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Abstract

Matrix-rich strata(20-70% mud matrix)have been increasinglgecognized in deep
marine systems. These beate thought to beeposited from mudich flowsin a distal
basinfloor setting; however theyemain poorly understood, partly becausgads of
lateral lithological changes are poorly known. In this study, matich strata s
common in proximabasinfloor strataof the Neoproterozoic Windermere Supergroup
The ohective of this thesis is to providdetailed description and interpretation of the
lithological and mineralogicaiakeup and lateral facies trends of matrixh dratain in

a unit 40 m thick and 800 m widddere, s$ratigraphic and petrographic analyses
identified five facies: classiturbidites;sandstones;layey sandstones; sandy claystones
and finegrained banded couplets, which laterally amanged systemadlly from
matrix-poor sandstones tthin-beddedturbidites. This lateral change is interpreted to
represent a depositiona@lontinuum along the margins of afflux jet that formed
immediately downflow of an avulsion node.
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V): basal matrixrich layer overlain abruptly by fingrained diffusely laminated
layer (represented betwedretdashed lines and labeled dtf). G) Subfacies IV
(MRSC IV): thin, bipartite matrixich bed. The colour change represents an abrupt
INCrease iN MAatrX CONTENL............uuiiiiriiiieeieeeiiei e e e e e e e emer e e e e e e e e e eaeeeeas 84
Figure 3.8: Examples of various matrix content percentages of miatrikeds. Note that
gualitatively photomicrographs-& resemble one another, however, detailed point
counting provides quantitative evidence that matortent varies based on
stratigaphic location within the study area. A) Crgedarized photomicrograph at
1.25x magnificationofamatdk i ch bed wi t h 5-gotarizedat r i x .
photomicrograph at 5x magnification of (A). Note that grains appear to be floating
in matrix. Grain loundaries are smooth and there is no occurrence of subgrains or
bulging. B) Crosolarized photomicrograph at 1.25x magnification of a matrix
rich bed with 5-pofarizedgphotomicragraph at bx n@agnicaton
of (B). C) Crosspolarized phaimicrograph at 1.25x magnification of a matrix rich
bed with 45% -4pdatized pkotomi€@gjaph@tr5o rmagnification of

(C). Note the greater range in grain SIZES........ooeeeeeeeiiiieeieeeie e e eeeeeeeeeeeeeeeeennd 87

Figure 3.9 (continued): A) Idealized stratigraphic logs for the 5 kinds of banded couplets
observed in ta study area. ) Type 1: mesdanded, argillaceous, type 1 couplets.
D) mesaebanded, argillaceous, type 2 couplets. E) memuded, arenaceous, type 1
couplets. FG) macrebanded, arenaceous, type 1 couplets with diffuse planar

lamination below the boudy. H) megebanded, arenaceous, type 1 couplets with
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diffuse planar and crossratification. 1) Close up of crosdratification at the top of

the DEA IN (H).eooe oo e s eenn s 93
Figure 3.10: Photomicrographs of fugeained banded couplets:@ are taken at 1.25x

magnification. A) Planar laminated part of a banded couplet. Note the discrete layers

with high mud content and the dispersed coarse silt grains. B) Showing the sharp

contact between the lower, sandy and upper muddy parts of a couplet. C) Diffusely

laminated lower part of a banded couplet. D) Diffusely laminated bed from C at 5x

magnification. Note the faint streaks of mud indicated by the white arrows..93
Figure 3.11: Deposition of banded beds (from Lowe and Guy (2000)hegin, the flow

is fully turbulent, and a thin active layer of Zddad sediment showing flat

lamination @ crosg stratification is deposited. Somewhat higher suspenhbed

fallout rates may result in the deposition of a thin massive bed. The lower part of the

flow shows a strongly concaX@pwards velocity profile characteristic of turbulent

flows. (B) As theflow wanes, the settling of saridized mud and mineral grains

increases flow stratification and sediment concentration in the lower part of the

flow. Quartz and feldspar settling into the higher densityZieed zone slow but

continue to settle to the beout lower density mud grains are retarded and

ultimately retained, increasing the mud content of the basal layers. A combination of

increasing sediment concentration, rising mud content and particle

disaggregation increases the viscosity, sheartagsis and cohesive strength of the

neak bed layer, eventually forming a cohesive viscous sublayer beneath the

turbulent flow. The velocity profile near the bed flattens (profile 1) but is transitional

at the top into the overlying flow as long as a discmeterface does not form and
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the layers exchange momentum as a result of turbulent diffusion. Where the viscous
sublayer itself shows strong particle grading, the bed may essentially grade upwards
into the flow, and the velocity profile may appear conupwards near the bed

(profile 2). (C) Increasing viscosity and strength in the viscous sublayer result in the
appearance of a dynamic interface at the top of or within the upper part of the
viscous sublayer. Below this interface, the cohesive strengtie aigcous sublayer
prevents settling of mud, quartz and feldspar grains, whereas above this interface,
denser grains, mainly quartz and feldspar, are still settling towards the bed.
Sediment accumulation at this interface initiates plug formation witleiflow and
deposition of lighZ band plug sediment on top of the viscous sublayer. Foundering
of these early deposited lighhand sediments into the underlying, g#ghearing
sublayer increases the particle content and strength of the upper part dfidlyersu
Freezing of the sedimefitharged upper part of the viscous sublayer may also
contribute to plug development. Schematic velocity profil&sshow velocity

evolution within the flow and viscous sublayer as the plug forms and, later, as
sediment acanulates on and thickens the plug, in part by forcing compaction and
freezing in the underlying shearing sublayer (profiles 2 and 3). (D) Settling mud and
sand continue to accumulate on top of the plug. Brief working as bed load beneath
the overlying turbuédnt flow forms the crudely layered sandstone of light bands. This
curren¥ deposited sandstone continues to load into the underlying, rraind
plug/viscous sublayer. Deposition on top of the plug eventually causes collapse,

freezing and deposition of the @atviscous sublayer. At this point, the bed surface
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Chapter 1: Thesis Introduction

1.1 Thesis Rational

Thedeepmarinebasinfloor is themostdistalandfinal depositionakite for
clasticsedimentHerethelargest(volumetric)sedimenbodieson earth termed
submarindgans,arecurrentlybeinginvestigatedy bothacademeandindustryd the
latterbecausef their provenhydroarbonpotential(Talling etal., 2012).Howevertheir
remoteanddeepwaterlocationhasfor manyyearsmadescientificinvestigation
problematicRecentadvancesn seismicimaging,in particular,amorevoluminous
library of drill core,haveprovidedmary newinsightsinto the deepseasedimentary
record.However,dueto thelimited vertical resolutionof seismic the wide spacingof
wells, ard shortlengthof mostcoresmanyof thevertical, but perhapsnoreimportantly,
lateralcentimeteito decametescalestrataltrendsremainpoorly understoodThesedata
aretypically obtainedby studyingwell-exposedancientdeepmarine,seismiescale
outcropanalogueso bridgethe gapbetweerlow resolutian, largescale2D and3D

seismicdataandhigh resolutionlD coreobservations.

