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ABSTRACT

Deep-marine sandstones containing significant (> 10%) detrital mud (silt and clay) matrix
have become increasingly recognized, but mostly in drill core or poorly exposed outcrops where
details of their vertical and lateral variability are poorly captured. Exceptional vertical and along-
strike exposures of matrix-rich and associated matrix-poor deposits in deep-marine strata of the
passive margin Neoproterozoic Windermere Supergroup and foreland basin Ordovician
Cloridorme Formation, provide an unparalleled opportunity to document such characteristics.

In both study areas, strata form a 100s m long depositional continuum that at its upflow
end consists of thick-bedded matrix-poor sandstone (<20% matrix) that transforms progressively
downflow to medium- to thick-bedded muddy sandstone (20 — 50% matrix) to medium-bedded
bipartite facies with a basal sandy (30 — 60% matrix) part overlain sharply by a muddier part (40
— 80% matrix), and then to thin-bedded sandy mudstone (50 — 90% matrix). This depositional
continuum is then overlain everywhere by a thin- to very thin-bedded traction-structured sandstone
and/or silty mudstone cap. This consistent lithofacies change is interpreted to reflect particle
settling in a rapidly but systematically evolving, negligibly-sheared sand-mud suspension
developed along the margins (Windermere) and downflow terminus (Cloridorme) of a high-
energy, mud-enriched avulsion jet.

Stratigraphically upward, beds of similar lithofacies type succeed one another vertically
and transform to the next facies in the depositional continuum at about the same along-strike
position, forming stratal units 2-9 beds thick whose grain-size distribution gradually decreases
upward. This spatial and temporal regularity is interpreted to be caused by multiple surges of a
single, progressively waning turbidity current, with sufficient lag between successive surges for
the deposition of a traction-structured sandstone overlain by mudstone cap. Furthermore, the
systematic backstepping or side-stepping recognized at the stratal unit scale in both the
Windermere and Cloridorme is interpreted to be driven by a combination of knickpoint migration
and local topographic steering of the flows, which continued until the supply of mud from local
seafloor erosion became exhausted, the main channel avulsed elsewhere, or a new stratal element
developed.



RESUME

Les grés marins profonds contenant une matrice importante (> 10 %) de boue détritique
(limon et argile) sont de plus en plus reconnus, mais principalement dans des carottes de forage ou
des affleurements mal exposes ou les détails de leur variabilité verticale et latérale sont mal saisis.
Des expositions exceptionnelles, verticales et le long de la strie, de dép6ts riches en matrice et de
dépots pauvres en matrice associés dans les strates marines profondes de la marge passive du
supergroupe néoprotérozoique de Windermere et de la formation ordovicienne de Cloridorme du
bassin d'avant-pays, offrent une occasion sans précédent de documenter ces caractéristiques.

Dans les deux zones d'étude, les strates forment un continuum de dépdt des centaines
meétres de long qui, a son extrémité amont, consiste en un gres pauvre en matrice a lit épais (<20%
de matrice) qui se transforme progressivement dans la direction de courant en un grés boueux a lit
moyen a épais (20-50% de matrice), en un faciés bipartite a lit moyen avec une partie basale
sableuse (30-60% de matrice) fortement recouverte par une partie plus boueuse (40-80% de
matrice), puis en un mudstone sableux a lit mince (50-90% de matrice). Ce continuum de dép6t
est ensuite recouvert partout par une couverture de grés a structure de traction et/ou de mudstone
silteux en couche mince a trés mince. Ce changement cohérent de lithofaciés est interprété comme
le reflet de la sédimentation de particules dans une suspension de sable et de boue a cisaillement
négligeable, a évolution rapide mais systématique, qui s'est développée le long des marges
(Windermere) et du terminus aval (Cloridorme) d'un jet d'avulsion a haute énergie, enrichi en boue.

Vers le haut de la stratigraphie, les lits de type lithofacies similaire se succedent
verticalement et se transforment en faciés suivant dans le continuum de dép6t a peu pres a la méme
position dans la direction de courant, formant des unités stratales de 2 a 9 lits d'épaisseur dont la
distribution granulométrique diminue graduellement vers le haut. Cette régularité spatiale et
temporelle est interprétée comme étant causée par de multiples poussées episodiques d'un seul
courant de turbidité qui s'atténue progressivement, avec un décalage suffisant entre les poussées
successives pour permettre le dép6t d'un gres structuré par traction et recouvert d'une couverture
de mudstone. De plus, le recul systématique ou le déplacement latéral reconnu a I'échelle de l'unité
stratale dans le Windermere et le Cloridorme est interprété comme étant le résultat d'une
combinaison de la migration des points d'inflexion et de I’influence de la topographique locale sur
le flux, qui s'est poursuivie jusqu'a ce que l'approvisionnement en boue provenant de I'érosion
locale du fond marin soit épuisé, que le chenal principal soit avulsé ailleurs ou qu'un nouvel
élément stratale se développe.
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CHAPTER 1: THESIS INTRODUCTION

1.1 THESIS RATIONALE

The description, classification, and origin of deep-marine matrix-rich sandstones (i.e.,
sandstone with significant (> 10%) clay and silt matrix) have been debated since the 18" century
when the term greywacke was introduced into the geological literature as ‘grauwache’ by Lasius
(1789 in Huckenholz 1963). Sedimentologists have generally attempted to either define them
based ontheir texture and/or composition (see review in Klein, 1963), or origin of the matrix
(detrital vs. diagenetic) (see review in Cummins, 1962). However, it has been increasingly
recognized in the distal reaches of both ancient (e.g., Haughton et al., 2003) and modern turbidite
systems (e.g., Twichell et al., 1991) that there exists a variety of matrix-rich strata that are unlike
classical turbidites or debrites and should be examined and interpreted based on their physical
origin and associated depositional environments. Importantly, due to their high mud content, these
matrix-rich strata have been reported to exhibit poor reservoir quality, and therefore are of concern
in deep-water reservoirs (e.g., Lowe et al., 2003; Haughton et al., 2003; Kane and Pontén, 2012).
Distinctively, these strata are made up of two-parts—a lower sandy part and an upper muddy part,
but uncommonly, an intervening cm- to m-thick banded unit comprising light (mud-poor) and dark
(mud-rich) bands is present (e.g., Barker et al., 2008; Haughton et al., 2009; Southern et al., 2017).
Collectively, these strata have been variously termed slurry beds (Lowe and Guy, 2000), linked
debrites (Haughton et al., 2003), co-genetic debrite turbidite beds (Talling et al., 2004), hybrid
event beds (Haughton et al., 2009), transitional flow deposits (Kane and Pontén, 2012) and
bipartite facies of matrix-rich sandstones (Terlaky and Arnott, 2014; Angus et al., 2019).

Furthermore, these strata are reported to develop downflow of clean (i.e., less muddy) sands over



distances of hundreds meters (e.g., Terlaky and Arnott, 2014; Angus et al., 2019; Ningthoujam et
al., 2022) to few kilometers (e.g., Lowe et al., 2003; Haughton et al., 2003; Fonnesu et al., 2018),
to tens of kilometers (e.g., Davies et al., 2009; Talling et al., 2012a, 2012b, 2013). In all cases,
deposition of the two superimposed layers are interpreted to be genetically related but explained
by very different physical mechanisms including slurry flows that are an intermediate flow type
between non-cohesive turbidity currents and cohesive debris flows (Lowe and Guy, 2000); hybrid
flows consisting of at least two discrete and mechanistically different parts, namely a turbidite
overlain by debrite (Haughton et al., 2009); longitudinal flow transformation (Kane and Pontén,
2012); vertical stratification effects and turbulence suppression in a high-concentration suspension
(Talling, 2013; Kane et al., 2017); and particle settling in a negligibly sheared mixed mud-sand
suspension (Angus et al., 2019). Much uncertainty arises because many of the examples are
described from core or from discontinuous and generally poorly exposed outcrops and, as such,
details of any vertical, and especially, lateral variability, remain poorly understood.

Accordingly, the objective of this thesis is to improve our understanding of the spatial and
temporal distribution of matrix-rich and associated matrix-poor strata by investigating their lateral
and vertical changes in two exceptionally well-exposed outcrops: slope to proximal basin-floor
strata of the Neoproterozoic Windermere Supergroup exposed at Castle Creek, British Columbia,
and distal basin-floor strata of the Cloridorme Formation exposed at Petite Vallee, Quebec. The
superb exposure of these two outcrops permitted centimeter- to millimeter-scale observations to
be carried out continuously over distances of tens of meters vertically, but more importantly,

several hundreds of meters parallel to bedding.



1.2 GEOLOGICAL AND STRATIGRAPHIC SETTINGS OF THE WINDERMERE
SUPERGROUP

The Neoproterozoic (740-570 Ma) Windermere Supergroup (WSG) is an unconformity
bounded, 2 to 9 km-thick succession representing rift to drift sedimentation associated with the
break-up of the Rodinia supercontinent and subsequent formation of the Proto-Pacific Ocean (Ross
and Arnott, 2007; McMechan, 2015). The WSG crops out for over 4000 km from the Yukon-
Alaska boarder to the Sonoran Desert in northwestern Mexico (Fig. 1.1A). In Mexico and the
United States, the outcrops are discontinuous and comprise continental and shallow-marine strata
(Link et al., 1993). Further north, the WSG crops out continuously from southeastern British
Columbia to northwestern Yukon and consists of deep-marine siliciclastic rocks in the southern
Canadian Cordillera (Campbell et al., 1973; Ross et al., 1995), and shelf and upper-slope strata
farther north in the Mackenzie Mountains (Ross et al., 1995).

Initiation of WSG sedimentation is interpreted to have coincided with Neoproterozoic
rifting of the supercontinent Rodinia and subsequent development of small rift basins (Stewart,
1972). In southeastern B.C. these isolated basins are filled with coarse-grained glaciomarine
deposits of the Toby Formation intercalated with mafic volcanic rocks of the Irene Formation
(Aalto, 1971; Ross et al., 1995) (Fig. 1.1B). Continued rifting ultimately led to the development
of a deep-ocean basin (proto-Pacific Ocean) and formation of an extensive passive continental
margin along the northern (now western) margin of Laurentia (Ross et al., 1995). The overlying
post-rift succession (Fig. 1.1B), which is particularly well exposed in the Cariboo Mountains of
east central British Columbia, consists of an up to 5 km-thick, upward-shoaling succession
composed of sheet-like basin-floor sandstone and mudstone (Kaza Group) overlain successively

by slope leveed-channel complexes (Isaac Formation), upper slope to outer shelf limestones



(Cunningham Formation), and high-energy mixed carbonate-siliciclastic continental shelf deposits
(Yankee Belle Formation) interpreted to represent the progradation of the Laurentian (ancestral
North America) continent margin into the thermally subsiding proto-Pacific Ocean (Ross, 1991,

Ross et al., 1995; Ross and Murphy, 1988; Hadlari et al., 2021).

B YANK'S PEAK . e
569.6 £ 5.3 Ms 1
CAMBRIAN FORMATION 9 .b."fﬁ“"‘[’ m/ Iccs
YANKEE BELLE '
FORMATION = 1
nzzﬁ:;’: CUNNINGHAM e 2000
FORMATION 1
/ ICC5
/
. /
o
Monkman Pass ISAAC *CC4
%) FORMATION | |— * .
- w )
o |- . 1500. Iccs |3
g
Cariboo N L
Mountains ] [%2]
o4 O JEN ____ X Icc2
w o [ 0782470 |
(Re-Os WR)
Rocky b= 5 ICC1
Mountains 0 KAZA
4 GROUP g
o ICCo
b (]
Purcell (T I N W e —————— e
Mountains >
IRENE 7| - S
| southeastern VOLCAMCﬁ’ > ca. 685 Ma 2
Idaho and Utal o (U-Pb zircon) e =
s = £
SoToBY | >=| 4, ©
+ FORMATION | ¢) ca.736 Ma * fs)
eastern Z (U-Pb zircon)
|— california MESO- BELT-PURCELL
and Nevada PROTEROZOIC| SUPERGROUP 0
AN
[
ElIMafic volcanics [TXMudstone-rich deposits [T] Sandstone and conglomerate % Regional marker %This study
30° [EWDiamictite [l Mass-Transport Deposits (Debrite/ Slide/ Slump) [Ill Mixed carbonate-siliciclastic unit (regional marker)

‘Nw

Figure 1.1: A) Distribution of exposed Windermere Supergroup strata in western North America. Red circle
indicates the location of the Windermere turbidite system in the southern Canadian Cordillera and the yellow
rectangle indicates the location of the Castle Creek study area (modified after Smith et al., 2014, from Ross, 1991).
B) (Left side) Correlated schematic stratigraphy of the Windermere Supergroup. Age control is provided on the
right of the log. (Right side) Generalized stratigraphic log of the Castle Creek outcrop. Here, strata consist of basin
floor deposits of the Upper Kaza Group conformably overlain by slope channel deposits of the Isaac Formation.
Labels on the right (ICCO to ICC6) are informal names for Isaac slope channel complexes. Location of intervals
described here are indicated by the red stars. C) Overview of the Castle Creek study area in the Cariboo Mountains,
east central British Columbia, Canada (satellite image from Google Earth, 2019). The study intervals are
highlighted by the red rectangles.



