximal Distal & This Study
...................................................................... Max FWWB
m e e et s B s wMeanSWB
N.
F2 (tidal) Max SWB

F4b (turbidite)

Figure 2.11: Schematic of vave-dominated marine depositional environments based
primarily on wave-base. Ths study follows theterminology of Euzen et al. (2@8).
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Figure 2.12: Outcrop and core phobgraphs offacies 1. a) outcrop photograph of facies 1A
(laminated dark siltstone) & Evan-Thomas Creek; b) core photograph of facies 1/6-36-
71-4 W6M core 3 box 11 of B; c) outcrop photography dsplaying current ripple-
laminated coarse silt bed of fa@s 1B at Ezan-Thomas Creek.
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Figure 2.13 Hand sample photograph (left) and planepolarized light photomicrograph
(right) of facies 1A. The sample is argillaceous interlaminated fine siltstone andeaium to
coarse ftstone, with euhedral pyrite grains andminor detrital muscovite. Abbreviations:
Mus = muscovite, Py = pyrite. Hand sample collected from Evamhomas Creek(MS-ET-1,
25.8m)
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Figure 2.14 a) Field photograph of facies 2 at EvastThomas Creek and b) corephotograph
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 sampldrom Evan Thomas Creekand d) Facies 2 incore, 6-36-71-4W6M
core 3 box 15 of 16; e) outcrop photo at Hood Creek, demonsating the typical
gradational contact between fa@s 2 and 3f) medium interbedded sandstone and thinly
bedded siltstone/sandstone of facies 3 at Sawmill Ridge; g) facies 3@sn in corel1-28-71-
3 W6M core 2, boxes 1215 of 17.

48



Figure 2.15 Bioturbation wit hin facies 2. a) show#inginchnustraces b) shows diminutive
planolites c) shows 4mm diametehorizontal burrow, possibly thalassinoides
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Figure 2.16 a) Outcrop photo of facies 4Aat Evan-Thomas Creek b) cut hand samples
from facies 4A(collected from Evan-Thomas Creek) Note masg&/e appeaance of the left
hand sample and mottled to irregularly flaserbedded appearance or the right hand

sample, which appears massive on a weathered surfacg Outcrop example of facies 4B
from Evan-Thomas Creek with well developed hummockyswaley cioss stratfication; d)
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core example of facies 4B with numerous erosive surfaces and well defined inclined
stratifications, 11-28-71-3 W6M core 3 box 13 d 16; e) outcrop photo of facies 4C from
Evan-Thomas Creek siowing convoluted bedding of lamnated siltstone; ) facies 4Cin
core, displaying both convoluted bedding and mud intraclasts in a sandy matrix6-36-71-4
WG6M core 3 box 5 of 18 g) Outcrop hand specimen from facies 4C from EvaiThomas
Creek containing sandyintra clasts in a darker siltsbne matrix. Theintraclasts are also
soft-sediment deformed, indicating they wee likely cohesive but mailable during the
transport/deposition of this bed.

Figure 2.17: Hand sample photo (a) and thin section photomicrographs iplane-polarized
light (b) and crosspolarized light (c) from facies 4B. Abbreviations: Dol = dolomiteKfs =
potassium feldspar, Mus = muscovite, Qtz = quartSample is from MSET-1, 49.4m.
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Lithofacies Bed( Lamina Litholog
Thickness
N
4B 5-60cm
10-30 cm
3 interbeds

laminated

Massive to
Faintly
laminated

[ | |
Shale  silt vf f m
sand

Figure 2.18. Idealized Vega Siltstone and Phroso Siltstone meers stormdominated
shoaing-up successio facies ascciation.
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Bed/Lamina Litholog

Lithofacies Thickness

3-10cm

10-50cm,
amalgamated

3-10cm
10-50cm

3-10cm

10-50cm,
interbedded

10-30 cm
interbeds

3-10cm

10-50cm,
amalgamated

.