It is widely knownthatsedimenigravity flows (i.e. turbidity currentsanddebris
flows) arethe mainagentghattransporianddepositsedimenin thedeepmarine
(MiddletonandHampton,1976 Lowe, 1979,1982).Work by geologistgor the past
severaldecadefiasbeendevotedalmostexclusivelyto the sandrich partof thedeep
marinesedimentaryecord.Recently however sandstonewith high matrix content

(>30%) havebeenincreasinglyrecognizedanddebatedgspeciallyin termsof the



physicalbehaviorof theflow andthe depositionaprocessethatemplacehesebeds.
Matrix-rich bedsaregenerallythoughtto representepositionfrom a changingor
transitioningflow statefrom laminarto turbulentflow andhavebeenreferredto by a

varietyof terms,including: fislurry deposite (Lowe andGuy, 2000;Lowe et al, 2003),

=]

I i dlkedd (Haughtotetal. 2003;Amy andTalling 2006;Haughtonet al. 2009),

=]

Cc 0 g edebeiteturliditeb e d(Fabing etal,2004)andii h y keventlbd®
(Hodgson2009;PylesandJennette2009) andtypically arereportedfrom thedistaland
lateralpartsof basinfloor turbidite systemsin this study,however matrix rich deposits,
hereaftetermedii ma trichistrat@orfi s a o t @ y s, cropowis siratainterpreted
to havebeendepositechot only onthe proximal partof the basinfloor, but alsowere

depositedy processethatcontrastignificantlyto thoseproposedy earlierauthors.

At the CastleCreekstudyarea strataof the UpperKazaGroup arewell exposed
andprovidea remarkableandunigueopportunityto documenthe centimeteto meter
scaleverticalandlateralchange®f matrix-rich depositsThe objective of thisthesisis to
providea detaileddescriptionandinterpretatiorof the lithological, texturaland
mineralogicaimakeup andlateralfaciestrendsin matrix-rich strataof the UpperKaza
Group.Fromanindusty perspectiveundersandingtheir lithological makeup andfacies
trends,in additionto their relationshipwith geneticallyrelatedmatrix-poorsandstones

will provideimportantinput for building moreaccurateeservoirmodels.



1.2 Geologic History and Regional Stratigraphy

1.2.1 Overview of the Windermere Supergroup

The Neoproterozoic Winderere Supergroup (WS@)ops out extensively
throughout western North America forming a discontinuous outcrop belt that extends
from the Sonoran Desert (Northern Mexico) to the Yukdaska boarder; a strike length
of approximately 4000 km (Ross, 19%igure 1.1).In Mexico and the southwestern
United States strata of the WSG consists of continental and shraboiwe sedimentary
siliciclasticand subordinate carbonate rocks (Link, 1993). Further north sotiteern
Canadian cordilleradeepmarine slopand basirloor siliciclastic strata crop out
superbly over an area of approximately 35 008 gmithout palinpastic restoration
(Ross, 1995)still further north in the Mackenzie Mountains (Yukon Territory) strata
consists of shelf and uppsiope facis (Terlaky, 2014; Ross, 1995). Collectively, the
WSG is interpreted to represent deposition along the continental margin of Laurentia
(ancestral North America) as it progradetbithe paleePacific(Figure 1.2 Bell etal.,
1987; Ross, 1991; Ross et 4B95; Karlstrom et al., 2001; Ross and Arnott, 2007). This
thesis focuses on deemter siliciclastic rocks of the WSG that crop out in the Castle
Creekstudy area, Cariboo Mountains, southern Canadediltera, British Columbia,

Canada.
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Figure 1.1: Location of exposed strata of the Windermere Supergrougyellow) in western
North America. The red rectangle shows the location of generally wedixposed deepvater
rocks in the southern Canadian Cordillera (after Ross, 1991).
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Figure 1.2: Schematic crossection of western North America ca. 600 Ma (redrawn by

Khan, 2011; from Ross, 1991). The correlation of shelf strata in the southwestern USA with
deepwater rocks in the Canadian Cordillera are unknown, but age and continuity of major
stratigraphic elements (e.g. glaciogenic diamictites and mafic volcanic rocks) suggest a once
continuous basin (Eisbacher, 1985; Ross, 1991). Erosion related to the <Cdimbrian
unconformity has removed shallow water strata in the southern Canadian Cordillera

(Ross, 1988).

1.2.2Southern Canadian Grdillera

Duringthe Neoproerozoic(7557 569 Ma) Laurentia(ancestraNorth America)
separatedrom the supercontinenRodiniaandcreateda passivanarginalongits
ancestralvesterncoast(Bell etal, 1987;R0ss,1991;Rosset al, 1995; RossandArnott,
2007).Sepaationof a continentalandmassfrom thewesternrmarginof Laurentia
resultedn the creationof the proto-Pacific Oceanandgrowth of anextensivepassive
continentaimargin(Rossetal, 1995).Along this margin,and in the presentday position
of thesouthernCanadiarcordillerg wasthe depositionof mostlydeepwaterdepositsof
theWindermereSupergrougFigurel1.3). In this areathelower partof the WSG
consistof anintercalatecassemblagenadeup of the Toby (continentakcoarsegrained
siliciclastics) andIrene(mafic volcanics)formationsthataccumulatedn localizedrift
basinscoincidentwith thefragmentatiorof Rodinia(Stewart, 1972;R0ss,1991).At

presenttiming of rifting in thesouthen CanadiarCordillerais constrainedy a
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Figure 1.3: Global
paleoreconstructions
illustrating the
breakup of Rodinia
(spreading ridge
depicted by red lines)
and the temporal
development of
Laurentia (ancestral
North America)
circled in black. 780
Ma: showing the full
development of
Rodinia; 720 Ma: the
onset of the breakup
of Rodinia. Note the
spreading center
immediately to the
north of Laurentia;
680 Ma: Expansion of
spreading ridge
complexes, continued
breakup of Rodinia
and the creation of
the Proto-pacific
ocean; 635: Ma nearly
complete breakup of
Rodinia and the
formation of a fully -
developed continental
margin along the
north-facing margin
of Laurentia (present
day western North
America). Figure
modified from Li et

al, 2013.