The geochronological control of the WSG in the southern Canadian Cordillera is poor due
to a paucity of datable volcanic rocks, absence of biostratigraphic control, and the predominantly
siliciclastic nature of the strata. Nevertheless, maximum and minimum ages of WSG are
constrained by ages obtained from rocks occurring below and above the WSG sedimentary
succession. U-Pb dating of crystalline basement rocks that unconformably underlie the WSG
provide a maximum depositional age of WSG of 740-728 Ma (Evenchick et al., 1984; Parrish and
Scammell, 1988). On the other hand, U-Pb dating of rhyolites in the Gog Group that
unconformably overlie the WSG provide a minimum depositional age of 569.6 + 5.3 Ma (Colpron
et al., 2002). Furthermore, indirect ages derived from detrital zircons in syn-rift volcanic and
magmatic rocks at the base of the Windermere sedimentary pile in other areas of western North
America indicate rift associated volcanism between ~ 700-680 Ma, including the Gataga volcanics
in the northern Canadian Cordillera (696-690 Ma) (Macdonald et al., 2018) and 700-680 Ma rift
volcanic rocks in Idaho (e.g., Lund et al., 2003; Keeley et al., 2013). Most recently, a minimum
age for rift-related volcanism was indicated by a zircon peak at ~ 666 Ma, which was interpreted
to be coincident with continental break up, and therefore the maximum depositional age of the
Windermere turbidite system (Hadlari et al., 2021). The only direct date reported from within the
WSG is a Re-Os date from organic-rich mudstones in the Old Fort Point Formation at 607.8 + 4.7
Ma (Fig. 1.1) (Kendall et al., 2004).

Despite the absence of biostratigraphic markers, regional correlations of the WSG strata
throughout the southern Canadian Cordillera have been made possible by three regionally
extensive marker units that include the Old Fort Point Formation and two deep-water limestone

units. The ~ 50-450 m thick Old Fort Point Formation is characterized by a distinctive lithofacies



succession consisting of purple-coloured siltstone grading upward into rhythmic limestone—
siltstone, organic-rich mudstone, and a heterolithic interval of conglomerate, sandstone, siltstone—
mudstone and limestone. The OFP extends across the entire deep-marine WSG outcrop belt in the
southern Canadian Cordillera and in the Cariboo Mountains separates the Middle and Upper Kaza
groups (Smith et al., 2014). Strata are suggested to have been deposited during an abrupt basin-
wide eustatic rise associated with the end of the Marinoan glaciation (Ross et al., 1995; Kendall et
al., 2004) followed by a dramatic eustatic fall (Smith et al., 2014). In the Isaac Formation, two
carbonate marker units are present and informally are termed the first and second Isaac carbonates
(Fig. 1.1B). The Isaac carbonates are 10-250 cm thick units consisting of thin-to medium-bedded
calciturbidites, calcidebrites, and large carbonate slump blocks that are interpreted to have been
deposited during highstand conditions with attendant carbonate production on shelf and reduced
siliciclastic input into the deep-water basin (Ross et al., 1995; Ross and Arnott, 2007; Cochrane,
2018; Cochrane et al., 2019).

Provenance studies of the WSG in the southern Canadian Cordillera reveal a bimodal
distribution of 1950-1750 Ma (Paleoproterozoic) and > 2600 Ma (Archean) zircon ages suggesting
that sediment was sourced mainly from the southern Canadian Shield and the eastern Belt Basin
(Ross and Parrish, 1991; Hadlari et al., 2021). However, a single sample from the slope channel
deposits of the Isaac Formation shows a subpopulation of 2300 —1900 Ma zircons suggesting a
temporary change in provenance from east/southeasterly to northerly and then back to
east/southeasterly (Hadlari et al., 2021). Aside from this temporary shift, regional paleocurrent
data within the WSG indicate a general west—northwest direction of sediment transport, which is

consistent with an eastern to southeastern sediment source (Ross and Arnott, 2007).



This study focuses on deep-marine strata of the WSG basin that are well exposed at Castle
Creek (Fig. 1.1C) where vertically dipping, recently deglaciated, vegetation free strata of the Upper
Kaza Group and Isaac Formation form an outcrop belt that is up to 2.5 km thick and 8 km wide,
and where individual beds and bedsets can be traced for several tens to hundreds of meters along-
strike. However, due to the paucity of three-dimensional outcrop in the study area, accurate
assessment of paleoflow was difficult. Instead, in this study the consistent along-strike thinning
and fining of individual beds and bedsets was assumed to broadly approximate local paleocurrent
direction, and also represent a maximum length for any observed facies changes. Moreover, at
Castle Creek, due to Mesozoic tectonism associated with the Cordilleran orogeny, the rocks have
undergone low-grade (greenschist facies) metamorphism, which has resulted in alteration of
primary clay mineral matrix to muscovite and chlorite and strain-induced structures like bulging
recrystallization and sub-grain rotation along some grain boundaries (Popovi¢, 2016). Despite
these conditions, primary sedimentary features and most sedimentary textures, namely grain size,
grain shape and sorting are well preserved, and therefore are described and classified as

sedimentary rocks (Ross and Arnott, 2007).

1.3 PREVIOUS WORK (WINDERMERE SUPERGROUP)

This study is one of several that have described matrix-rich sandstones in the Windermere
Supergroup (Arnott, 2007a, 2007b; Altosaar, 2007; O’ Byrne et al., 2007; Davis, 2011; Terlaky,
2014; Terlaky and Arnott, 2014; Dumouchel, 2015; Popovi¢, 2016; Angus, 2016; Terlaky and
Arnott, 2016; Wearmouth, 2018; Angus et al., 2019; Arnott et al., 2021). The first comprehensive
study of these strata was, undertaken by Terlaky and Arnott (2014), in which matrix-rich

sandstones from the Upper and Middle Kaza groups were observed to undergo an along strike



facies transition from relatively matrix-poor (20 to 30% matrix) to matrix-rich sandstone (30 to
50% matrix) and then to thin-bedded turbidites over distances of 10s to 100s of meters. Moreover,
matrix-rich strata were observed laterally adjacent to coarse-grained, matrix-poor, scour-based
sandstones that contained large (up to 15 cm thick and 1 m long), often angular sandstone or
mudstone clasts near their bases. Furthermore, Terlaky and Arnott (2014) reported matrix-rich
strata to occur exclusively as several-meters-thick stratigraphic units in various depositional
environments including the Isaac Formation (base of slope setting), Upper Kaza Group (proximal
basin floor setting), and Middle Kaza Group (medial basin-floor setting), where they abruptly
underlie matrix-poor architectural elements of coarse sandstone (slope channels, distributary
channels and splays). These observations collectively led to the interpretation that matrix-rich
strata represent deposition during activation of the local sedimentary system, most likely due to
avulsion of an upflow channel. During avulsion, highly energetic flows likely scoured the mud-
rich seafloor and charged the flows with fine-grained sediment. On the margins of the avulsed
high-energy jet flow, particle settling resulted in deposition of matrix-poor followed by matrix-
rich sandstones, and finally thin bedded turbidites. Notably, the occurrence of matrix-rich strata in
a variety of paleogeographic settings, including base-of-slope and proximal to medial basin floor
suggested that deposition of these strata was not paleogeographically, but rather mechanistically
controlled.

Popovi¢ (2016) provided further insight into the along-strike facies changes of matrix-rich
strata by conducting a detailed facies analysis in proximal basin-floor deposits of the Upper Kaza
Group. In this study, an along-strike succession of facies from amalgamated matrix-poor
sandstones (< 25% matrix) to amalgamated to better stratified clayey sandstones (25-40% matrix),

to sandy claystones (> 50-70% matrix) and then to either fine-grained, banded couplets or thin-



bedded, upper division turbidites was reported over distances of 10s to 100s of meters. Like
Terlaky and Arnott (2014), this systematic arrangement of facies was interpreted to represent
deposition along the margins of an avulsed flow.

Angus (2016) further described the lateral depositional continuum of matrix-rich strata in
the Upper Kaza Group, but also slope deposits of the Isaac Formation. In this study, strata were
reported to exhibit a rapid lateral lithofacies transition from clayey sandstone (10-30% matrix) to
a two-part bed consisting of a basal sandy part (10-45% matrix) overlain abruptly by a planar-
based, clayey upper part (20-65% matrix), collectively termed bipartite bed. Laterally, the basal
sandy part of the bed progressively thinned whereas the upper clayey part initially thickened and
then remained constant in thickness thereafter. Further laterally, the basal sandy part pinched-out
and the bed comprised entirely of sandy claystone, which then thinned and ultimately pinched-out.
The entire transect was then overlain by a matrix-poor, thin-bedded turbidite that extended beyond
the pinch-out of the clayey sandstone. This 10s to 100s m long lateral continuum was interpreted
to reflect particle settling in a rapidly but systematically evolving, negligibly-sheared sand-mud
suspension developed along the margins of a high-energy, mud-enriched avulsion-related wall jet
(Angus et al., 2019).

Most recently, Wearmouth (2018) studied the vertical stacking pattern of matrix-rich strata
in the Isaac Formation. In this study, based on field observation and statistical analysis (first order
Markov chain analysis), lithologically similar facies were reported to typically succeed one another
and form packages comprising 2 to 7 beds. Additionally, within a single package, beds were
observed to undergo transformation from one part of the depositional continuum to the next at
about the same lateral position. Based on these observations, the individual beds within a single

package were interpreted to be deposited from successive avulsion related flows of similar



hydraulic and compositional character. Furthermore, at a larger scale (several meters), packages
were observed to stack in three distinctive stratal assemblages: SA-1, composed of multiple
packages of intercalated matrix-rich (clayey sandstone, bipartite bed and sandy claystone) and
matrix-poor strata; SA-2, composed exclusively of matrix-rich packages; SA-3, made up of
classical (matrix-poor) turbidites. Vertically, SA-1 and SA-2 were reported to stack together and
were sharply bounded by successions consisting exclusively of SA-3. Additionally, SA-1 was
observed to transition laterally into SA-2. This lateral and vertical juxtaposition of SA-1 and SA-
2 was interpreted to reflect the abrupt lateral displacement of the axis of the main avulsion jet

followed by a period of temporary stabilization.

1.4 GEOLOGICAL AND STRATIGRAPHIC SETTINGS OF THE CLORIDORME
FORMATION

The Ordovician Cloridorme Formation (CF (460-445 Ma)) is one of several turbidite
systems deposited along an elongate foreland basin located between cratonic North America to the
northwest and the developing Taconic orogen and its associated volcanic arcs to the southeast (St-
Julien and Hubert, 1986; Hiscott et al., 1986). This foreland basin extends from Newfoundland to
Alabama and is separated into ~100 km long segments by structural highs (Hiscott et al., 1986).
The CF crops out semi-continuously over about 150 km in intertidal exposures along the north
shore of the Gaspé Peninsula, Quebec, Canada, and stretches from L'Anse-a-Valleau in the east to
Marsoui in the west (Awadallah and Hiscott, 2004) (Fig. 1.2A). The Cloridorme sedimentary pile
is interpreted to be sourced from an accretionary collage to the southeast that consisted of older
cratonic clastic and carbonate rocks, a large ophiolite, and volcanic arcs associated with the

ongoing Taconic orogeny (Enos, 1969; Beeden, 1983, Hiscott, 1984; Ma, 1996).
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The depositional age of the CF (460-445 Ma) is constrained based on the presence of late
Caradoc—Ashgill age graptolite assemblage zones ranging from Nemagraptus gracilis to
Climacograptus spiniferous zone (Fig. 1.2B) (Riva, 1968). During this time period, at least 4000
m of basin-plain and submarine-fan deposits accumulated in the Quebec segment of the foreland
basin forming the CF (Enos, 1969; Hiscott et al., 1986, Pickering, 1987). Here, based on lithofacies
and extensive marker beds (megaturbidites), Hiscott et al. (1986) divided the CF into six members
(Fig. 1.2B). The oldest St-Heélier member is up to 1140 m thick and represents distal basin-floor
mudstones. Overlying the St-Hélier member is ~ 580 m thick outer-fan lobes and fan-fringe
deposits of Pointe-a-la-Frégate member that transitions westward to basin-floor mudstone deposits
of Manche d’ Epée member (Fig. 1.2B). Stratigraphically upward, an ~ 835 m thick succession of
outer fan lobes strata forms the Petite-Vallée member, which then is blanketed by a ~ 475 m thick
mudstone deposit of Mont-St-Pierre member interpreted to have accumulated during the late
Caradoc eustatic highstand. The youngest Marsoui member is ~ 1000 m thick and is interpreted to
comprise mixed sand-and-mud deposits of the mid-fan setting. More recently, Awadallah and
Hiscott (2004) reassessed the lower subdivisions (St-Hélier to Petite-Vallée member) of the CF by
tracing and correlating 71 megaturbidite beds and 9 K-bentonite horizons and identified three
allostratigraphic members (St-Hélier allomember, St-Yvon allomember, and Petite-Vallée
allomember). The ~ 1150 m thick St-Hélier allomember is identical to the St-Hélier member of
Hiscott et al. (1986), whereas the St-Yvon allomember makes up the lower ~ 320-350 m of the
Pointe-a-la-Frégate member of Hiscott et al. (1986). The overlying Petite-Vallée allomember is ~
1100 m thick and constitutes the remaining upper part of the Pointe-a-la-Frégate member and the
Petite-Vallée member of Hiscott et al. (1986). Overall, paleocurrent analysis of the CF members

indicates an initially westward-prograding deep-marine system (St-Hélier to Petite-Vallée
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member), followed by deposition of a mud blanket during the late Caradoc global sea level rise
(Mont-St-Pierre member), and succeeded by an eastward-prograding deep-marine system