3-10cm

I T
Shale  silt vf f m
sand

Figure 2.19 Idealized Vega Siltstone Mmber mass wasting deposits facies association.
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2.6 Sedimentary Fabric

2.6.1Line Drawings

Much of this work is based on the tracing of orthomosaic imagesated from UAV
imageryderived digital atcrop modés to create linerawingsof the metrescaledepodional
fabric and geometry of bedsleasured sections taken along the margins obtiterop provide
facies control for most of the succession. Thesasmed sections show tithe thicker bes are
genedlly composed of very fingrained sand and the timer beds are generally silty, although
bed thickness does not necessarily correlaeeity to grainsize, as both thicklyedded
siltstones and thinpedded sandstones weteserved. While mst of the siccession was
observed in detail through the measilisections, a portion of the outcrop is inaccessible or
poorly exposed and can onlg bbserved through UAWnagery (Figure.20. Facies
interpretatiorfrom the orthomosaic isased mainly obed thicknes and largescale
sedimentary structures, suchlagye scours or convoluted beddirig some mstances, due to
differences in weatherinof the outcrop surface, bed thickness magneoushappear vadble
Grainsize and smiascale sedimentg structues, such as laminations, ripples, hummocks, etc.,
which are also an important part in constraining sedimentary facies, are generabigerotble
on the orthomosaics. Despite the limitations, orthonossaie a critical and aful tool for
as®ssing falic and lateral facies variability and allows obsgion of otherwise inaccessible

parts of the outcrop.
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2.6.2Major Surfaces

Several majorwfaces have been identified within the study area, both boundithg a
within thePhroso Siistone Member andega SiltsoneMemberof the Sulphur Mountain

Formation These surfacesre described below.

2.6.2.1Ranger Canyon FormatieBulphur Mountain Formation @tact (Permerriassic
Unconformity):

Unconformablyunderlying theSulphur Mountain Formatio within the stugt areais the
Perman-agedRanger Canyofrormation (Gibson, 18B). The surface between these two
formations is recognised as a first order sequenc@dary and transgressiserface (Gibson
and Barclay, 1989; Embyy997). Using conodotiostratigraphyHenderson1997), identified
the Permiasilriassic boundary dt.5 m above the top of the Ranger Canyon Formation at the
Opal Creek outcrop in thearnity of the present study area (ca. 8 km south of Hood Creek).
Within the study arednéboundary betweethhe RangerCanyon Formation and Sulphur
Mountain Formations demarcated bg cherty pebbleeonglomerate interpreted as a
transgressive lasibson,1969; Gibson and Barclay, 198@jrectly overlain by argillaceous
siltstone of th&’hroscoSiltstone MemberThis conéct was exposed and observed at the Hood
Creek andsawmill Ridge outcrops. At Evahhomas Creek, the basal argillacesilistone is
coveed, although the transgressive thgt defines the contaist expsed in the creel his

contactis coveral atthe CaamoreDog Parkoutcrop and thusvasnot observedht that location

2.6.2.2Vega SiltstonéPhroso Siltstone Contact

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

colour above on weathered outcrop sudscThe boundarys observedpproximately 43 m
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above the base of the Phroso Siltstone Member at the Bvamas Creek locatioat
approximately 50 m at the Hood Creek location, and at 78 m at the Sawmill Ridge Iotagon.
colour change is particularhyoticeable on thaJAV photogaphy at the Evaithomas Creek
outcrop (Figure2.20. XRF data collected algnHood Creek and Evafhomas Creek measured
sections show a sharp decrease in clay proxy elements andré\| abee this boundary
(Figure2.8, 17 m), suggsting an brupt decrase in clay content across this boundary.