singleSmNd ageof 762+ 44 Ma from mafic volcanicrocksof the IreneFormation
(Devlin etal., 1988).Howeverdatesfrom igneousrocks interpretedo be correlativewith
thelreneFormationin northernBritish Columbiaandldahoprovidedatesthatrange
from 762684 Ma (Ferrietal., 1999;FanningandLink, 2004).Laterandasa resultof
thermallydrivensubsidencea ~6 km thick suaessiorof deepmarinesedimentaryocks
thattransitionstratigraphicallyupwardsfrom deepmarineto continentakhelfstrata
accumulatean the newly formedbasin.This postrift sucessions termedthe Miette
Groupin thewesternRockyMountains(Charlesworthetal., 1967),HorsethiefCreek
Groupin the PurcellMountains(Resson1973)andthe KazaandCariboogroupsin the
CaribooMountains(Campbelletal, 1973).This kilometerscaleupwardshoaling
successiofs interpretedo represenprogradatiorof the Laurentian passivecontinental
maugin into the proto-Pacific (RossandArnott 2007). During the Early Paleozoica
secondmajortectoniceventoccurredwhich in westernCanadaesultedn the formation
of the WesternCanadiarSedimentargBasinandthe eventualaccumulatiorof over 10
km of modly shallowmarinecarbonateocks(HeinandMcMechan,1994).
Sedimentatioralongthe passivemarginterminatedn the Jurassi@asthe marginwas
convertednto atectonicallyactivemarginforming a continentalarc system Accretionof
allochthonousnicro-continentsaandrelateddeformationakventded to the creationof the
CanadiarCordillera(Reidetal., 2002, which from eastto westcomprisedive distinct
northwestsoutheastrendingmorphologicabelts:the Rocky Mountain,Omineca
Crystalline,Intermontane CoastPlutonicandInsularbelts(Figure1.5). The Rocky
MountainandOminecaCrystallinebeltsarecomposeaf autochthonoudeformed

Protera@oic and.
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Figure 1.5: The Western Canadian Cordillera comprises five morpheectonic belts. From
east to west they include th&oreland Belt, Omineca Belt, Intermontane Belt, Coast Belt
and Insular Belt. The northwestsoutheast trending belts reflect mountain building
processes related to collisional tectonism and accretion of allochtonous terranes along the
western margin of Laurentia betveen the Mid-Jurassic (185 Ma) and Early Cenozoic (50
Ma; Price, 2000). Map after Wheeler and McFeely, 1991.




Paleozoic mostly marine sedimentary rocks, whereas teeriontane, Coast Plutonic,
andInsular belts are made up of allochthonous maxoretonary terraces and

subductiorrelated magmatism associated with mountain building

1.2.3Regional Stratigraphy of the Cariboo Mountains

Thestudyareais locatedin the CaribooMountans (the northerrmostsubrange
of the ColumbiaMountainsin eastcentralBritish Columbia) which forms partof the
OminecaBelt in the southernCanadiarcordillera Here kilometerscaleJurassidolds
dominatethelocal structureandareconfinedby a seriesof strike-slip faults (Reidetal.,
2002).Themetamorphigradein the CaribooMountansrangesrom sul-greenschisin
thenorthernpartandincreaseso greenschistowardsthe south.Neoproterozoicocksof
theWSG comprisethe KazaandCariboogroups.The KazaGroupis subdividednto
Lower, Middle andUpperparts,whereaghe CaribooGroupis subdivided,
stratigraphicallyupwardsjnto the Isaac,CunninghamandYankeeBell formations
(Campbelletal, 1973;Figurel.6). The KazaGroupis afew kilometersthick andconsists
mostlyof coarsegrainedsandston@andconglornerate interbeddedvith fine-grained
sandstonesiltstoneandshale. The KazaGroupis interpretedo represenstacked
depositionalobesin a basinfloor setting(TerlakyandArnott, 2014). It is importantto
notethatthe KazaGroupincludesthe only regionally extensivemarkerunit within the
WSG:the Old PointFort Formation Conformablyoverlyingthe KazaGroupis the Isaac
Formationcomposednostlyof mudstonesiltstoneandshaleinterbeddedvith thick units
of sandstoner conglomeate.The IsaacFormationis interpretedo representhe
depositof slopeleveedchannekcomplexegKhanandArnott, 2012).It thenis overlain

by the 800 m thick Cunninghanformationdominatedoy oolitic-intraclasticlimestone

1C



interpretedascarbonaterich upperslopeto outershelfdeposityKhanandArnott, 2012).
Lastly, the YankeeBell Formationis a~ 900m thick successiowf alternatingcarbonate
andsiliciclasticrocksinterpretedo representlepositionon a high-energycontinental

shelf(KhanandArnott, 2012).
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Figure 1.6: Regional stratigraphy of the Windermere Supergroup in thesouthern Canadian
cordillera. This study focuses on th&pper Kaza Group, which ishighlighted by the red
rectangle (modified from Ross and Arnott 2007). Geochronological dates from Rset al
(1995), Lundet al (2003), Kendallet al (2004) and Colpronet al. (2002).
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1.2.4Age Constraints and Sediment Provenance of the Windermere
Supergroup in thesouthern Canadian cordillera

Theminimumandmaximumageof WSG depositions constrainedy ages
obtainedfrom rocksthatunconformablyunderlieandoverliethe WSG sedimentary
successionBasedon U-Pbdating,crystallinebasementocksthatunderliethe WSG
rangefrom 740-728 Ma, thusprovidinga maximumagefor WSG sedimentation
(Armstrong,1953;ParrishandArmstrong,1983;Evenchi& etal, 1984). Theminimum
ageof WSGsedimentatioms 569.6:5.3 Ma andis basedn U-Pbdatingof volcanic
rhyolitesfrom the Lower CambrianGog Groupthatunconfamablyoverliethe WSG

(Colpronetal, 2002).