(Marsoui member) (Hiscott et al., 1986; Pickering, 1987).
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The CF study area is located near the village of Petite Vallée, Quebec (Fig. 1.2) where
steeply dipping (average 78°), east-to-west (271°) striking exposures of the Petite Vallée member

(sensu Hiscott et al., 1986) (ca. 300 m thick and ca. 1 km wide) crop out along an intertidal wave-
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cut platform (Fig. 1.2C). Excellent outcrop conditions allowed individual bed and bedsets to be
continuously traced and correlated over several tens to hundreds of meters along the strike of the
outcrop. In this study area, average paleocurrent measured from troughs of three-dimensional
ripples and tool marks on the base of beds (n=102) is 272° and therefore parallel to the strike of
the outcrop. Additionally, paleocurrents elsewhere in the CF are generally reported to be towards
the west (e.g., Enos, 1969; Parkash and Middleton, 1970; Pickering and Hiscott, 1985; Awadallah,
2002). Moreover, the rocks in CF have undergone very low-grade (zeolite to prehnite-pumpellyite
facies) metamorphism associated with regional tectonic activity during the Taconic Orogeny
(Jiang and Peacor, 1994) and as a result the primary clay mineral matrix has been altered to
illite/muscovite and chlorite; however, this change has negligible effect on the sedimentary
structures and textures, enabling these rocks to be described and classified using conventional

sedimentary terminology.

1.5 PREVIOUS WORK (CLORIDORME FORMATION)

All of the earlier studies of matrix-rich sandstones in the Cloridorme Formation have been
from the 7 member strata of Enos (1969) which is equivalent to the Petite VValléee member of
Hiscott et al. (1986) exposed between Grande Vallée and Petite Vallée. These strata were initially
termed greywackes (type 1 and 2) by Enos (1969). Type 1 greywacke was described as thin- to
thick-bedded, massive to normally graded sandstone with an average matrix content of 34%. Type
2 greywacke, also referred to as argillaceous greywacke, was described as thin- to thick-bedded,
ungraded to coarse-tail graded sandstone with an average matrix content of 56%. Both type 1 and
type 2 greywackes were reported to contain common mud clasts and less common clasts of other

lithologies. Notably, a consistent downflow transition from type 1 greywacke to type 2 greywacke
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and then to laminated silty mudstone (also referred to as argillite facies) was reported over a
distance of a few 100s m (see fig. 28 in Enos, 1969). This downflow facies transition was further
investigated by Parkash (1970) by tracing eight greywacke beds belonging to the B7 member of
Enos (1969) exposed in the Grande Vallée area over an along-strike distance of ~ 3 km. Like Enos
(1969), Parkash (1970) and Parkash and Middleton (1970) reported a consistent downflow
transition from graded type 1 greywacke to ungraded type 2 greywacke and then to argillite facies
over a distance of several 100s m. Moreover, along the transect, type 1 greywacke beds were
reported to develop a two-part (bipartite) character consisting of a sandy, coarser grained basal
part overlain abruptly by a planar-based, muddier and finer grained, mudclast-rich upper part. This
bipartite greywacke bed was interpreted to be deposited from a mixed sand—mud suspension in
two phases. In the first phase, settling of sand particles formed a high-concentration, coarser-
grained lower layer known as a “quick bed” in which the particles were supported by dispersive
pressure. Subsequently, consolidation of this quick bed gave rise to the lower part of the bipartite
bed. This was then followed by deposition from the muddier residual suspension which gave rise
to the finer-grained upper part of the bipartite bed.

Besides lithofacies changes, Parkash (1970) noted a general downflow change in sole mark
type, from groove marks, prod marks and isolated flute marks, to longitudinal ridges, and finally
to occasional groove marks. In addition, the orientation of the sole marks was reported to become
more dispersed with distance along the transect. Parkash (1970) suggested this downflow change
was caused by downflow deceleration of turbidity currents. More specifically, in the proximal part
of the depositional transect, the flow was interpreted to be highly turbulent that allowed some of
the tools (i.e., argillite and calcisiltite clasts) to be transported close to the base of the flow by

dragging or by saltation resulting in the formation of groove and prod marks. Additionally,
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scouring of the bed in favourable places, like small bed-surface irregularities, formed the isolated
flutes. As the flow decelerated further downstream, secondary helical cells developed close to the
base of the flow which led to the formation of longitudinal ridges. At the same time, settling of
sediment formed a high-concentration basal layer that caused the tools to be suspended higher in
the flow where they eventually became deposited. Further downflow some of the remaining tools
in the now mud-rich residual flow settled into the lower part of the flow and formed the occasional
groove marks. Notably, the downflow increase in the variance of sole mark orientation was
attributed to the decelerating turbidity current becoming increasingly influenced by seafloor

topography.

1.6 THESIS OBJECTIVES AND STRUCTURE

The first aim of this thesis is to investigate the spatial evolution of matrix-rich and
associated matrix-poor strata present in slope to basin-floor deposits. To accomplish this goal, 61
and 15 bed-by-bed stratigraphic logs were measured in the slope to proximal basin-floor strata
exposed at Castle Creek and distal basin-floor strata exposed at Petite Vallée, respectively. In both
outcrops, superb exposure allowed for detailed documentation of stratal thickness, bedding
contacts, grain size, sedimentary structures, presence of clasts, and for beds to be traced
continuously for at least several 100s of meters along the strike of the outcrops. In addition, over
200 thin-sections were analyzed to better characterized the sedimentary texture, and matrix and
cement contents of these strata. The second objective of this study is to provide a comprehensive
review of deep-marine matrix-rich sandstones that are documented in the geological literature with
emphasis on their stratal make-up, stratigraphic occurrence, spatial scales and proposed physical

origin. To do this a total of 95 publications between 1808 and 2022 were reviewed and critically
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compared and contrasted. The third thesis objective is to better elucidate the vertical stacking
character of matrix-rich and associated matrix-poor strata in the slope and proximal basin-floor
deposits of the Neoproterozoic Windermere turbidite system and distal basin-floor deposits of the
Ordovician Cloridorme Formation. This was carried out by combining field-based observations
and statistical analyses. Field observations included lithofacies identification and qualitative
determination of vertical stacking patterns at individual bed and stratal units (beds of similar
lithofacies) scales. The observed stacking patterns at both stratigraphic scales were then
quantitatively assessed using a first-order Markov chain analysis.

This dissertation is organized into five main chapters, and is a combination of thesis
monograph and a series of paper-style manuscripts. In chapter 2, a review of sediment gravity
flows, particle settling behavior in non-cohesive and cohesive suspensions as well as interaction
between suspended sediment and fluid turbulence are presented as they collectively form the basis
of the interpretations and discussions in later chapters. Chapters 3 to 5 are prepared as paper-style
manuscripts, out of which chapter 3 is published in the Journal of Sedimentary Research, whereas
Chapters 4 and 5 are intended for further modification and publication in peer-reviewed journals
in the future. Chapters 3 and 5 are based on data collected from Castle Creek (WSG) and Petite
Vallée (CF) study areas. Chapter 4 is a review article on matrix-rich sandstones.

Chapter 3 is an expanded version of the manuscript published in the Journal of Sedimentary
Research, titled “Stratal characteristic and depositional origin of two-part (mud-poor overlain by
mud-rich) and associated deep-water strata—components in a lateral depositional continuum
related to  particle settling in  negligibly sheared mud-rich  suspensions.”
(https://doi.org/10.2110/jsr.2021.053). The co-authors of this publication are Curran Wearmouth

and Dr. R.W.C Arnott.
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Chapter 4 is a manuscript in preparation for submission to Earth-Science Reviews and titled
“From greywache to variously named sand- and associated mud-rich strata—clearing the muddy
waters on a longstanding debate.” The co-author of this publication is Dr. R.W.C Arnott.

Chapter 5 is a manuscript in preparation for submission to the Journal of Sedimentary
Research, titled “Systematic vertical organization of matrix-rich and associated matrix-poor
sandstones in ancient deep-marine slope and basin-floor deposits.” The co-authors of this

publication are Curran Wearmouth and Dr. R.W.C Arnott.

1.7 STATEMENT OF AUTHORSHIP AND CONTRIBUTION

Chapter 3 is based on fieldwork in the Castle Creek and Petite Vallée study areas that was
carried out by the author, with assistance from Tyler Billington, Miguel St-Denis, Jessie Kehew,
Curran Wearmouth and Dr. Arnott. Lithofacies analysis and thin-section petrography was carried
out by the author to minimize operator bias and standardize potential error. Some of the data and
interpretations for this chapter have been taken from previous matrix-rich sandstone studies
including Terlaky and Arnott (2014), Angus (2016), Popovi¢ (2016), and Wearmouth (2018). All
figures were drawn by the author, except where indicated. The initial manuscript for the chapter
was written by the author and later revised through discussion with Dr. Arnott.

Chapter 4 is a literature review of a total of 95 articles on matrix-rich sandstones published
between 1808 to 2022. All figures are author’s own, except where indicated. The initial manuscript
for the chapter was written by the author and later modified following discussions with Dr. Arnott.

Chapter 5 is based on the same fieldwork as chapter 3 and has benefitted from assistance
by Tyler Billington, Miguel St-Denis, Jessie Kehew, Curran Wearmouth and Dr. Arnott. Some of

the data for this chapter have been taken from previous matrix-rich sandstone studies including
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Terlaky and Arnott (2014), Angus (2016), Popovi¢ (2016), and Wearmouth (2016). All figures
were prepared by the author, unless original sources are cited. The initial manuscript was written

by the author and later revised after discussions with Dr. Arnott.

18



CHAPTER 2: THEORETICAL OVERVIEW
2.1 SEDIMENT GRAVITY FLOWS

It is established from observations in lakes, fjords, flume experiments, as well as historical
occurrences like the 1929 Grand Banks event (Heezen and Ewing, 1952), that the dominant agents
for transporting and depositing sediment in the deep sea are sediment gravity flows (Normark and
Piper, 1991). As their name implies, these are mixtures of sediment and water propelled by gravity.
Unlike rivers, where fluid moves the sediment (fluid gravity flow), sediment gravity flows are
generated by gravity acting on the density difference between a local sediment suspension and the
surrounding ambient fluid (Middleton and Hampton, 1973; Navarro, 2016). Flows are initiated
near the continental shelf break and along the continental slope by triggering mechanisms like
earthquakes (e.g., Heezen and Ewing, 1952), local oversteepening of slope (Shanmugam, 2019),
salt movement (e.g., Tripsanas et al., 2004), hyperpycnal river outflows (e.g., Piper and Normark,
2009), local storm re-suspension near the shelf edge (e.g., Piper and Normark, 2009), and tsunamis
(e.g., Gutenberg, 1939). Once formed, these flows can transport over 100 km? of sediment 100s to
1000s of kms across the seafloor at speeds up to 100 km/h (Talling et al., 2012a, 2014). These
submarine sediment movements can be broadly subdivided into two end-member types: mass
movements (i.e., slides and slumps) and sediment flows (i.e., debris flows and turbidity currents).
Mass movements are initiated when gravity exceeds the tensile strength of the sedimentary pile.
Movement continues downslope until the resisting forces, mainly basal friction, overcomes the
gravitational force and the entire sedimentary pile comes to rest. During movement mixing of
ambient fluid into the sedimentary mass can cause it to inflate and particles to eventually become

suspended in the fluid, generating a sediment gravity flow (Shanmugam, 2006). In this study mass
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movement deposits are absent and therefore are not reviewed here. Instead, the remainder of the

section focuses on the description and physical basis of sediment gravity flows.

Sediment gravity flows are traditionally classified into two end-member kinds—frictional
flows (or turbidity currents) and cohesive flows (or debris flows) (e.g., Middleton and Hampton,
1973; Lowe, 1982; Mulder and Alexander, 2001); however, findings from ancient and modern
deep-sea deposits, experiments, and theoretical models suggest a variety of intermediate flow
types. To capture the key parameters and variations between flows, Mulder and Alexander (2001)
proposed a comprehensive classification scheme based on physical flow properties, grain support
mechanisms, and characteristics of flow deposits. In their classification, sediment-gravity flows
are separated into two groups: (1) cohesive flows (mud flows and debris flows), and (2) non-
cohesive friction flows (hyperconcentrated density flows, concentrated density flows and turbidity
currents) (Fig. 2.1).