This surface is interpreted tepresent theontact between the Phroso Siltstone Member
and the Vega Siltstone Member, based on facies descriptidmaeasured sections from Gibson
(1969),who formally definedthe members. In the study area the contacts appear conformable. It
is uncerain whetherhis boundary has sequence stratigraphic significance, reflective of changing
oceanographic conditions, simply a facies change resultirgm namal regresion of tre
system

Gibson and Barclay (1989) suggestiesbachiarDienerianagefor the Phroso iistone
member anghredominantlySmithian-Spathian age for the Vega Siltstone Men(fégure 2.2)
basedorimarily on sparse ammonite biostratighy. This impliesthatthe boulary between
these members, althoughostlikely diachronousapproximateshe DieneriarSmithian
substagéoundary A similarand potentially equivaleftoundarydefined by a chagein clay
contenthas been recognized iretBubsurfag Montney Formation ath hasalsobeeninterpreted

to coincidewith the DienerianSmithian boundaryEuzen et al., 2015

2.6.2.3IntraVega Siltstone Membe&Zomposite Scour Surface:

A compositescour surfacevith up to 9m of local relief was identifiedthin thestudy
area. This surface is best ebgedat the Evanrhomas Creek outcrop (Figuze20). The

sediments which infill the scours are described in more detail below. This surface igtddfic
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pinpoint & locations without large lateral exposubDespitehis difficulty, this surface is also
recoquised at Hood Creek and Canmore Dog Park and is placed at the base of the first thick
amalgamated sandstone with a scoured base. This scagesigrhot okened at the Sawmill
Ridge outcrop, anore @leodistaloutcropcompared to the others. Thiglicates that the scour
surface is not continuous across the entire basin and may only have formed in more proximal

settings.

2.6.2.4Intra-Vega SiltstondMember Trangresive Surface

This surface occurs nearethop of tle Vega Siltstone Member and is recisga & all
outcrops in this study. The firgrained deposits immediately above the surface form a recessive
bench at théop of the cliff at EvasiThomasCreek andatthe Sawmill Ridge outcro he same
surface also fomsasmallwaterfall at Hood Creeknal a $ep in the CanmorBog Park spillway
due to the resistivihickly-beddedsands below and the more fissile siltstone abStrata above
this suface compriselistinctive coarsening upward cycles witlghly scourd bedding
geometrywhich aredescriledin detailbelowin section 2.5.3.§Unit 6). At Sawmill Ridge the
strata above this surface differ slightly from the other outcrops in that they contain abundant
ddocoquina lensedearingsomesimilarity to the AltaresMemberof the Montney Brmation

defined in the subsdace(Zonnevdd and Moslow, 2018)

2.6.2.5Top of the VegaSiltstone Member:

The Vega Siltstone Member within the study area is either overlain abhypsiltstone
or silty limestone of th&Vhistler Manber by the coarser clastics anddstoneof the Llama
Member, or unconformably overlain by thealds of thelurassic Fernie Group (Gibson, 1969)

(Figure2.21). The Whistler or Llam&ember overlie th& ega Siltstone Member at Hood Creek
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and Swmill Ridge (Gibson, 1969; Golding et al., Z)1 At EvanThomas Creek and at the

Canmore Dog Park, the Ve@dtstone s overlain by the sublurassic Unconformity.

2.6.3SedimentaryUnits at EvanThomas Creek:

The Eva-Thomas Creek outcrop provides the bastral andvertical exposure of Vega
Siltstore Memter and Phroso Siltstone Member strata available witl@rstiddy area and is the
ideal location for assessing mefieale sedimentary fabric. At Ev@momasCreekthese
members have been divided into 6tsiJnit 1 encompassinghe Phroso Siltstonglember, and
Units 26 within Vega Siltstone MembdFigure2.20 2.22.