Although,biostratigraphicontrolis absentregionalcorrelatimsaremade
possibleby a smallnumberof regionallyextensiw lithostratigraphianarkes. Themog
widespreadindvisually distinctin thefield is the Old Fort PointFormation(OFP).The
OFPseparatethe Lower andMiddle Kazagroups andcropsout acrosghe entire
southerrCanadiarcordillera Hereit formsanup to 450m thick, geochemicallydistinct
deepmarinesuccessiormomprisng threeunits (Smithetal, 2009;2014ab; Figurel.7).
Thebasd unit termedthe Mount TempleMember,is 50-125m thick andconsistsof
purple,greenandgreysiltstonemudstonéasethatgradesupwardsinto rhythmic
limestonesiltstonecouplets. The middle unit, the Geikie SidingMember s 2-15 m thick
andconsistof distinctgreyto blackorganicrich mudstonesnterpretedo represena
periodof deepoceananoxiaanda maximumflooding surface(Kendall,2004).The
WhitehornMountainMemberforms the uppermostnit, whichis 0.5165m thick and

composedf alithologically diverseassortmentf re-sedimentediliciclasticand
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carbonatestrata(Smithetal, 20143. The lsaacFormationcontainstwo lessaerially-
extensivemarkersinformally termedthe first andsecondsaaccarbonatesTheseunits
rangefrom 10 m to 250 m thick andconsistof interstratifiedthin-to-mediumbedded
calciturbiditesandsubordinateonglomeratdrecciaandslumpblocks.These
lithostratigraphianarkersareinterpretedo represente-sedimented¢arbonatesediment
sourcedrom acontinentalshelfthatbecamdloodedduringperiodsof sealevel
highstandRoss,1995;RossandArnott 2007;KhanandArnott, 2012).Theonly direct
agewithin the deepwatersedimentaryile of the WSG comesfrom a Re-Osdatefrom
organicrich shaledan the Geikie SidingMember andprovidesanageof 607.8+ 4.7 Ma
(Kendall,2004;RossandArnott, 2007).Within the southernCanadiarcordillerg detrital
zirconpopulationsn deepwaterstrataof the WSG showa distinctly bimodalage
distributionof 1.9-1.75Gaand2.6 Ga(RossandBowring, 1990;Rossand Parrish,
1991),suggestinghatsedimentsourcesemainedstableandwerecorfined to the
southernCanadiarthield andthe northwesterrpartof the United StategRosset al,
1995;RossandArnott, 2007).Moreover regionalpaleoflowshowsa generalrend
towardsthe northwestRosset al, 1995;RossandArnott, 2007)althoughlocal
deviationsmostlikely relatedto local topographiceffects areobservedKhanand
Arnott, 2012).Basedon regionalcorrelationsmappatternsandthe homogeneityof
detritalzirconprovenancedeepwatersiliciclasticrocksof the WSGareinterpretedo
havebeendepositedy a single,deepwater,turbidite systemof substantiatlimensions.
Currentlyin the southernCanadiarcordillera deepwatersedimentaryocksof the WSG
cropoutoveranareaof approximatelyd5 000km? andare6-9 km thick. However,

takinginto accountectonicshorteningand faulting associateavith the Mesozoic
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CordilleranOrogeny the palinspaticallyrestoredVSG mayhavebeenat least80 000
km? (RossandArnott, 2007) which thenwould makeit oneof thew o r |ladgéss
arcientturbidite systemsaandalsodimensionallysimilarin to moderndaysystemdike

the AmazonandMississippiturbidite systemgqFigure1.8)
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Figure 1.7: A: Generalized stratigraphic column of the regionally extensive Old Fort Point
Formation and its three stratal constituents: Mount Temple Lake, Geikie Siding and the
Whit ehorn Mountain members. Modified from Smith et al., 2014. B: Generalized
stratigraphic column of the Castle Creek study area showing the location of the first Isaac
carbonate unit. Modified from Ross and Arnott, 2007.
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Figure 1.8 Hypothetical reconstruction of the Windermere turbidite system in relation to
other modern (in black text) and ancient (in red text) turbidite systemsftom Khan and
Arnott, 2012).

1.2.5Castle Creek Outcrop and Stratigraphy

The CastleCreekstudyareais locatedin the CaribooMountainsof eastcentral
British Columbianeartheheadwatersf CastleCreek(~530 3 1(°2 6 Migure
1.9). Here,strataof the WSG arewell-exposedn thevertically-dipping limb of amajor
southwestverginganticlinealongthe easterrside of the lsaacSynclinorium(Rossand
Arnott, 2007).The CastleCreekareahasbeenaffectedby atleastfour phaseof

deformation (Murphy andRees,1983;Reidet al, 2002;KhanandArnott, 2012).
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Supergroup are superbly exposed. Right image from Terlaky, 2014; Left image from ©2015
Province of British Columbia, Cnes/Spot Image, Map data ©201600gle.

Thefirst deformationevent(D1) resultedn eastverging,meterscalefolds anda
cleavagdS1)thatlocally subparallelsbedding.The seconcevent(D2) formed
kilometerscalesouthwestergingfolds thatrepresenthe dominantregionalstructural
grainpreservedn theareal themajorfold (anticline)at CastleCreekis relatedto this
event This deformationakventalsoresultedn anaxialplanarcleavaggS2)anda
prevalentcrenulationcleavagehroughouthe area(Murphy, 1987a).Theminimumage
of D1 andD2 is providedby crosscuttingintrusiveigneousrocksdatedat 174 Ma
(Pigage 1977;Gerasimoff,1988).Thethird deformationakvent(D3) resultedn dextral
strike-slip faulting, kilometerscalefolds (northwesterrverging)andanaxial planar
cleavagdhatcrenulatesS2 cleavaggReidetal., 2002). Thefourth deformationevent
(D4) resultedn local meterthick uprightkink folds. Murphy (1987a)postulatedhat

metamorphisnin theareabeganduringor shortly afterD1 andpeakedduringD2i D3
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resultingin sub-greenschisto greenschisgrademetamorphismiNeverthelessjespitea
complexhistoryof deformationandmetamorphismprimary sedimentargtructuresn
strataat CastleCreekarestill well preservedevenatthemillimeter scale As aresult,
sedimentaryatherthanmetamorphiciomencétureis usedto classifytheserocks(Ross

andArnott, 2007).