Cohesive flows, also termed debris flows, are sediment gravity flows with a pseudoplastic
rheology and laminar flow character. Cohesion is generated in these flows by electrostatic bonding
of clay particles forming a network structure of aggregated clay particles that increases fluid
viscosity and develops mechanical strength, termed matrix-strength. This matrix-strength is the
primary sediment support mechanism in cohesive flows; however, other mechanics like buoyancy
effect, dispersive pressure, and elevated pore fluid pressure may also be important (Mulder and
Alexander, 2001). Along the transport path, these cohesive flows may transform partially or
completely into non-cohesive flows either through dilution at the head, and/or fluid entrainment
along the upper boundary, or by passage through a hydraulic jump (Fisher, 1983; Weirich, 1988).
Deposition of debris flows occurs en masse when the base of the downward thickening non-

deforming plug reaches the bed. Debris flow deposits, or debrites are typically structureless and
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massive, with particles up to boulders commonly dispersed in a matrix of mostly clay and silt

grains (Mulder and Alexander, 2001).
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Figure 2.1: Schematic diagram showing the classification scheme for subaqueous sediment gravity flows. Flows
are classified into two types: cohesive flows and frictional flows. Frictional flows are subdivided into
hyperconcentrated flows, concentrated flows and turbidity currents. Also shown in this schematic are the dominant
grain-support mechanisms, idealized velocity profiles, flow shapes, and representative stratigraphic logs (redrawn
by Billington (2019) from Mulder and Alexander, 2001).
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Unlike cohesive flows, frictional flows are sediment gravity flows composed dominantly
of discrete particles that generally do not interact electrostatically, although limited cohesive
strength may develop in some flows with concentrations of clay particles. Three kinds of frictional
flows—hyperconcentrated density flows, concentrated density flows, and turbidity currents are

recognized based on dominant sediment-support mechanisms including grain-to-grain interaction,
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buoyancy, pore pressure, fluid turbulence, and bed support, all of which are dependent on flow
conditions, sediment concentration, sediment type and grain-size distribution (Mulder and
Alexander, 2001).

Hyperconcentrated density flows are made up of > 25 vol.% sediment, with < 2% mud
content, and have a similar sediment-to-water ratio as cohesive flows. These conditions allow
hyperconcentrated density flows to behave as a non-Newtonian fluid; however, due to the lack of
cohesive sediment, flows do not exhibit matrix strength. Instead, sediment is supported principally
by dispersive pressure (i.e., grain-to-grain interaction) (Mulder and Alexander, 2001). Deposition
from these flows occurs by frictional freezing and results in deposits that consists of massive coarse
silt, sand or gravel that locally is inversely graded. Notably, hyperconcentrated density flows may
transform downflow into concentrated density flows, provided the flows becomes sufficiently
diluted by fluid entrainment and the intensity and diffusion of fluid turbulence increases so that

the particle suspension inflates (Mulder and Alexander, 2001).

Compared to hyperconcentrated density flows, concentrated density flows have a lower
sediment concentration (9-25 vol.% sediment). The main particle support mechanism is dispersive
pressure, although fluid turbulence is the dominant support mechanism near the top of the flow.
Deposits typically have erosional bases and are coarse-tail graded, although massive and less
commonly inverse graded beds are observed (Mulder and Alexander, 2001). Traction-transport

structures are observed at the base of some beds.

A lower sediment concentration, specifically < 9 vol.% sediment (i.e., the Bagnold limit),
particles are sufficiently spaced that grain-to-grain interaction is much reduced and the dominant
particle support mechanism is the upward component of fluid turbulence. A turbidity current

deposit, or turbidite, was first described in detail by Bouma (1962), and idealistically consisted of
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five parts, termed the Ta through Te divisions (Fig. 2.2). The Ta division consists of structureless
normally graded or massive sandstone interpreted to be the result of overcapacity conditions and
deposition from direct suspension fallout with negligible bedload transport (Arnott and Hand,
1989). The overlying Tb division consists of planar-laminated sandstone deposited under
conditions of reduced rates of sediment fallout with more prolonged bed-load transport (Navarro,
2016). The Tc division overlies the Tb division and comprises ripple cross-laminated sandstone
deposited by migrating current ripples (Khan, 2012). The Tc division, in turn, is overlain by
interlaminated siltstone and mudstone of the Td division, which reflects deposition by mixed
traction and suspension sedimentation process (Lowe, 1982). Lastly, the top of the sequence is
marked by mudstone Te division interpreted to be deposited by fine-grained suspension fallout
(Lowe, 1982).

Finally, despite ongoing efforts in the scientific community to develop an all-encompassing
classification scheme for sediment gravity flows and their associated deposits, interpretations
based on characteristics observed in the sedimentary record remains problematic and controversial,
especially in flows interpreted to be enriched in fine-grained sediment (e.g., Lowe and Guy, 2000;
Haughton et al., 2003; Baas et al., 2011; Talling et al., 2012a). These flows are suggested to exhibit
characteristics that are attributed to both laminar and fully turbulent flows (e.g., Lowe and Guy,
2000; Baas et al., 2011), but to date, only a small number of laboratory experiments have been
conducted (Baas and Best, 2002; 2008; Baas et al., 2009, 2011, 2016a, 2016b; Sumner et al., 2009;
Perillo et al., 2015; Hermidas et al., 2018; Koo et al., 2019), and accordingly our understanding of
these enigmatic flows and their deposits remains poor. In the ancient sedimentary record strata
interpreted to be deposited by such flows are termed “slurry beds” (Lowe and Guy, 2000), “linked

debrites” (Haughton et al., 2003), “cogenetic debrite—turbidite bed” (Talling et al., 2004), “hybrid
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event bed” (Haughton et al., 2009), “transitional flow deposits” (Kane and Pontén, 2012), and
“matrix-rich sandstones” (Terlaky and Arnott, 2014). A comprehensive review of this plethora of

terminologies and the various proposed physical origins is presented in Chapter 4.

. Bouma —
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Figure 2.2: An idealized sequence of sedimentary textures and structures formed by a decelerating, low-density
turbidity current. Note that the full succession is rarely preserved in turbidites (redrawn by Angus (2016) from
Bouma, 1962).

2.2 PARTICLE SETTLING FROM NON-COHESIVE AND COHESIVE PARTICLE

SUSPENSIONS

Deposition of lithofacies described in later chapters is interpreted to result from particle
settling in a mixed sand—-mud suspension undergoing negligible shear. Therefore, this section
presents a brief discussion on particle settling from non-cohesive and cohesive particle suspensions

to provide some theoretical background.
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2.2.1 Settling behavior of a single non-cohesive particle

A non-cohesive particle’s settling behaviour in a low Reynolds number (Re < 0.4) viscous
fluid is described by Stokes law, where the terminal velocity of a single rigid sphere can be

determined by equating the viscous drag force to the submerged weight of the particle:

_ d’(ps — plg
18u

where u is the terminal settling velocity of the sphere, d is the diameter of the sphere, p, is density
of the sphere, p is the fluid density, u the fluid viscosity, and g is the acceleration due to gravity.
At low Re (< 0.4), viscous forces dominate, and the flow remains attached to the surface of the
settling particle (Fig. 2.3). However, with increasing Re, inertial forces become increasingly
prominent, and the flow becomes detached from the solid surface, causing flow separation and
development of a wake on the downflow side of the particle (Fig. 2.3). Flow separation thereby
reduces the skin friction drag and increases the importance of pressure drag, which changes with
increasing Re (Chein and Wan, 1999). Stokes law, however, neglects the importance of fluid
inertia, and in natural systems it can only be applied to particles with diameter up to ~ 0.14 mm
(lower fine sand); larger particles will settle faster than predicted by Stokes law as inertial forces
become increasingly more significant (Rubey, 1933).

At Re ~ 0.4-10°, fluid inertia and viscous forces remain important. This, then, results in
the development of large oscillating von Karman vortices on the downflow side of the particle,
which reduces skin friction, but generates considerable pressure drag (Fig. 2.3) (Smits, 2000). At

still higher Re (10°-2 x 10°), viscous forces are negligible, and the particle’s fall velocity depends
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mostly on pressure drag. Under these conditions, turbulent eddies separate continuously on the
downflow side of the particle, which decreases the particle’s coefficient of drag (Chien and Wan,
1999). As Re exceeds 2 x 10° the boundary layer changes from laminar to turbulent. This, then,
increases momentum exchange near the particle’s surface, which decreases the adverse pressure
gradient and shifts the separation point further downstream, and subsequently reduces the size of
the wake and the overall drag force on the particle (Fig. 2.3) (Smits, 2000). Furthermore, if the
surface of the particle is sufficiently rough turbulence will develop in the boundary layer at lower
Re and decrease the drag force on the particle (Chien and Wan, 1999).

Sedimentation behaviour of a particle is also dependent on the shape and orientation of the
settling particle. Specifically, for a nonspherical particle, changing the orientation of the particle
can change the projected area that is normal to the direction of fall (Chien and Wan, 1999).
Moreover, if flow separates from a particle, the location of the point of separation and the size of
the wake could also depend on the particle shape (i.e., blunt bodies have higher coefficient of drag

than streamlined bodies) (Chien and Wan, 1999).
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Figure 2.3: Characteristics of flow past a smooth blunt body (modified after Smits, 2000). Schematic of flow
patterns around a spherical particle (A-E), and plotted as a function of fluid drag (Cd) and Reynolds number (Re)
(F). A) At low Reynolds number of < 0.4 (A) no flow separation takes place and as such no viscous wake occurs
downstream of the particle. Note that Reynolds number < 0.4 corresponds to a fluid drag of > 10 and therefore is
not present in the accompanying graph (F). As Reynolds number increases (B), a steady separation bubble is
developed which is marked by a pair of stable vortices. These vortices then impart a high drag on the particle. At
Reynold s number of ~10° (C) Oscillating von Karman Vortex Street Wakes form. Downstream, these vortices
progress and begin to separate on alternating sides of the body. Here, the wake is wide and as such the drag high.
D) Laminar boundary layer with a chaotic wake downstream of the particle. E) Boundary layer becomes turbulent
with vortices of many different scales being shed from the body. Additionally, the separation point moves further
downstream, thereby reducing the size of the separation bubble and eventually the drag on the particle.
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Importantly, the presence of sediment suspended in the fluid can also influence particle
settling by increasing the effective viscosity of the fluid. For a dilute (< 2% volume sediment

concentration) sediment suspension, the effective viscosity is defined by: p.rr = uo(1 + 2.5 ¢),

where u, is the viscosity of the pure fluid in absence of particles, ¢ the volumetric concentration
of the suspended particles (Einstein, 1905, 1911). Following Einstein’s work, numerous
expressions have been developed to determine the effective fluid viscosity for higher concentration
(> 2% volumetric concentration) sediment suspensions. They are either theoretical expansions of
Einstein’s equation (e.g., Batchelor and Green, 1972; Thomas and Muthukumar, 1991b), or
empirical expressions that were obtained based on experimental data (e.g., Barnes et al., 1989;
Metzner, 1985; Mooney, 1951; Thomas and Muthukumar, 1991a). In all cases, increasing particle
concentration results in increasing effective viscosity, or more fundamentally, greater perturbation
of the flow field around the particles and increased total drag on the return-flow fluid, which then
increases energy dissipation, and hence viscosity. Importantly also, increasing viscosity results in
increasing buoyancy effects that serve to decrease particle settling velocity. Additionally, sediment
finer than about lower fine sand would add mass to the fluid continuum, and therein augment

buoyancy effects.

2.2.2 Settling behavior in a non-cohesive particle suspension

At low sediment concentrations (i.e., a few percent or less by volume), grains are spaced
apart so widely that particle interactions are negligible, and the grains settle independently
according to their size, shape and density (Amy et al., 2006). Under such conditions, a
polydispersed suspension comprising ‘n’ discrete sizes of similar density and shape will develop

‘n’ layers during sedimentation. Here, segregation of particles takes place according to their
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relative fall velocities, with the fastest settling particles deposited first, followed by the second
fastest and so on until the slowest settling particles settle last (Davies and Birdsell, 1988). Due to
their relative settling velocities, deposits of low concentration polydispersed suspensions are
graded and well-sorted (Amy et al., 2006).

As particle concentration reaches a critical value of about 30-60% by volume, settling
behaviour becomes influenced by hindered settling effects (Davies, 1968; Druitt, 1995). In these
suspensions, settling particles generate a return flow of ambient fluid that imparts an upward drag
force on the settling particle, and accordingly hinders its settling (Davies, 1968). In addition, finer
particles may be carried upward with the return flow, which would increase the density and
buoyancy effects of the fluid, and in turn further decrease the settling velocity (Davies, 1968; Amy
et al., 2006).