Theseunits were defined on based on several criteria, listed here in order of amgeart
the kedding geometry and bed thickness obdae/&rom the orthomosaic images (i.e.
sedimenrdry fabric), grainsize, bed thickness, and sedimentary structures observed on the outcrop
(i.e. sedimentary facies), and lastly changes in composition asiediby te XRF profile
and/or gamma ray respon3eh e t edimemtariy fabric i n t I8 isesl in ¢hé aomtext ofi
distinctive bedding thicknesses, bedding geometries, erosional surfaces, arehtagi bodies.
Theunits defined below are specific toet EvanThomas Creek location, although similabrics
were observed and recognised at othcrop locations within this study

Orientation of sole marks at the Hood Creek and Canmore Dog Rarkmaishown
paleoflow to the west with an average azimaot 2@ degrees. Assuming the sole marks are
aligned downslope, the shoreline trend is llixeapproximately perpendicular to the axis of the
sole marks, striking at 9 degrees. Outcrop strikevah-Thomass at 333 degreeand is thus at
a 33 degree g@te to he shoreline and 54 degree angle to ipesdction.Thereforethe line

drawing atEvanThomasis neither a digsection or a true strike section, as it is oblique to both.
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2.6.3.1Unit 1: Dark, argllaceous siltstone

This unit is observed at the basdtu setion at the EvaitThomas Creek outcrop @tire
2.23a) and corresponds to the Phrosdssthe Member. Although the Phroso Siltstone Member
is approximately 41 m thick at this location, the bott24 m of the Member is covered, leaving
only 17 m of setion exposed in Unit 1. Sediments in this uoansist ofthinly-bedded
argillaceous siltstoe with occasional beds of coarse siltstone or sfarg grained sandstone
(facies 1 and 2). Bed boundariare typically planar, and individual beds are corrblatave
distances of at least 1500m, with Btithange ithickness. Although some minorrdenetre
scale scouring is observed, no high relief scours or truncations were observed. The topiof the un

is the Vega Siltstone Memb&hroso Siltstone Membeogtact.

2.6.3.2Unit 2: Low-amalgamation coarsening siltstone b sandstone

This base of this unis the Vega Siltstone Memb&hroso Siltstone Member contact.
Unit 2 is 40 m thick and is observed to En upwards overall. The dominant facies in this unit
transitins from facies 2 at the base, to facies the midlle, to facies 4B in the upper paf the
unit, reflecting an overall increase in energy. This is interpreted to represent an overalgshoal
upwards succession.

Unit 2 is split in to three uts which are discussed below. Each subunit srabterized

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

Unit 2A: Thinly-bedded siltstone:
Thisunit is dominated by the thinly bedded siltstone to samésfacies 2, although
laminated dark siltstose hummockycross stratified verfine-grainel sandstones, convoluted

beds (facies 1, facies 4B, and facies 4C, respectively) occur rarely. It ishe&knBeds
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generallylaterally continuousindplanaron a metrescale (Figure.24), although bed boundas
are canmonly wavy on the cembetrescak (Figure 2.13al). There are no highelief scour
surfaces, although ciscale scours are relatively comm@articularly within facies 2.

A small slump depositonsistng of folded siltstone strataccurs witlin this unt (Figure
2.22 2.25. The presene of slump deposits indicates gradient and slope instafility top
contact of the slump is planar amdsive, truncating the folded strata of the slympicaing

significant erosive energy in tlieepositiomal enviromment

Unit 2B: Interledded sandsne and siltstone:

This unit is approximately 9 m thick and is dominated by facies 3. This facies safsist
resistant coarse siltstone to véiye grained sarstone leds interbedded with thinllgedded
sandysiltstone At EvanThomas Creek, faere thismterval is exposed in 5500m wide panel,
the lateral continuity of these beds has been assessed. iBtentdseds typically have low relief
top and bottom bowtaries,although both can be undulose, partidylan thicker beds.

Generally, tle sandstonbedsare continuous for 10s to hundreds of metres, and either are
truncated, pinch out, or become so tthat they are indistinguishable from the thiblgdded
siltstone that envelopes them (Figuze2 2.26).

Some thiker very finegrainedsandstone dds(ca. 30cm or more) are observed to extend
across the entire 1500m of exposure. By comparing detaileelgpfrom across the outcrop,
some beds greater than 8D thckness appear to correlate, whereasnbirbeds gparently
pinch out or lhin betweerthe panelgFigure2.26). Lateral variability in the proportion and
thickness of beds greater thanctfthick is apparent from comparison betwéeasepanels.