The CastleCreekoutcropis 7 km wide (parallelto bedding)and2.5 km thick
(perpendiculato bedding)(KhanandArnott, 2010)(Figurel.10).Within theareais a
small, rapidly retreatingglacierthathaspolishedandsmoothedhe strataforming freshly
exposedurfaceswith little to no vegetationjichenor moss This, in additionto the
vertically-dippingattitudeof the stratigraphyallows bedsto bewalkedout for hundreds
of meterdaterally andthereinthe opporunity to carefullydocumenthe natureof
lithological changesExposedat CastleCreekarestrataof the UpperKazaGroupand
Lower IsaacFormation.Here,the UpperKazaGroupis ~800m thick andcomposeaf
laterallycontinuaus, decametethick units of normally graded guartzofeldspathic,
coarsegrainedsandstae,with lessergranuleconglomeateinterbeddedvith thin-bedded
turbidites.Theratio of sandston¢o mudstonas ~75:25(Arnott etal., 2011).Sheetlike
sandstoneareup to 40 m thick andin manycases>800m wide (width of the outcrop)
andareinterpretedto representiepositionin basinfloor lobesby poorly confined
turbidity currents The muchmoremudstonerich IsaacFormation(sandstonemudstone
ratio of 25:75) conformablyoverliesthe sanddominatedJpperKazaGroup.At Castle
Creek,thelsaacFormationis composedf mudstonesnterstratifiedwith decameter
thick sandstones;onglomerateanduncommorcarbonategArnott etal., 2011).The

mudstonaunits consst of thinly-beddedfine-grained T.qd T4e turbiditesinterpretedo
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representeveedepositdoundng channeldilled with the coarsegrainedsandstonenits
(KhanandArnott, 2012).In addition,commonslide,slumpanddebrisflow deposits
within thelsaacFormationareinterpretedo be a consequencef gravitationalinstability

characteristiof deepwaterslopeto baseof-slopesettingsg KhanandArnott, 2012).
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Figure 1.10: A) Photomosai®f the CastleCreek study area. B) Interpreted geological map
of the Castle Creek study area with the area of this study indicated by red rectangle. For the
location of previous studies conducted at Castle Creek see figure 5B in Ross and Arnott,
2007. Figure modified fom Ross and Arnott, 2007.
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1.3 Previous Work

Theregionalstratigraphydeformationandmetamorphisnwasfirst describedn
thegeologicwork of Campbelletal. (1973)thatalsoproduceda 1:250,000regionalmap
In 2003,RossandFergusorpublisheda 1:50,000mapthatincludedthe CastleCreek
studyarea(Figure1.11) Numerousotherstudiesfocusingon theregionalgeologyand
structureof the CaribooMountainshavebeenpublished notably: Murphy andRees
(1983);Murphy (1987a b); RossandMurphy (1983); Ross(1991;2000);Gabrielseand
Campbell(1991);HeinandMcMechan(1994);Rossetal., (1995);Reid et al, (2002);

Reid (2003).

1.3.2Previous work by the Windermere Consortium

This studyis partof alargerresearcteffort (WindermereConsortiun) basdat
the University of Ottawaandsupervisedy Dr. Bill Arnott. Sinceits inceptionin 2001,
theWindermereConsortiumhasbeenfocusedon documentinghe stratigraphyand
architectureof deepwatersedimentaryocks.In the CastleCreekstudyareawork on
basinfloor depositsf the UpperKazaGroupwerefirst describedy Meyer(2004)and
MeyerandRoss(2007a b). Thereaftersmallerareasof the UpperKazaweredescribed
in sedimentologicatletailby Rocheleaw2011);English(2013);Al Mufti (2013) and
Lockwood(2014)andthe moreregionalstudyby Terlaky(2014).0f particularnoteis
thatthesestudieswerethefirst to recognizeandbriefly describematrix-rich stratain the

UpperKazaGroup,andthereintheimpetusfor this study
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Figure 1.11 Regional geology of the Castle Cree&tudy area and surroundingarea

(excerpt from the Eddy 1:50,000 map area: Rosand Ferguson, 2003). The gener&astle
Creek field area is highlighted by the blue polygon; this study focuses on the area in the red
rectangle.
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1.4 Study Area andMethodology

This thesisis basedorimarily on fieldwork conductedvertwo six weekperiods
from mid-Julyto late August2012and2013.Emphasisvasplacedon carefulbedby-
bed,centimetetto-meterscaledescriptionof the texturalandsedimentologicatharacter
of stratacroppingoutin 36 verticalstratigraphicsectionghatrangefrom 15mto 30min
lengthandarespacedaterallyoveradistancgparallelto bedding)of about800m in the
middle partof the UpperKazaoutcropat CastleCreek(Figure1.12). Thedistance
betweerlogsrangedrom 20 m to 100m dependingn the quality of exposureandthe
charactepf laterallithological changeln addition,stratigraphiccorrelationsveremostly
fiwalkedouto in thefield (dueto excellentoutcropexposure pndaidedby the useof
high-resolution(1:300)aerialphotographspn which somebedscouldbe confidently
identifiedandtracedlaterally. Thesedatawerethenusedto createa numberof
correlationpanels(at variousscales}o furtherillustratelateralandvertical lithological

trendswithin the studyarea(AppendixA).

Figure 1.12 A) Panoramic view of a portion of the Castle Creek outcrop with the study
area outlined in red rectangle. B) Highresolution aerial photograph showing the location of
all 36 stratigraphic logs in yellow and the boundaries of the study area in red.
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A total of 42 samplesverecollectedfrom strategidocationsacrosghe studyareaand
madeinto thin-sectiongor a moredetaileddescriptionof grainsize,grain sortingand
mineralogy(for acompletelist of samplesandsampledescriptionseeAppendixB).
Sampledrom clay sandstone@3) andsandyclaystonegF4) bedswerecollected
systematicallyfrom the bottom,middle andtop of beds to captureanyupwardchange.
Detailedmanualpoint-countingof 420-560 grainspersamplewascarriedout usinga
guadram pointcountingmethodwheren ~70 pointsweresystenatically countedfrom
eachquadranusingagrid (note:6 quadrantgerthin-section;Figurel1.13).The
following classificationschemevasused:

Total = FrameworkGrains+ Matrix + Altered Grains+ Cement

T= [QS +Fs+Lg+ 05] + [M ost MRXC] + [RXC + RXCSG] + Ccicm

Where:

Qs sandsized(or coarsey quartzgrains;

Fsi sandsized(or coarsey feldspargrains;

Ls1 sandsized(or coarsey lithic grains;

Os 1 sandsized(or coarse)y other minerals(i.e. muscovite);

MosT (quart? silt matrix;

Mgrxc - recrystalized matrix (composeaf muscoviteandchlorite);

RXC - recrystdlized mediumsandsizedquartz(or coarsey with visible evidenceof
grainboundarymigration;