Notably, an empirical settling equation that accommodated for the effects of hindered
settling was formulated by Richardson and Zaki (1954):

w = wso(1— )"

where w; o is the terminal velocity of a single particle in a still water, ¢ is the volume concentration
of the suspension, and n is the model exponent, which under turbulent conditions (Re > 500) was
reported to be 2.39; subsequent work (e.g., Cuthbertson et al. 2008) has shown that n can vary
from 2.4 to 8 depending on the particle Reynolds number. Richardson and Zaki (1954) also showed
an inverse relationship between particle concentration and sedimentation rate; specifically, sand
particles in highly concentrated suspensions settled more slowly compared to similar sand particles
in a suspension of lower concentration.

As particle concentration increases beyond 30-60% by volume, particle segregation is

increasingly hindered and ultimately suppressed through either interlocking of grains or by
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hydrodynamic effects, which results in an unsorted massive deposit (Davies, 1968; Lockett and
Al-Habbooby, 1974; Amy et al., 2006). Grain interlocking is suggested to commence at the critical
concentration when the space between the particles is reduced to less than the diameter of the
particles thereby causing the grains to become geometrically trapped in a network of grains
(Davies, 1968). Alternatively, based on the hindered settling equation, Richardson and Zaki (1954)
demonstrated that beyond a critical concentration, hydrodynamic effects like the return flow of
ambient fluid may completely suppress particle segregation. Later, Lockett and Al-Habbooby
(1974) showed experimentally that beyond a concentration of 40% by volume, a bimodal
suspension comprising particles of same size and shape, but different densities can settle together,
or what was termed batch settling. In this case, hindered settling effects associated with grain size
difference like grain interlocking was excluded as the bimodal suspension consisted of particles of
same size and shape, and instead attributed to hydrodynamic effects (Lockett and Al-Habbooby,
1974). Additionally, Lockett and Al-Habbooby (1974) indicated that the critical concentration for
batch settling was dependent on the relative proportion of grain sizes in a bimodal suspension—
particularly, increasing the proportion of fines increased the critical concentration for batch
settling. Nevertheless, both processes (i.e., grain interlocking and hydrodynamic effects) were
suggested to potentially influence batch settling (Lockett and Al-Habbooby, 1974).

More recently, a theoretical model for the sedimentation behaviour of bidispersed and
polydispersed suspensions was proposed by Dorrell and Hogg (2010) and Dorrell et al. (2011).
This work was then extended to explain the development of a basal massive deposit overlain by a
well sorted, graded deposit reported in the particle settling experiments of Amy et al. (2006).
Dorrel et al. (2011) demonstrated quantitatively that the ungraded basal part of the deposit was the

result of a constant mass flux of particles from a polydispersed suspension. Here, regardless of
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different size particles settling at different velocities, the mass flux of sediment into the deposit
remained constant and constituted the same grain size distribution as in the initial suspension (i.e.,
“n” particles) (Fig. 2.4). However, with time, the largest grains became depleted, and the deposit
becomes populated by n-1 particles and so on until only the finer particles remain in suspension,

which eventually settle to form the top of the deposit.

2.2.3 Settling behavior of cohesive particles

The atomic lattice of clay minerals consists of one or two silicon tetrahedral sheets and one
octahedral alumina or magnesium sheet. Clay minerals generally develop a net negative charge on
the face of the mineral due mainly to isomorphous substitution of AI®* for Si** in the tetrahedra,
or Mg?* for A" in the octahedra (van Olphen, 1963). If these minerals are suspended within a
fluid that contains cations such as sea water, the net negative charge of the clay minerals is
counterbalanced by bonding of cations and water molecules to the exterior surfaces of the clay
minerals. This arrangement on the surface of the clay minerals is referred to as the electric double
layer (van Olphen, 1963). The first layer of the double layer comprises a thin film of adsorbed
cations on the surface of the clay mineral, whereas the second layer is loosely associated with the
clay mineral and contains counter ions that move in the fluid under the influence of electrostatic
attraction rather than being firmly anchored (Tan, 1982). This layer of counter ions is often referred
to as the ‘diffuse’ or ‘Gouy layer’ and has a cation concentration gradient that decreases with
distance from the clay mineral (van Olphen, 1963). Overall, the presence of this electric double
layer causes the clay minerals to become neutrally charged at a certain distance from the surface
of the mineral. At this distance, the attractive VVan der Waals forces exceed the interparticle double

layer repulsive forces and the net force becomes attractive. This, then, allows the clay particles to
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aggregate together in a process known as coagulation or flocculation (Winterwerp and van
Kesteren, 2004). Clay particle flocculation results in three different particle arrangements: face-
to-face, edge-to-face, and edge-to-edge (van Olphen 1963). An edge-to-edge and edge-to-face
arrangements can create a house of card framework, whereas a face-to-face can produce a band-
like network (Lagaly, 1989).

In terms of their settling behaviour, at low concentrations, clay particles settle according to
their settling velocities. However, in high concentration clay suspension, the collision rates of the
clay particles increase, and by extension the potential for clay particles to interact and bond with
adjacent clay particles (McAnally et al., 2007). Accordingly, progressive flocculation and
aggregation increase the aggregated clay particle size and thus the fall velocity. McAnally et al.
(2007) also added that fluid turbulence may enhance aggregation by increasing collision rates;
however, if too intense can lead to the break-up of the delicate clay aggregates.

As clay-particle aggregates continue to grow in size, a point may be reached where they
form a pervasive, volume-filling network termed a gel (e.g., Baas et al., 2009). At this point, the
suspension develops sufficient viscosity to impart a yield strength to the suspension, which then
impedes the settling of all particles (Berlamont et al., 1993; Amy et al., 2006). Additionally,
increase in buoyancy effects is suggested to further reduce or arrest the settling of suspended

sediments (Berlamont et al. 1993).
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3. As the initial concentration of the suspension is increased
then the normalised thickness of the ungraded part of the
deposit increases. This is because as initial concentration
increases bed growth rate increases, whereas the downward
velocities of the interfaces decrease. Consequently more
small particles are trapped within the ungraded region of
the deposit and so its mean grain size decreases.

1. The velocity of each interface is controlled by the
hindered settling velocity of the largest particle
in the region below that interface.
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2.There is a constant mass flux of constant composition into the deposit until the region containing
particles of all sizes has settled out. Whilst mass flux is constant the mean grain size of the deposit
does not change. Mass flux can remain constant despite different sized particles falling at different
velocities because the concentration of each particle class just above the deposit-suspension
interface remains constant until all of the largest particles have been deposited.

Y, Position of interface 1 D Fluid and particles
Y, Position of interface N N - region contains particles of all N sizes )
o x N-1 - region contains particles of all sizes minus the largest particle class.
M Position of top of deposit N-2..2 - region can be divided into subregions containing between N-2 and 2 particle classes.
1 - Region contains the smallest particle class only.

|:I Clear fluid D Ungraded deposit comprising particles of all sizes - Graded deposit

Figure 2.4: Schematic showing the temporal sedimentation behaviour of a polydisperse (particle) suspension. The
initially well-mixed suspension comprises N+2 layers—the deposit at the bottom of the suspension, N layers
containing particles, and layer of clear fluid above the suspension. Notably, the settling velocity of each layer in
the N layer is controlled by the hindered settling velocity of the largest particle in the region below the interface
(after Dorell et al., 2011).

2.3 SUSPENDED SEDIMENT AND FLUID TURBULENCE

As some of the discussions in the later chapters deal with the influence of suspended
sediment on characteristics of fluid turbulence. This section, therefore, presents a brief overview
of some of these interactions.

Experimental investigations and numerical simulations have shown that suspended
sediment particles can either enhance or suppress turbulence depending on their size and
concentration (e.g., Gore and Crowe, 1989; Hetsroni, 1989). Several mechanisms have been

proposed for the observed modulation of fluid turbulence by the presence of suspended sediment.
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For dilute suspensions, turbulence reduction or suppression has been associated with the enhanced
inertia and effective viscosity of the particle-laden flow, as well as increased dissipation resulting
from particle drag (Balachandar and Eaton, 2010). On the other hand, turbulence enhancement has
been linked to increased velocity fluctuations related to wake dynamics and vortex shedding, and
buoyancy induced instabilities linked to variation in density caused by local differences in particle
concentration (Balachandar and Eaton, 2010).

In sediment-laden turbulent flows, three parameters have been used to define and
characterize the effects of suspended sediment on fluid turbulence. The first criterion suggests that
when particle diameter D is much smaller than the most energetic eddy, assumed to be equivalent
to the integral length scale of turbulence 4, the particle will follow the eddy for part of its transit
time (Gore and Crowe, 1989). As a result, a portion of the turbulent energy of the eddy is expended
to accelerate the particle (via fluid drag), thereby reducing turbulent energy in the carrier fluid
(Gore and Crowe, 1989). On the other hand, if the D is relatively larger, particles tend to develop
turbulence in their wakes that is close to the scale of the most energetic eddy A, which then
increases the total turbulent energy in the fluid. Additionally, Gore and Crowe (1989) indicated
that the critical threshold for the transition from turbulence suppression to turbulence enhancement
occurs at D/ A = 0.1. The second parameter controlling turbulence modulation is the presence of
slip velocity between the particle in transport and the carrier fluid. This slip velocity can be

expressed in terms of particle Reynolds number Re,, (Re, = (uf — u,)D /v, where ug is the local
mean stream velocity of fluid, u, is the local mean stream velocity of the particle, and v is the
kinematic viscosity of the sediment-laden flow). According to Hetsroni (1989), if Re, is low
(Re, < 400), turbulence tends to be reduced in the presence of suspended sediment, whereas if

Re,, is relatively high (Re, > 400), vortices shed from particles in transport increases fluid
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turbulence. The third parameter relates to the difference in response time of the particle in transport
tp to that of the carrier fluid tr. The ratio of the particle response time t, to the characteristic time

scale of the fluid flow t is defined by the Stokes number (St):

1 ,0

t, T8 p
St=—=————
tf A/urms

where v is the kinematic viscosity, o is particle density, p is fluid density, A is the turbulence length
scale and u,.,s is the root-mean-square of the streamwise velocity fluctuations. According to
Elghobashi (1994), if St < 1, the surface area of suspended particles increases for a given
volumetric suspended sediment concentration (i.e., as grain diameter (D) decreases, surface area
increases), which causes the rate of turbulence dissipation ¢ to increase. On the other hand, if St >
1, the particle Reynolds number increases resulting in vortex shedding and increase in turbulence
intensity.

Recently, experiments and numerical simulations studying the interaction between
suspended sediment and fluid turbulence has been focused mostly on understanding the influence
of particle concentration. Bennett et al. (2014) measured turbulence in a mixing box with an
oscillating grid and using a range of suspended particle concentration. Here, as suspended sediment
concentration increased for a given oscillation frequency (i.e., turbulence generation), the intensity
and kinetic energy of fluid turbulence exhibited a systematic and marked decrease. Although local
turbulence enhancement and suppression were observed simultaneously in the same flow field, the
net effect of suspended sediment was to reduce fluid turbulence and total kinetic energy. This
suppression of fluid turbulence was suggested to be caused by the transfer of turbulent fluid kinetic

energy to the suspended particles, and therein the maintenance of the particle suspension.
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More recently, Eggenhuisen et al. (2017) used a force balance approach to analyze particle
suspension in the near-boundary region of a no-slip, particle-suspending turbulent flow. The force
balance parameter (I'), termed the suspension capacity parameter, is the ratio of gravity and
buoyancy forces acting on the sediment, and vertical turbulent fluid forces:

I = Fturb — uf
F, ~ 140ugRC,

where u, is the shear velocity, v is the kinematic viscosity of water, g is the acceleration due to
gravity, Cj, is the volumetric sediment concentration near the bed, R = (ps — ps)/py is the relative
density of the sediment where ps and py are particle and fluid densities, respectively, and 140 is a
numerical constant derived from universal scales of vertical turbulence in boundary layer flow.
When I' > 1, the average turbulent force in the flow exceeds the net gravitational pull on
the suspended particles and the suspension is considered under-saturated. Here, turbulent
conditions are able to maintain more sediment in suspension and as such if additional sediment is
available it will be entrained. At " = 1, average turbulent forces in the near-wall region of the flow
are of similar magnitude to the gravitational pull on the suspended sediment particle load. This
condition prevents net vertical acceleration of the particles and the fluid between them. The flow
is precisely saturated with suspended sediment near the boundary, and Cy can be considered the
saturation concentration, and the flow at capacity. When gravitational pull on the sediment exceeds
the upward turbulent forces (i.e., I' < 1), the flow cannot suspend all the particles in the near-
boundary region, and the flow becomes over-saturated. According to Eggenhuisen et al. this
condition can be interpreted from two perspectives—a particle perspective and a continuum
perspective, but both result in sediment being deposited from the base of the flow. From a particle
perspective, particles are postulated to, on average, experience a wall-bound gravitational body

force that exceeds turbulent pressure and viscous forces acting on the particle surfaces. This, then,
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causes the particles to accelerate towards and settle onto the boundary. On the other hand, if this
condition is observed from a continuum perspective, the upward turbulent forces are less than
downward gravitational forces applied to the fluid by the particles, which prevents turbulent
accelerations and results in turbulence extinction. Moreover, sediment stratification increases
towards the base of the flow as there is no mechanism countering the gravitational settling of
sediment.