Most sadstone beds could not be mapped contistyoacrosghe entire outcrop, asost of the
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outcrop was natapturedwith sufficientimageresolution to observe beds less than 30cm thick

andcovera areas of the outcrop limit how far a single bed matyduzed.

Unit 2C: Thinly Bedded Sandstone

Unit 2C is appraimately 8 mthick. The fabric othis unit is defined by thin, mostly
planar bedding, with some scours and occasional thicker beds upra 8bese thicker beds
commonly display undulose top abhdttomcontacts. This unit was observed in mead
section to be predminantly composed daminated very finggrained sandstone (facies 4B). The
top of this unit is marked by a transition fromitsc4B to facies .2

Unit 2C alsacoincideswith a marked increse in the carbonate conterid decreasie
silicarelative to Uit 2B as observed ahe XRFprofile (Figure 28). Thin section analysis
reveals thathange is due tonanaeased proportion of dolomitd the expense of quartz and
feldspar occurringboth as detrital grains armemaent. Interesngly, thethin-section scale fabric
does nomarkedly change frornit 2B to Unit 2C, & the proportion of detrital grairsd
cements relatively consistentespite the obvious compositional charijge geochema
change may represent a change in sedtrsourcig, ocean chemistry, @arbonate mpduction

at the time of deposition.

2.6.3.3Unit 3: Stacked tabular thickipedded sandstone

Unit 3 is defined by thickhbedded tabular veriine graired sandstones (faciés, B,
and C), enveloped by thinnbeddel siltstoneand very finegrained sandston&hese thickly
bedde very finegrained sandstone beds are generally contismwver the 1500 mip-oblique
lengthof the EvarThomas Creek outcrofrigure2.20. The thikly-bedded very fingrained

sandstone lms are sharbased and vertically stackedpackages rangingdm 2 to 8 m thick.
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These packages vary laterally in tregtee of vertical amalgamation (Fig@.27, 2.28. Some
of the thick bes near the top of theection are more discontinuous, and tiaipidly orpinch out
over 100s of metres (fure2.27).

Outcrg measured sections show that the thick beds are pymaagsive very fine
grained sandstone (facies 4A). However, sandstod& Wwith abundant softediment
deformation and deformed intrasks (facie 4C) (Figure2.28 2.29 are inceasingly common
towards the top of the unit. Enveloping the tabular verg-firained sandstone packages within
Unit 3 are thinlybedded siltstoneazasionally interbeddewith 10 to 30 cm beds of coarse
siltstane to veryfine-grained sandstone (facies 2facies 3). Tk top of this unit is marked by
the IntraVega Composite Scoburface. Relief on this surface results in variable thickness of

the wit, which ranges fro30 m to 39 m thick

2.6.3.4Unit 4: Amalgamatedscouffill ing thickly-beddedsandstones

Thebase of this unitsitheIntra-Vega Siltstone @mpositeScour Surface desched
above which erodes into the top of Unit @nit 4 is dominated bytickly-bedded very fie-
grained sandstones (facies 4) thatraghly amagjamated wittabundantnclined inernal scour
surface (Figure2.30. Most scours are broad withZLm of relef, although rare examples with
higher relief are also observed (Fig@r81). The largest othese scours has 9 meters of local
reliefand is shwn in Figure2.31 This large scaufeature occurs ithe middle othe cliff and is
inaccessible for detailembservation. Although this featuceuld notbeaccessed, the fill idark
and massivappeaing in UAV imagery indicating the fill ould be masive sandstone or
siltstone of faes 4A