RXCsg - recrystalizedfine-grainedquartzsubgrainswith prevalentsubgrainrotationor
bulgingrecrystalization;

Ccicm - calciteor clay mineralcementguncommon).
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This studyis oneof thefirst of the manystudiesat CastleCreekto usedetailed
petrographi@nalysisto quantitativelydifferentiatedetritalmatrix andframewak grains,
andthereinquantitativey capturethetexturaldifferencesbetweermmatrix-rich versus
matrix-poorstratai Theresultsandimplicationsof petrographi@nalysisaredescribedn

thefacies(Chapter3) anddiscussion{Chapter5) sectionsof thisthesis.
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Figure 1.13: Schematic of the quadrant pointounting method used in this study.
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Chapter 2: Literature Review

To aid in theunderstandingndinterpretatiorof stratadescribedn this thesisa
brief overviewof submarinesedimenigravity flows, their processeandresultant
depositgs first presentedThis is followed by a brief review of thetypesof dynamic

guartzrecrystallizatiorasso@tedwith regionaltectonism

2.1 Introduction

Thegreatdepthandisolatedlocationof the deepseahasalwaysleadto
unansweredjuestionsaboutthe processesccurringat the bottomof the ocean Eveninto
the19thcenturyverylittle wasknownaboutthe sedimentologicaprocessesf thedeep
ocean.The ChallengelExpedition(1872 1876)wasascientificexplorationthatmade
manyimportantdiscoveriesaandlaid thefoundationof deepmarineresearchatthetime.
Fromthis expeditionit waspostulatedhatthe deepoceanwasa calmsettingwhere
sedmentaccumulatedby slow pelagicfallout andbiological processe$Murray and
Renard,1891),andremainedhe generalbpinion of the scientificcommunityup until
aboutthel 9 3 Morsover,it wasassumedhatsandwasconfinedto shelfandshallow
marinesettings During the pastseveralddecadeshowever significantadvancsin deep
seaexploration researclandlaboratoryexperimentdhiaveshownthatthe processethat
transporfargevolumesof clasticmaterialinto the deepmarinearecomplexandtheir
associatedepositsaccumulaten anenvironmenthatis anythingbut calm. These
sedimenttransportmechanismaretermedsedimengravity flows andarevolumetically

themostimportantflows operatingon Earth(Talling etal., 2012).
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2.2 Sedimentgravity Flows

Sedimemngravity flows aremixturesof sedimentandfluid drivenprincipally by
gravity. In manycasedlows areinitiatedwhenthe shearstrengthof anaccumulated
sedimenpile is exceededby the downwardforce of gravity. During movementhe
sedimenmassbecomegxpandednddisaggregatedventually forming a morefluid,
commonlyfastmoving sedimervgravity flow. Thelossof shearstrengthin theinitial
sedimenmmasss commonlymanifesedasa failure alongthe continentashelfedge
(Shanmugarn?2006)andis a consequencef oneor moreof thefollowing triggering
mechanismsl) oversteepeningndhigh slopeangle(e.g.nearthe mouthof the
Magdalen&River, Colombia(Heezen1956),2) seismicloadingand/orearthquake
disruption(e.g.1929GrandBankstremors eastcoastCanada(HeezerandEwing,
1952),3) rapid sedimentaccumulatiorandunderconsolidatione.g.the Mississippidelta
front, Gulf of Mexico; ColemanandPrior, 1982),4) stormwaveloading(e.g.Henkel,
1970),5) gaschargingandgashydratedissociatione.g.Scrippssubmarie canyonhead,
westcoastU.S.A; Dill, 1964),6) tsunamige.g.Gutenberg1939),7) glacialloading(e.g.
Scotianmargin,North Atlantic; Mosheretal., 2004)8) low tides,9) seepagand10)
volcanicislandprocessemovingdownslopeuntil friction alongthe baseandtop of the
movingsedimenmassexceedshe gravitationalcomponentOnceformed,sediment
gravity flows cantransporiover 100km® of sedimen{Rothwelletal., 1998;Piperetal.,
1999;Talling etal., 2007),travelat speedsp to betweer60-100km/h asmeasuredby
submarinecablebreaks(HeezerandEwing, 1952;Piperetal., 1999a;Hsuetal., 2008)
andhaverun-out distancesn excesf 1500km acrosghe almosthorizontalocearfloor

(Klauckeetal, 1998;Wynn etal., 2002b;Talling etal., 2007;Frenzetal., 2008).In
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generaldeepmarinesedimentransporiprocessesanbe separatedhto two endmember
kinds massmovementandsedimentgravity flows (Figure2.1). Massmovementge.g.
slumpsandslides)consistof coherenbut contored sedimenimasseshattypically are
confinedto the proximal partsof the sedimentarygystem(e.g.continentaklopeand
submarinecanyonheadsyandrequireaslopeto initiate andmaintainmovement
(Shanmugarn2006).Sedimengravity flows, onthe otherhand,consistof cohesioAless
sedimemwatermixturesthatcanbe furthersubdividednto two commonendmember
kindsbasedn the principal particlesupportmechanismcohesivelows (e.g.debris
flows) andfrictional flows (e.g.turbidity currentsMiddletonandHampton,1976;
Lowe, 1979,1982;Mulder andAlexander,2001; Talling etal., 2012).In debrisflows
sedimenis maintainedn suspensiomprincipally by cohesiveforcesaidedby buoyancy
effects dispersivepressureelevatedoorepressureandhinderedsettling(Middletonand
Hampton,1973;Hampton,1975; Pierson,1981).In turbidity currentssedimenparticles
aresupportednostly,atleastby definition, by fluid turbulenceputin mostsand
transportingcurrentsbuoyancyeffects dispersivepressureandhinderedsettlingarealso

important(Sanders1965;Leeder,1999; Shanmuganm?006)

Stratain this studyareinterpretedo havebeendepositedn the (proximal) basin
floor (Figure2.2),by fluidal, andhencerelativelyfar-distancetraveled sedimervgravity
flows. Thefollowing discussionthen, will focuson turbidity currents but alsoflows that
exhibittransitionalcharacteristicbetweenaminarandfully turbulentflow behaviour,
andespeciallythosewith high sedimentoncentratioranda significantfine-grained
componenfe.g.Mulder andAlexander,2001;Baasetal., 2009,2011;Tallingetal.,

2012;Talling, 2013).
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2.2.1 Classification