This second perspective is consistent with some of the more recent numerical simulations
of sediment-laden turbulent flows (Cantero et al., 2009, 2011, 2012) that show how turbulence at
the base of the sediment suspension is rapidly suppressed in over-saturated conditions. In these
studies, the complete suppression of turbulence at oversaturation is demonstrated by the
disappearance of the streak vortices that form the legs of hairpin vortices. Being the dominant
feature of near-boundary turbulence (Smith and Walker, 1995; Zhou et al., 1999), the loss of
hairpin vortices indicates a complete shutdown of the production of near-boundary turbulence.
Ultimately, turbulence suppression results in a stably stratified flow condition that becomes
manifest as a concentration profile that increases monotonically toward the wall (i.e., bed).

Aside from non-cohesive sediments, the presence of cohesive sediment (i.e., clay) in
suspension can significantly influence fluid turbulence due to their unique ability to aggregate and
form aggregated particle networks termed flocs, and ultimately develop strength to form a gel. The
contribution of clay in turbulence modulation is discussed in detail in chapter 4, and as such only
a brief overview is provided in this section.

In the open-channel flow experiments by Wang and Plate (1996), it was demonstrated that
at > 2% volume clay concentration, flows exhibited both turbulent and laminar characteristics.

More specifically, the flow consisted of three parts, which from base to top are laminar sublayer
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where turbulence was absent, a turbulent layer, and an upper plug layer with weak or no turbulence.
Later work by Wang et al. (1998), showed that at > 3% volume clay concentration, open-channel
flows showed a reduction in bed-generated turbulence and turbulence intensity, which were
attributed to increase in the local effective fluid viscosity and reduction in the local velocity
gradient. Baas and Best (2002) expanded on the work of Wang and co-workers by investigating
clay-laden open-channel flows with volume kaolin concentration ranging from 0.002 to 12.9% and
a constant depth-averaged flow velocity of 0.33 m/s. These experiments demonstrated that at low
clay concentration (< 2 vol. %) flows were fully turbulent and exhibited a logarithmic velocity
profile like a clear water flow. However, at 2-4 vol. %, flows where characterized by a tripartite
structure similar to Wang and Plate (1996), with a near-bed region of anomalously high turbulence
intensity that developed in a region coincident with an abrupt change in the velocity gradient.
Additionally, reduced turbulence intensity in the upper part of flows was attributed to particle
aggregation that increased yield strength and reduced fluid turbulence with distance from the bed,

and as a consequence the upward diffusion of sediment.
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CHAPTER 3: STRATAL CHARACTERISTIC AND DEPOSITIONAL ORIGIN OF TWO-
PART (MUD-POOR OVERLAIN BY MUD-RICH) AND ASSOCIATED DEEP-WATER
STRATA—COMPONENTS IN A LATERAL DEPOSITIONAL CONTINUUM RELATED

TO PARTICLE SETTLING IN NEGLIGIBLY SHEARED MUD-RICH SUSPENSIONS

3.1 INTRODUCTION

In the ancient deep-marine sedimentary record, distinctive two-part (bipartite) deposits
comprising a sand-rich basal part overlain sharply by a mud-rich upper part have been reported in
the distal reaches of basin-floor lobes (e.g., Haughton et al., 2003; Talling et al., 2004; Davis et
al., 2009; Hodgson, 2009; Kane et al., 2017), in proximal basin-floor lobes (e.g., Terlaky and
Arnott, 2014; Fonnesu et al., 2018), in the channel-lobe transition zone (e.g., Ito, 2008; Brooks et
al., 2018; Navarro and Arnott, 2020; Baas et al., 2021), and on the continental slope (Angus et al.,
2019). Termed linked debrites (Haughton et al., 2003), cogenetic debrite—turbidite beds (Talling
etal. 2004), hybrid event beds (Haughton et al. 2009), transitional-flow deposits (Kane and Pontén,
2012) and bipartite beds (Bed Type 2) of matrix-rich sandstones (Angus et al., 2019), these beds
are reported to occur downflow of clean (i.e. less mud-rich) sand over distances of hundreds of
meters to tens of kilometers (e.g., Fonnesu et al., 2015; 2016; 2018; Kane et al., 2017; Spychala et
al., 2017; Pierce et al., 2018; Angus et al., 2019). The variable distances over which this
lithological change takes place has, at least in part, contributed to differing physical models to
explain their origin, including hybrid flows consisting of at least two discrete and mechanistically
different parts, namely a turbidite overlain by a debrite (Haughton et al. 2009), longitudinal flow
transformation (Kane and Pontén, 2012), vertical stratification effects and turbulence suppression

in a high-concentration suspension (see review in Talling, 2013; Kane et al., 2017), and particle
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settling in a negligibly sheared mixed mud-sand suspension (Angus et al., 2019). Notably also,
majority of the interpretations are based on visual observations in core and outcrop, and thus
highlight the need for a detailed and systematic analysis of the microscopic textural characteristics

of these strata.

In a recent study, Angus et al. (2019) traced individual beds continuously over distances
of several hundreds of meters in the Neoproterozoic Windermere turbidite system (British
Columbia, Canada). Here, bipartite strata were shown to be part of a systematic depositional
continuum that showed a progressive transformation from sand-rich (Bed Type 1) to bipartite (Bed
Type 2) to mud-rich strata (Bed Type 3), which, in the absence of physical paleocurrent indicators
like sole marks or cross-stratification, was taken to reflect the local paleoflow direction, and that
the entirety of these changes was measured over horizontal distances of several tens to a few
hundreds of meters. Moreover, the continuum was observed in continental-slope and proximal
basin-floor (see also Terlaky and Arnott, 2014) deposits, and where present formed stratal units
that only uncommonly were intercalated with other lithologies, and then were overlain sharply by
sandy stratal elements including basin-floor splays, distributary-channel fills, and slope channel
fills (Terlaky and Arnott, 2014, 2016). Furthermore, Angus et al. (2019) interpreted this
depositional continuum to be associated with systematic particle settling along the margins of high-
energy flows that had deeply scoured the local mud-rich seafloor during channel avulsion
associated with activation of local sedimentary system (see also discussion in Terlaky and Arnott,

2014).

Although the lithofacies trend associated with bipartite facies in the Windermere is broadly
similar to many other published stratal examples consisting, at least in part, of two-part strata (e.g.,

Haughton et al., 2003, 2009; Talling et al., 2004; Amy and Talling, 2006; Kane et al., 2017; Pierce

40



et al., 2018), it differs from most by the short (several tens to hundreds of meters) horizontal scale
over which the entire facies tract, including the bipartite part, is observed. Different also is the
paleogeographic occurrence of these mixed sand—mud strata, which in the Windermere occur in
proximal basin-floor and continental-slope deposits, rather than the more typically reported distal
basin floor (e.g., Haughton et al., 2003; Hodgson, 2009; Spychala et al., 2017). These contrasting
observations warrant further investigation about the origin of bipartite strata in proximal deep-
marine settings versus those in more distal deep-marine settings. However, distal basin-floor strata
are not exposed in the Windermere turbidite system, and therefore distal basin-floor deposits of
the Ordovician Cloridorme Formation, Quebec, Canada were studied for comparison. Here
bipartite strata resembling those described previously from the Windermere by Angus et al. (2019),
and termed argillaceous sandstones by Enos (1969) and Parkash and Middleton (1970), are
continuously exposed along extensive wave-cut terraces, and therein provide an opportunity, as in
the Windermere, to study the along-flow makeup and origin of these strata. Accordingly, the
objectives of this research are (i) to compare the composition (matrix volume) and texture (grain-
size distribution and sorting) of the bipartite facies and associated strata in slope and proximal
basin-floor deposits of the Windermere turbidite system with distal basin-floor deposits of the
Cloridorme Formation, and (ii) to compare the mechanistic origin of the admixed sand-mud strata
in both study areas, and therein a sampling of paleogeographic settings extending from continental
slope to distal basin floor by taking into account, grain size characteristics, bed thickness and

spatial dimensions of the various lithofacies changes.
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3.2 GEOLOGICAL BACKGROUND AND STRATIGRAPHY
3.2.1 Windermere Supergroup

The Neoproterozoic (740-570 Ma) Windermere Supergroup (WSG) is an unconformity—
bounded succession representing rift-to-drift sedimentation associated with the breakup of the
Rodinia supercontinent (Stewart, 1972; Ross and Arnott, 2007; McMechan, 2015) and crops out
for over 4000 km from the Yukon—Alaska boarder to the Sonoran Desert in northwestern Mexico
(Ross and Arnott, 2007) (Fig. 3.1A). In the southern Canadian Cordillera, the basal rift sequence
includes a few-kilometers-thick succession of intercalated glaciomarine diamictite and volcanic
rocks of the Toby and Irene formations, respectively (Aalto, 1971; Ross et al., 1995; Warren,
1997). The overlying post-rift consists of an approximately 5-7-km-thick, upward-shoaling
succession composed of sheet-like basin-floor sandstone and mudstone (Kaza Group) overlain
successively by leveed slope-channel complexes (Isaac Formation), upper-slope to outer-shelf
limestones (Cunningham Formation), and high-energy mixed carbonate-siliciclastic continental
shelf deposits (Yankee Belle Formation) (Ross, 1991). This stratigraphic succession is interpreted
to represent the progradation of the Laurentian (ancestral North America) continent margin into
the thermally subsiding proto—Pacific Ocean (Ross, 1991; Ross et al., 1995; Ross and Murphy,
1988; Hadlari et al., 2021).

Deep-marine strata of the WSG basin (Fig. 3.1B), termed the Windermere turbidite system,
are well exposed throughout the southern Canadian Cordillera, which extends from the Cariboo
Mountains in the north to the Purcell Mountains in the south (Fig. 3.1A). The palinspastically
restored areal extent of the exposed part of the turbidite system is of the order of 80,000 to 100,000
km? (Ross and Murphy, 1988; Ross, 1991), making it dimensionally comparable to modern

passive-margin turbidite systems like the Amazon and Mississippi fans. The study area is located
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at Castle Creek (Fig. 3.1D), where vertically dipping, southeast-to-northwest-striking, recently
deglaciated, vegetation-free strata of the Upper Kaza Group and Isaac Formation form an outcrop
belt that is up to 2.5 km thick and 8 km wide, and where individual beds and bedsets can be traced
continuously for several tens to hundreds of meters along strike. However, due to the glacially
polished nature of the exposures, paleoflow data are limited to a small number of well-exposed 3D
current ripples and dune cross-stratified sets, and flutes which indicate a general transport direction
that ranges between west-northwest and northeast (see Ross and Arnott, 2007; Schwarz and Arnott,
2007; Khan and Arnott, 2011; Navarro and Arnott, 2020), and therefore subparallel to the regional

paleoflow direction (e.g., Mountjoy and Aitken, 1963).
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Figure 3.1: A) Map of North America showing the location of exposed Windermere Supergroup (red) and Ordovician
Taconic flysch (yellow) strata. The two study areas (Castle Creek and Petite Vallée) are indicated by blue squares
(satellite image from Google Earth, 2020). B) Generalized stratigraphic log of the Castle Creek outcrop. Here strata
consist of basin-floor deposits of the Upper Kaza Group overlain conformably by slope-channel deposits of the Isaac
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Formation. Labels on the right (ICCO to ICC6) are informal names for Isaac slope channel complexes. Location of
intervals described here are indicated by the red stars. D) Stratigraphic framework for the Middle Ordovician
Cloridorme and Deslandes formations in southeastern Quebec (modified after Awadallah and Hiscott, 2004). Location
of the interval described here is indicated by the red star. D) Overview of the Castle Creek study area in the Cariboo
Mountains, east central British Columbia, Canada (satellite image from Google Earth, 2020). The study intervals are
highlighted by the red rectangles. E) Study area located near the village of Petite Vallée, Quebec, Canada (satellite
image from Google Earth, 2020). Rocks are exposed along a broad wave-cut platform and are overturned, dipping
south at 65°-88°. Red rectangles indicate the studied intervals.

Rocks have undergone low-grade (greenschist facies) metamorphism due to Mesozoic
tectonism, which has resulted in alteration of detrital clay minerals to muscovite and chlorite and
strain-induced deformational structures like bulging recrystallization and sub-grain rotation along
some grain boundaries. Despite these conditions, primary sedimentary features and most
sedimentary textures, namely grain size, grain shape, and sorting are well preserved, and therefore
these rocks are described and classified as sedimentary rocks (Ross and Arnott, 2007). At Castle
Creek, bipartite facies and associated strata are particularly common in proximal basin-floor strata
of the Upper Kaza Group, where they are often sharply overlain by several-meter-thick, sand-rich
distributary channel fills and up to decameter-thick terminal splays (Terlaky and Arnott, 2014,
2016; Popovic, 2016; Terlaky et al., 2016; Angus et al., 2019) (e.g., Fig. 3.2A). Although less
common in channel-lobe transition zone and continental-slope strata, these strata are overlain,
respectively, by sand-rich distributary-channel and terminal-splay deposits (Navarro and Arnott
2020), and leveed slope channel fills (Arnott, 2007a, 2007b: Schwarz and Arnott, 2007; Angus et

al., 2019; Wearmouth, 2018) (e.g., Fig. 3.2B, C).
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Figure 3.2: Interpreted drone photomosaics of A) Upper Kaza Group, and B, C) Isaac Formation at the Castle Creek
outcrop. Locations of the stratigraphic logs are indicated by vertical white lines and are labelled above or below the
logs. Note the sharply defined boundaries of the various stratal elements that are shown in different colors.