Theamalganated very finggrained sandstone of Unit 4 is conformabit sharply

overlain by thinlybedded strata at the base of Unit 5. Unitvaisable in ticknessranging
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from 5to 14 m, but ovedll is relaively laterally continuous asi$ observed to extel across the
entire EvanThomasCreekoutcrop Similar fabrics aradentified at the Canmoineog Parkand
Hood Creek locations 10s of kilometers awgigure2.32) and are interpreted to cetate to tle
sediments within Unit 4This fabric is not observe at Sawmill Rilge

Based on observations made primaatythe Hood Creek and Canmore Dog Park
locations, the infilling sediments of the scour featltaeedominated by massive very fine
grained sandstme (facies#A) and softsediment dformedsiltstoneto very-fine graned
sandstone (facie®C), with common itraclasts found within the sandstone bdedgyre2.29).

The massive and intraclastic depssite overlain by thinWpedded strata déacies 2 o facies 3.

2.6.3.5Unit 5: Isolated scaufilling thickly -beddedsandstones

This unit extends from the top of themalgamated sandstones described in Unit 4 to the
Intra-Vega Siltstone Transgressive Surfaceiolwlmarks the top of the unit, and is
appoximately17 m thick. Thisunit contains saars with a similascale and geometry to those
described below in Unit 4.hese scours are filled with vefine grained sandstone. However,
the thickly-bedded scouifill ing sandstones within Unit 5 are morelated, bothvertically and
laterally, than tbse in unit 4. In btween the scotfilling sandstones are thin beds intedoled
with occasional 1680 cm thick beds (most likely facies 3). This interval also conthinkly-
bedded tabular sandstone bodiethaut scoued basesHigure2.33, although hese beds are not

as laterally continuous as beds of similar thicknessrobgen Unit 3.

2.6.3.6Unit 6: High-amalgamation coarsening siltstone to sandstone

This unit isbounded by the Intr¥ega Siltstone Membélransgresive Surface ats

base and theug-Jurassic Unconfonity above, encompassing approximately 60m of
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stratigrgphy. However, only 25m within the center of the unit is veelbugh exposed to examine
and desibe the metrescale sedimentarfabric (Figure2.34a). In this unitbeds aregeneraly
thin but low angd scours are commoRiQures 2.35, b,2.36 2.37, 2.38. These scours are
typically several centimetres to 10s of centimetres deip,beds directhabovecommonly
conformable to the scosurface Sanescourshavea stepped profilersd are often drapedith a
thin (1-2cm) layer of mudstone just above thewscsurfaceKigure2.37). Similar scours have
been reported elsewhere within the Vega Silstglemberand were interpreted to belormgd
shorefa@e environment (Bson and Poultgril994).Analysis d the EvanThomas Creek
orthomosaic shosthatscour sufaces are abundant throughout the inteavell metrescale
lenticular bedding is comman thisunit (Figure2.34a). Grain size is obseed to oveall
coarsen upwards from fine silbne to very fingrained sandstonee8imentary facieare
observed to sick from facies 2 at the base, to facies 3, to fatisest the top of the cyclwith
scours bimg increasingly common toward the topgicating hcreasing energy and a shoaling

upward succession

The succession of faciesbserved irJnit 6 is very simila to the succession observed in
Unit 2. These twaunits display similar smakcale sedimentarstructuresKigure2.34, 2.39),
including currentipples, wave ripples, and hummoeksoss stratificatin. However, the two
units differ in terms of their metescale bedding geometrynit 6 is characterized by the
abundance of scours and lenticuladdieg, whereatnit 2 displays a much mertabulas

beddedfabric (Figure2.34).
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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&imes vertical exaggeration orthomosaic.
Closeup images shownn Figure 2.23are located and referred to in red boxes and
lettering.

Hood Canmore
W Creek Dog Park =

Sawmill Ridge

334D SeWOL| UeA]

Figure 2.21 Schematic stratigraphic relationships within the study area. Modied from
Gibson (1969).
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Figure 2.22 South wall of the Evan-Thomas Creek outcroporthomosaicshowingvertical
variation in sedimentaryfabric. No vertical exaggeration.
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