As a consequencef ther infrequent andunpredictableccurrenceplus powerful
anddestuctive nature few in-situ measurementsavebeenmadeof modernturbidity
currentsalthoughexceptionsexist: Zaire deepseafan (Khripounoffetal., 2003);coastal
fjord in British Columbia(Prioretal., 1987),andin severaubmarinecanyonsoffshore
California(e.g.lnmanetal, 1976;Parsontal., 2003;Paulletal., 2003).As a
consequencehe classificationof submarinesedimenflows is basedargelyon field
studiesandlaboratoryexperimentsCommonly field studiesinterpretflow
charactesticsbasedn lithological characteristicge.g.Pickeringetal., 1989;Guibaudo,
1992; StowandJohanssor2000;Mulder andAlexander2001;Talling etal., 2012and
referencesvithin) whereadaboratorystudiesmeasurdlow characteristicslirectly (e g.
Bestetal., 2001;Tilstonetal., 2015. As aresult,severaklassificationschemesnd
varyingtermindogieshavebeenproposedLowe 1982;KnellerandBranney,1995;
MulderandAlexander,2001;Sumner2008amongothers) Mulder andAlexander
(2001)produceda comprehensivelassificationschemehatdifferentiates between
cohesiveandnon-cohesivdfrictional flows), the latterfurthersubdividednto
hyperconcentratedlows, concentratedlows andturbidity currentsbasedn particle
cohesionflow duration,sedimentoncentratiorandparticlesupportmechanismgFigure
2.3). In this classificationschemecohesivelows haveplasticrheologyandalaminar
flow stateandtypically depositmudrich depositdermeddebrites Hyperconcentrated
andconcentratedflows grainsaresupportedy a combinationof grain-support
mechanismsancluding: grainto-graininteraction matiix-strength hinderedsettling,

buoyancyanddisperseressureHyperconcentrateflows aredominatedby particle
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particleinteracton, buoyancyandminor matrix strengtheffects,collectivelyresultingin
reducedlifferentialgrain setling andhencegenerallyungradedsandrich strataltextures
In contrastmoreextensivaifferentialgrainsettlingin concentratedlows reaultsin
typically normallygradedsandrich depositgtermedLowe sequenceby Mulder and
Alexander,2001) Lastly, grainsin turbidity currentsarefully supportedy the upward
componenbf turbulenceandproducegradedBoumasequenceBouma,1962).In
additionto thesethreetypestherearea numberof transitionaltypes,andit is thesethat
areinterpretedo depositthe matrix-rich stratadescribedn this study.Talling (2012)
combinedhelaboratoryresultsof Baasetal. (2009)andSumneretal. (2009)to produce
aphasediagram(Figure2.4) depictingtherelationbetweerflow speedmud
concentrationflow structureandthefinal depositExperimentdy Baasetal. (2009),
Sumnetretal. 2009 (andlater Tilston, 2015)imply thatevena smallfraction of cohesive
mud cancauseaninitially highly turbulentflow to evolveinto alaminarplug flow.
Below, anexpandedeview of turbidity currentsandvariousmatrix-rich transitionalflow

depositss presented.
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Figure 2.4: Phase diagram showing the relationship between flow speed and volume
concentration cohesive mud in an initially fully turbulent sediment suspension which then
decelerates (indicated by the thick grey aows) (after Sumner et al., 2009). The figure
combines results from the recirculating flume experiments of Baas et al. (2009), which
described characteristics of vertical flow structure, and annular flume experiments by
Sumner et al., 2009 that documentethe lithological character of the deposits. Both sets of
experiments involved mixtures of kaolin and water, with sand being added to the Sumner et
al. experiments. Depending on mud content flow deceleration can lead to development of a
non-shearing laminar plug, which in turn controls which of the three different types of
deposit form. At low mud content, sand settles through the turbulent suspension and
gradually builds up a clean, graded sandy turbidite. At high mud contents (>14.25% kaolin
clay), en mase consolidation of a laminar plug that extends from the top to the base of the
flow forms an ungraded, mudrich sandy debrite. At intermediate concentrations, latestage
settling of sand from the laminar plug results in a thin, sanetich basal layer beneah a

sandy, mudrich plug deposit. Sufficiently high mud fractions will support small mud clasts,
and at even higher sediment concentrations large mud clasts can become buoyant. From
Talling et al. (2012).
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2.2.2 Turbidity Currents

Turbidity currents wereirist documented during the late nineteenth century by
Forel (1885) who postulated that subaqueous canyons in Lake Geneva were produced by
the underflow of the Rhone River. Later, Daly (1936) and Johnson (1939) proposed a
0si mil ar termeddtarbditysunént by Johnson (1939), to be the origin of
continental submarine canyons (eroded during periods dégeblowstand). However,
the modern concept of the term turbidity current as being the principal agent for
transporting and depositing classiediment in the deegea originated from the
experimental work of Kuenen amigliorini (1950) who suggested that normally graded
sandstone beds, such as those documented in the Italian Apennines, were deposited by
deceleratindgurbidity currents.

As discussedibove turbidity currentscanbeinitiated by a variety of singleor
combinedcauseskor example turbidity currentsmayinitiate directly from fluvial
dischargegespeciallyduring sealevel lowstandwhensedimenis depositediirectly on
theuppercontinentaklope.Overtime thisinduces oversteepeningyravitational
instabilitiesandeventuallyfailure, which potentiallymay spawna turbidity curent
(KnellerandBuckee,2000) Similarly, slopefailure canbeinitiatedwhensediment
becomesglestdilized andremobilizedthroughseismicshaking(NormarkandPiper,
1991).Moreover turbidity currentsmayevolvedueto thedegradatiorof a slump,slide
or debrisflow (Figure2.1); KnellerandBuckee,2000;Shanmugan?006).An
outstandingexampleof a turbidity currentis the GrandBanksfailure of 1929,wherean
earthquakegenerated largeslumpthatis interpretedo haveprogressivelhdisintegrated

downslopénto adebrisflow thatthenevolvedinto aturbidity current(Piperetal., 1985).
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Thepathandspeedf the currentcould be quantifiedby the sequentiabreakirg of
submaringelegraptcablesthelastbreakingl3 hoursafterthe upflow initiation of the
flow. Theflow travelledupto 70 km/hr, wasupwardsof severahundredmetersthick,
anddepositeda bedwith avolumeof about185km?® (PiperandAksu, 1987;Piperetal.,

1988;HuguesClarkeetal. 1990).