3.2.2 Cloridorme Formation

The Middle Ordovician (460-445 Ma) Cloridorme Formation (CF) is one of several
turbidite systems deposited along an elongate foreland basin located between cratonic North
America to the northwest and the developing Taconic orogen and its associated volcanic arcs to
the southeast (St-Julien and Hubert, 1975; Hiscott et al., 1986). This foreland basin extended from
Newfoundland to Alabama and was separated into ~ 100-km-long segments by structural highs
(Hiscott et al., 1986) (Fig. 3.1A). The CF is at least 4 km thick, with neither its base or top exposed.
Based on lithofacies and extensive marker beds (megaturbidites), the CF is divided into five
members, which from oldest to youngest are: distal basin-floor mudstones (St-Hélier Member),
sand lobes and inter-lobe deposits (Pointe-a-la-Frégate and Petite-Vallée members), mudstone
deposits related to eustatic highstand (Mont-Saint Pierre Member), and mixed sand-and-mud
basin-floor fan (Marsoui Member) (Hiscott et al., 1986) (Fig. 3.1C). The CF crops out semi
continuously over about 150 km in intertidal exposures along the north shore of the Gaspé

Peninsula, Quebec, Canada. The estimated areal extent of this turbidite system is 10,000 to 22,500
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km? (Hiscott et al., 1986), and is therefore similar in size to the present-day Astoria Fan and the

Miocene Marnoso Arenacea Formation.

The CF study area is located near the village of Petite Vallée, Quebec (Fig. 3.1E) where
overturned, steeply dipping (average 78°), east-to-west (271°)-striking exposures of the Petite
Vallée member (ca. 300 m thick and ca. 1 km wide) crop out along an intertidal wave-cut platform.
Excellent outcrop conditions allowed individual bed and bedsets to be continuously traced and
correlated over several tens to hundreds of meters along strike. In this study area, average
paleocurrent measured from troughs of three-dimensional ripples and tool marks on the base of
beds (n = 102) is 272°, and therefore parallel to the strike of the outcrop. Additionally,
paleocurrents elsewhere in the Cloridorme are generally reported to be towards the west
(Awadallah, 2002; Parkash and Middleton, 1970; Pickering and Hiscott, 1985). Rocks have
undergone very low-grade (zeolite to prehnite—pumpellyite facies) metamorphism associated with
regional tectonic activity during the Taconic Orogeny (Jiang and Peacor, 1994), and as a result
detrital clay minerals have been altered to illite—muscovite and chlorite; however, this change has
negligible effect on primary sedimentary structures and textures, enabling these rocks to be
described and classified using conventional sedimentary terminology. Distal basin-floor strata in
the Petite Vallee Member consist of a succession of sandy lobes and fine-grained, thin-bedded
turbidites (Hiscott et al., 1986). Commonly intercalated in the succession are bipartite and
associated strata that form several-meter-thick stratal units, which, like similar strata in the WSG
at Castle Creek, typically underlie several-meter-thick, amalgamated, sand-rich lobes (Beeden,

1983; Hiscott et al., 1986; Ma, 1996) (Fig. 3.3).
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Figure 3.3: Interpreted drone photomosaics of the Petite Vallée outcrop. Stratigraphic logs are indicated by white
vertical lines and are labelled above the logs. Note the sharply defined boundaries of the various stratal elements
highlighted in different colors.

3.3 METHODOLOGY AND TERMINOLOGY

At Castle Creek (WSG), based on earlier stratigraphic and depositional-framework studies,
select intervals containing bipartite and associated strata were chosen for this study, and re-
investigated in the field (Fig. 3.1B, D). In proximal basin-floor deposits of the Upper Kaza Group,
a stratigraphic interval ~ 100 m thick and 1000 m wide comprising a succession of sandy terminal
splays, distributary channel fill, debrite, thin-bedded turbidite, and bipartite facies and its
associated strata, which previously was mapped by Terlaky and Arnott (2014, 2016), Terlaky et
al. (2016), Popovi¢ (2016), and Angus (2016), was selected for re-analysis (Fig. 3.2A). Here, 61
logs (5 to 50 m long) were measured over a lateral distance of ~ 900 m targeting the bipartite facies
and associated strata. In slope deposits of the stratigraphically higher Isaac Formation, two
stratigraphic intervals, ~ 80 m thick and 400 m wide (Fig. 3.2B) and ~ 120 m thick and 400 m

wide (Fig. 3.2C), and comprising sandy channel fills, thin-bedded turbidites, bipartite facies, and
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associated strata that were studied previously by Arnott (2007a, 2007b), Altosaar (2007), O’ Byrne
et al. (2007), Davis (2011), Dumouchel (2015), Angus (2016), Wearmouth (2018), and Arnott et
al. (2021), were selected for re-analysis. Here, a total of 32 logs (3.5 to 30 m long) were measured
in two transects that targeted bipartite facies and associated strata. In distal basin-floor deposits of
the Petite Vallée Member (CF) (Fig. 3.1C, E) particularly well exposed bipartite facies and
associated strata were studied. Stratal elements were mapped previously by Enos (1969), Beeden
(1983), Hiscott et al. (1986), and Ma (1996) and termed sandy lobes, thin-bedded siltstone—shale
units and argillaceous sandstone units, but here termed, respectively, sandy terminal splays, thin-
bedded turbidites, and bipartite facies to ensure consistency in terminology. Here, 15 bed-by-bed
stratigraphic logs (18 to 146.7 m long) were measured over a total lateral distance of ~ 1.7 km
(Fig. 3.3). Superb exposure at both study areas allows detailed documentation of stratal thickness,
bedding contacts, grain size, sedimentary structures, presence of clasts, and for beds to be traced
continuously for at least several hundreds of meters parallel to bedding along the strike of the
outcrops. Also, in both WSG and CF, a few logs were extended upward to capture details in the
overlying stratigraphic unit. Additionally, hand samples of bipartite facies and associated
lithologies were collected at both study sites, and a total of 257 standard (30 um thick) thin sections
were prepared for conventional petrographic analysis. From these, 253 thin sections were point
counted (> 300 points per sample) to evaluate the abundance of framework grains (quartz, feldspar
and sedimentary, metamorphic, and volcanic rock fragments), matrix, and cement. In addition, the
longest dimension of each framework grain (grain size between 0.0625 mm and 6 mm) was
measured to determine grain-size distribution in each sample. Notably also, all petrographic work

was conducted by a single operator to minimize operator bias and standardize potential error.

48



Due to low grade (greenschist) metamorphism in rocks of the WSG and zeolite to prehnite—
pumpellite metamorphism in CF strata, all detrital clay minerals have been recrystallized to illite—
muscovite and chlorite, and as a result details of the original clay mineralogy are unknown.
Accordingly, these changes make it difficult to discern the comparative contribution of detrital
versus authigenic matrix. However, only minimal to partial dissolution and replacement textures
in labile components, like feldspars, rock fragments and mud intraclasts, are observed in thin
section, and illite—muscovite and chlorite minerals are uniformly distributed between framework
grains (Fig. 3.4), suggesting that degradation of labile components contributed negligibly to overall
matrix content. Collectively, this suggests that in addition to siliciclastic silt (grain size < 0.0625
mm), most of illite—muscovite and chlorite, regardless of crystal size, are the result of metamorphic
alteration of detrital clay minerals that made up much of the primary detrital matrix. Nevertheless,
the contribution of authigenic clay, although negligible, remains poorly constrained and may
introduce some amount of error in the estimate of matrix content, but since the range of matrix
content between the three principal lithofacies (see next) is measured in tens of percent, minor

differences would have little effect on the classification and interpretation of these strata.

Lastly, this study follows a modified classification scheme of Folk (1974) used in Tucker
(2001) to classify rock types according to their relative sand (0.0625-2.0 mm), silt (0.0039-0.0625
mm), and clay (< 0.0039 mm) content. Based on matrix (clay + silt) percentage, four main
lithofacies are identified: matrix-poor sandstone (0—20% matrix), muddy sandstone (20-50%
matrix), bipartite facies with a basal sandy (25-60% matrix) part overlain sharply by a planar- to

irregular-based muddier part (40-80% matrix), and sandy mudstone (50-90% matrix).
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Mud intraclast

Figure 3.4: Photomicrographs of matrix-poor sandstone and sandy mudstone in A, B) the Windermere Supergroup
and C, D) the Cloridorme Formation. Note that feldspars (Fs) and rock fragments (Rf) exhibit only minimal to
partial alteration. Photomicrographs of a muddy sandstone in E) the Windermere, and F) sandy mudstone in the
Cloridorme showing the prominent difference in color and fabric between the mud intraclasts, and illite—muscovite
and chlorite matrix (M). Mineral components are: Qz—quartz grains, Fs—feldspar grains, Rf—rock fragments,
Ms—muscovite and Chl—chlorite crystals, Cc—carbonate cement, and M—matrix (silt and clay).

3.4 LITHOFACIES DESCRIPTIONS

The compositional and textural characteristics of matrix-poor sandstone, muddy sandstone,
bipartite facies, and sandy mudstone are summarized in Tables 3.1A and 3.1B. All four facies are
structureless (i.e., lack tractional sedimentary structures), coarse-tail graded or massive, and
composed of framework grains that range from very fine to very coarse sand. Furthermore, they
are poorly to very poorly sorted with rounded to angular, equant to elongate framework grains
composed mostly of quartz (80-98%) and less commonly feldspar (3—20%) in the WSG, and
quartz (59-87%), feldspar (2-25%) and rock fragments (9-29%) in the CF. Matrix is composed
of illite—muscovite with dispersed chlorite crystals and silt grains, and cement consists of calcite
(ferroan and non-ferroan) or rhombohedral dolomite. Minor (< 1%) euhedral pyrite is also

observed. Strata also commonly contain elongate, subangular to subrounded mud clasts and lesser
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very fine to medium-grained sandstone clasts that are oriented with their apparent long axes
subparallel to bedding (Figs. 3.5, 3.6). Where present, these four facies are overlain by laminae to
thin beds of traction-structured sandstone and/or silty mudstone facies, which are described next
(Figs. 3.5, 3.6). Interpretations of these facies are based principally on their systematic lateral
arrangement, and therefore will be presented following the description of the lateral facies

association.
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A Windermere Supergroup
Sedi E K (>0.062 Matrix (silt and ¢l Framework grains composition
Facies Bed thickness Basal contact Grading edimentary ramewo (.> 0625 atrix (siit and clay) Carbonate cement
structures mm) grain size content Quartz Feldspar Rock Fragments
. Undulatory (82% of .
Matrix-poor 5-216 cm (avg. o Coarse-tail graded (67%). Very fine sand-pebble _ o 81-97% (avg. 3-19% (avg. a
sandstone (MPS) 50 cm) gf';?és':;'a”ar (8% assive (33%) Struciureless (ava. upper coarse sand) 107 10% (@vg- 14%)  Uplo 9% (avg. 3%)  ggy, 12%) 0%
Undulatory (66% of . )
Muddy sandstone  2-91 cm (avg. Coarse-tail graded (25%), Very fine sand—pebble 81-98% (avg. 3-19% (avg. o
(MS) 24 cm) g;ags';)d.sﬁlanar (34% massive (75%) Structureless (avg. lower coarse sand) 29-48% (avg. 37%) Up to 3% (avg. 1%) 89%) 11%) 0%
Lower part: coarse-tail Very fine sand-granule o
graded (31%), massive  Structureless (avg. upper medium  31-60% (avg. 42%)  <1% gg;?s% (avg. g;;1 @V gy
3-56 cm (av Undulatory (58% of (69%) sand) ) )
Bipartite facies (BF) 15 cm) 9 beds), planar (42%
of beds) Upper part: coarse-tail ‘
- Very fine sand—granule 86-96% (avg. 4-14% (avg.
9, _TRY a, E
{garg;e)d (15%), massive Structureless (avo. lower medium sand) 47-T6% (avg. 68%) <1% 91%) 9%) 0%
o
Undulatory (37% of . )
Sandy mudstone 1—40 cm (avg. 8 o Coarse-tail graded (13%), Very fine sand—granule R o 80-94% (avg. 6-20% (avg. o
(SM) om) beds), planar (63% massive (87%) Structureless (avg. lower medium sand) 53-TE% (66%) <1% 89%) 11%) 0%
of beds)
B Cloridorme Formation
Framework grains composition
Facies Bed thickness Basal contact Grading Sedimentary memt_’rk (.>D'Dﬁzs Matrix (silt and clay) Carbonate cement
structures mm) grain size content Quartz Feld Rock F o
ual eldspar ock Fragments
. Undulatory (67% of . Very fine sand-granule
Matrix-poor 11-135cm Coarse-tail graded (82%), . e o 66-83% (avg. 2-15% (avg. 13-21% (avg.
sandstone (MPS)  (avg. 41 cm) g;algz)é:;lanar (33% massive (18%) Structureless i&;vn%)uppsr medium 6-18% (avg. 14%) Up to 14% (avg. 6%) 73%) 10%) 17%)
Undulatory (51% of . )
Muddy sandstone  10-67 cm (ava. Coarse-tail graded (70%), Very fine sand—granule o 59-87% (avg. 4-20% (avg. 10-27% (avg.
(MS) 26 cm) gregz)d.:;lanar (4% massive (30%) Structureless (avg. lower medium sand) 21-48% (avg. 32%) Up to 12% (avg. 5%) 69%) 11%) 20%)
Lower part: coarse-tail Very fine—very coarse o _
graded (34%), massive Structureless sand (avg. lower medium  25-53% (avg. 41%) 2 - 12% (avg. 4%) 60-76% (avg. 6-23% (avg.  11-29% (avg.
Undulatory (40% of 67 % 149 19%
R 5-95cm (avg. e’ AN taos  (66%) sand) %) %) %)
Bipartite f: BF "
ipartite facies (BF) 23 cm) of bed:; N Upper part: coarse-tail Very fine—very coarse 61-83% (a 5-259% ( 0-20% (a
graded (15%), massive Structureless sand (avg. upper fine 40-73% (avg. 56%) Up to 4% ( avg. 2%) 70%) o (avg- 13%) avg. 17%) V-
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Undulatory (4% of . Very fine sand-ver
Sandy mudstone 3-38 cm (avg. Coarse-tail graded (7%), o 59-72% (avg. 11-19% (avg. 17-24% (avg.
(SM) 15 cm) the beds), planar massive (93%) Structureless coarse sand (avg. upper  55-79% (avg. 67%) <2% 65%) 14%) 21%)

(96% of beds)

fine sand)

Table 3.1: Lithological characteristics of the four main facies in A) the Windermere Supergroup and B) the Cloridorme Formation. See text for details.
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3.4.1 Matrix-poor sandstone (MPS)

Beds of MPS are pink colored in WSG, yellow to brown in CF, and average 50 cm thick
in WSG and 41 cm thick in CF (Figs. 3.5A-C, 3.6A—C). The basal contacts are sharp and planar
(18% of the beds in WSG and 33% of the beds in CF) or undulatory (82% of the beds in WSG and
67% of beds in CF). Average grain size is coarse sand in WSG and medium sand in CF (Figs.
3.7A, 3.8A). Strata are mostly coarse-tail graded (67% in WSG and 82% in CF) but also massive
(33% in WSG and 18% in CF). Matrix content ranges from 10 to 18% in the WSG and from 6 to
18% in the CF (Figs. 3.7A, 3.8A). Framework grains in WSG consist of 81 to 97% (average 88%)
quartz and 3 to 19% (average 12%) feldspar, whereas in CF they are composed of 66 to 83%
(average 73%) quartz, 2 to 15% (average 10%) feldspar, and 13 to 21% (average 17%) rock
fragments. Carbonate cement in these strata constitutes 3% in WSG and 6% in CF on average.
Mud clasts make up 1 to 5% of the bed, and on average are 1.4 cm thick and 16.5 cm long in WSG,
whereas in CF, they are 2.2 cm thick and 17.2 cm long. MPS is similar to the sand-rich Bed Type

1 described by Angus et al. (2019).

3.4.2 Muddy sandstone (MS)

MS is light gray in WSG and brown in CF (Figs. 3.5D — F, 3.6D — F). Beds consist of
coarse sand (Fig. 3.7B) and average 24 cm in thickness in WSG, and medium sand (Fig. 3.8B) and
26 cm thick in CF. The basal contacts are sharp and planar (34% of the beds in WSG and 49% of
the beds in CF) or undulatory (66% of the beds in WSG and 51% of beds in CF). Strata are coarse-
tail graded (55% in WSG and 70% in CF) or massive (45% in WSG and 30% in CF). Matrix

content ranges from 29 to 48% in WSG and from 21 to 48% in CF (Figs. 3.7B, 3.8B). Framework
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grains are made up of 81 to 98% (average 89%) quartz and 3 to 19% (average 11%) feldspar in
WSG, whereas in CF they comprise 59 to 87% (average 69%) quartz, 4 to 20% (average 11%)
feldspar, and 10 to 27% (average 20%) rock fragments. Carbonate cement makes up an average of
1% in WSG and 5% in CF. Mud clasts make up ~ 5 to 10% of the bed, and on average are 2.0 cm
thick and 13.3 cm long in WSG, whereas in CF they are 1.8 cm thick and 16.8 cm long. MS is

similar to matrix intermediate Bed Type 1 in Angus et al. (2019).

3.4.3 Bipartite facies (BF)

Distinctively, BF, which averages 15 cm thick in WSG and 23 cm thick in CF, is composed
of two sharply bounded parts—a lower sand-rich part overlain sharply by a planar- or irregular-
based muddier upper part. Across the interface grain-size decreases slightly but the matrix content
increases by a few tens of percent, which in outcrop is marked by a very noticeable darkening of
the strata (Figs. 3.5G-I, 3.6G-L). In the WSG the interface is exclusively planar, but in CF it is
either planar (57% of beds) or shows an intermittent lateral alternation between planar and irregular
(43% of beds). The irregular interface in CF strata is characterized by local synforms and antiforms
that have 1-9.5 cm (average 4.3 cm) relief and are 8.5-122 cm (average 38.3 cm) wide (Figs. 3.6J—
L). In addition, local overhangs and injections of sand from the sand-rich basal part into the
overlying mud-rich part are observed (Figs. 3.6K, L). Where sand intrusions are observed, mud
clasts tend to be more abundant in the overlying mud-rich part, which also exhibits a distinctive
patchy texture marked by a mosaic of sand-rich and sand-poor areas (Fig. 3.6L). The bases of this
facies are typically sharp and planar (58% of the beds in WSG and 60% of the beds in CF) or

undulatory (42% of the beds in WSG and 40% in CF).
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In both study areas, the lower part of BF is typically massive (69% in WSG and 85% in
CF) and less commonly coarse-tail graded (31% in WSG and 15% in CF) with an average grain
size of medium sand (Figs. 3.7C, 3.8C). Matrix content ranges from 31 to 60% in WSG and from
25 to 53% in CF (Figs. 3.7C, 3.8C). Framework grains in WSG consist of 89 to 95% (average
92%) quartz and 5 to 11% (average 8%) feldspar, whereas in CF they are composed of 60 to 76%
(average 67%) quartz, 6 to 23% (average 14%) feldspar, and 11 to 29% (average 19%) rock
fragments. Carbonate cement is < 1% in WSG but ~ 4% in CF. The overlying muddier part is
similarly massive (85% in WSG and CF) and less commonly coarse-tail graded (15% in WSG and
CF) with medium sand in WSG and fine sand in CF (Figs. 3.7D, 3.8D). Matrix content ranges
from 47 to 76% in WSG and from 40 to 73% in CF (Figs. 3.7D, 3.8D). Framework grains are made
up of 86 to 96% (average 91%) quartz and 4 to 14% (average 9%) feldspar in WSG, whereas in
CF they comprise 61 to 83% (average 70%) quartz, 5 to 25% (average 13%) feldspar, and 9 to
29% (average 17%) rock fragments. Carbonate cement is < 1% in WSG, but ~ 2% in CF. Mud
clasts are on average 0.7 cm thick and 5.8 cm long in WSG, whereas in CF, they are 2.0 cm thick
and 14.9 cm long, and where present make up ca. 5-10% of the basal part and 5-30% of the upper

part of the bipartite facies. BF is similar to Bed Type 2 described in Angus et al. (2019).

3.4.4 Sandy mudstone (SM)

Like the upper, mud-rich layer of the bipartite facies, matrix content in SM beds is high,
and ranges from 53 to 76% in WSG and from 55 to 79% in CF (Figs. 3.7E, 3.8E). Accordingly,
strata are distinctively dark colored and are blue-gray to dark gray in WSG and green-gray to dark
gray in CF (Figs. 3.5J-L, 3.6M-0). Beds average 8 cm in thickness, and sand is usually medium

grained in WSG, and 15 cm thick, and sand is fine grained in CF. Bed bases are generally sharp
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and planar (63% of the beds in WSG and 96% of the beds in CF), but can also be undulatory (37%
of the beds in WSG and 4% of beds in CF). Strata are typically massive 87% in WSG and 93% in
CF) but can also be coarse-tail graded (13% in WSG and 7% in CF). Framework grains in WSG
consist of 80 to 94% (average 89%) quartz and 6 to 20% (average 11%) feldspar, whereas in CF
they are composed of 59 to 72% (average 65%) quartz, 11 to 19% (average 14%) feldspar, and 17
to 24% (average 21%) rock fragments. Carbonate cement constitutes < 1% in WSG and < 2% in
CF. Mud clasts are on average 0.6 cm thick and 6.4 cm long in WSG, whereas in CF, they are 1.2
cm thick and 7.9 cm long, and where present make up ca. 5-30% of the bed. SM resembles Bed

Type 3 described by Angus et al. (2019).

3.4.5 Traction-structured sandstone (TSS)

TSS is matrix-poor (< 10% matrix), pink to yellow-tan in WSG and yellow to brown in
CF. Strata have sharp, undulatory basal contacts, average ~ 2.4 cm in thickness, and consist of
well-sorted, massive or normally graded, very fine- to medium-grained sandstone (Fig. 3.9).
Distinctively, strata are planar and/or ripple cross-stratified overlain by a layer of diffuse, plane-

parallel or wavy-parallel laminated siltstone, or less commonly, very fine sandstone.

3.4.6 Massive or graded silty mudstone (Md)

Md consists of massive to graded silty mudstone that averages 3.5 cm in thickness. Basal
contacts are usually sharp and planar or drape topography along the top of the underlying TSS
layer (Fig. 3.9). Md strata consist of alternating silt-rich and silt-poor laminae (< 2mm) (Fig. 3.9A);

the latter becoming thicker and more abundant upward in some beds.
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Windermere Supergroup

Figure 3.5: Representative photographs of the four main lithofacies in the Windermere Supergroup. A-C) Matrix-
poor sandstone (MPS), D—F) Muddy sandstone (MS), G-1) Bipartite facies (BF), J-L) Sandy mudstone (SM). Solid
red lines mark the base and top of a single bed; white arrows point to mud intraclasts; blue arrows indicate sandstone
clasts; and dashed white lines separate the two parts of a bipartite facies (BF). Note that where present, these facies
are overlain by a thin, traction-structured sandstone (TSS) and/or massive or graded silty mudstone (Md). Hammer
for scale (28 cm long), camera lens cap (5.2 cm diameter), pen (13.5 cm long).
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Cloridorme Formation

Figure 3.6: Representative photographs of the four main lithofacies in the Cloridorme Formation. A-C) Matrix-
poor sandstone (MPS), D—F) Muddy sandstone (MS), G—L) Bipartite facies (BF), M-0O) Sandy mudstone (SM).
Solid red lines mark the base and top of a single bed; white arrows point to mud intraclasts; blue arrows indicate
sandstone clasts; and dashed white lines separate the two parts of a bipartite facies (BF). Note that where present,
these facies are overlain by a thin, traction-structured sandstone (TSS) and/or massive or graded silty mudstone
(Md). Scales are: hammer (33 cm long), pencil (14 cm long), camera lens cap (5.2 cm diameter), field notebook
(19 cm long).
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Figure 3.7: Representative cross-polarized photomicrographs of the four main lithofacies in the Windermere
Supergroup.
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Figure 3.8: Representative cross-polarized photomicrographs of the four main lithofacies in the Cloridorme
Formation.
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Figure 3.9: A) Thin-section photograph and associated photomicrographs in plane-polarized light of a bipartite
facies (BF) overlain abruptly (dashed yellow line) by well-sorted, traction-structured sandstone (TSS) and massive
or graded silty mudstone (Md) in the Windermere Supergroup. B) Thin-section photograph and associated
photomicrographs in plane-polarized light of a sandy mudstone (SM) overlain abruptly (dashed yellow line) by
well-sorted, traction-structured sandstone (TSS) and massive or graded silty mudstone (Md) in the Cloridorme
Formation. Note that the inclination of layering in Part A is only an artifact of thin-section preparation. Blue and
pink rectangles indicate the locations of the associated photomicrographs. Yellow arrow points to a mud intraclast.

3.5 LATERAL FACIES ASSOCIATION

In both study areas, individual beds in the bipartite and related strata units are observed to
form a systematic proximal-to-distal change in lithofacies from MPS to MS to BF and then to SM
along the strike of the outcrops. More specifically, MPS transforms to MS, which in turn develops
into a two-part, bipartite facies (BF) consisting of a basal muddy sandstone part overlain sharply
by an upper sandy mudstone part. Further laterally, the basal part of BF progressively thins and
then pinches out, whereas the upper part initially thickens, then changes little in thickness,
followed by thinning to a pinch-o