As mentionecearlier, turbidity currentsarea fastflowing, sedmentgravity flow in
which sedimenis suspendethrgelyby the upwarddirectedcomponenof fluid
turbulencgBagnold,1966;MiddletonandHampton1973).This createsa sediment
watermixture densethanthe suroundingambient(marine)fluid, andasa consequence
causest to movedownslopeundertheinfluenceif gravity. Theseflows arenon
conservativen thattheymayexchangeedimentvith thelower boundary(i.e. sediment
bed)thoughsuspensionr depositionrandmayexchangdluid with the surrounding
ambientfluid throughentrainmenbr detrainment{MeiburgandKneller,2009).
Commonly,thesefactors(alongwith sedimentoncentratiorandgrainsize)influencethe
runoutdistancesandterminationof theflow. Throughthe meansf extensivamixing
within theflow andthevariability in settlingratesfor differentgrainsizes turbidity
currentsbecomevertically andhorizontallysorted.Vertical stratificationresultsin grain
concentratiorandflow velocity beinghighestnearthe baseof theflow and decreasing
exponentiallyjupwardg(Mulder andAlexander,2001).Horizontal(longitudinal)
stratificationis madeevidentby the distincive structureof a turbidity current which
consistof awell-developedchead bodyandtail (Figure2.5). Typically, the highest
sedimentoncentratiorandcoarsessedimenbccursin the headwhereaghetail is

commonlythe mostdilute andfine grained Furthermorethe headis commonlythe
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thickestpartof theflow, andmovesslowerthanthebodyof theflow. This cortrastin
flow speedacilitatesthe fasterflowing bodyof the currentto continuouslyfeedsediment
into the headof the current,which helpscounterbalancboundaryfriction effectsand
densitylossdueto ambientfluid entrainmen{Hiscott,2003).Additionally, the headof
theflow hasanoverhanginghosethatdevelopsn responséo frictional forcesalongthe
lower andupperboundarie®f theflow. Furthermoreandassemblagef lobesandclefts
formsatthe contactbetweerthelower boundaryandthe overhanginghose(Simpson,
1972).Ambientfluid is entrainednto theflow throughthe cleftsthatseparatéhelobes
(Figure2.6).However,entrainmenbeneattthe headof the flow is considerablyessthan
thatalongthe upperandlateralsurfacesf theflow whereKelvin-Helmholtzinstabilities
canresultin extensivemixing (Britter and Simpson1978;Figure2.7, 2.8). Recent
experimentalvork by Tilston etal., (2015)revealedhatthe amountof ambientfluid
entrainmen(i.e. the scaleof Kelvin-Helmholtzinstabilities)is relatedto the density
structureof the flow. Typically, anexponentialdensitystructureformsin coarsegrained
flows, whichin turn producedargeKelvin-Helmholtzinstabilitiesandextensive
entrainmenbf ambientfluid leadingto energylossanddisintegraion of theflow. In
contrastaplug-like densitystructures characteristiof fine-grainedflows. In these
flows smallKelvin-Helmholtzinstabilitiesaregeneratec&ndaccordinglyminor ambient
fluid entrainment theendresultbeingreducedenergylossandlongerrun-out distances

(Figure2.7).
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Figure 2.5: A) lllustration of a turbidity current showing the head, body, and tail regons.
Note the overhanging nosat the front of the head that forms in response tdrictional forces
between thelower boundary of the flow andthe static bed and the upper boundary of the
flow and ambient fluid. Modified from Khan and Arnott, 2012. B) Time lapse photographs
of a turbidity current created in a laboratory setting. From Jobe.Z, 2012. Note the
similarities between figures A and B.
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Figure 2.6: Instability at the front of a turbidity current head. A) The lobes and clefts that
form at the contact between the overhanging nose and solid boundary B) A schematic view
of lobesand clefts viewed from below. lllustrations from Khan and Arnott, 2012).
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Figure 2.7: Instability that takes place between the upper boundary of the flow and the
ambient fluid. A) Schematic illustrating the developing KelvinHelmholtz billows (From
Khan and Arnott, 2012). B) Image of the head of a saline gravity current showing well
developed KelvirHelmholtz billows (after Simpson, 1969).
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Figure 2.8 Top: High speed photographs of
the downflow evolution of two flows with the
same sediment concentrén and flow speed
but vary in grain size (From Tilston
experiments, 2014). Solid lines outline the
vertical extent of Kelvin-Helmholtz
instabilities, A): A coarseqgrained sediment
gravity current (d50: 0.30mm, 22.5% by
mass). Here, KH instabilities are lage, highly
undulatory, resulting in a higher amount of
ambient fluid entrainment and thus a greater
amount of mixing (depicted by the undulatory
and diffuse nature of the dashed lin¢hat
traces out vertical variations in sediment
concentration (i.e. deniy)). B) A fine-grained
sediment gravity current (d50: 0.15mm, 25% by mass). Here, KH instabilities are small and
barely cut downwards, resulting in less ambient fluid entrainment and less mixing/dilution
of the flow (depicted by the thick plg-like nature of the lower partof the flow and its
sharp, planar upper surface(dashed line).C) Left: Graph depicting density structure of a
coarse vs finegrained flow. Coarsegrained flows exhibit an exponential density profile
whereas finegrained flows have amo e  O-fike degsiby profile.
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2.2.3 Turbidites

Turbiditesarethe depositof turbidity currents(Kuenen,1957)anddepositions
generallyinitiatedwhencompetencand/orcapacitypecomeexceededT his commonly
occursdueto a spatialand/ortemporaldecreasén flow speeccausedfor example py
changesn slope transitionfrom confinedto unconfinedenvironmentsor reductionin
sedimentoncentrationSedimenthatfalls from suspensiomovestemporarilyalongthe
bedandresultsin theformationof a medleyof bedload, unidirectional sedimentary
structuregeflecing progressivelywaningflow conditions(SoutharcandBoguchwal,
1990;KnellerandMcCaffrey,2003).Bouma(1962)originally describedheidealized
successiof sedimentarygtructuresjatertermedthe Boumasequencefor deposition
from a single,deceleratingnon-cohesive|ow-densityturbidity current(1962).The
Boumasequencencludesfive intervalsthatfrom baseto top fine upwardsandare

termedthe T4 Te divisions(Figure2.8). TheTgdivision consistof massiveto graded,

structureless;oarseo mediumsand,commonlywith flute andtool marksatits base.
Thesebedsarecommonlyinterpretedo form in the upperplaneflow regime(Walker,
1965);however high sedimetationratesarethoughtto preventplanarlaminationfrom
developing(Walton,1967).Arnott andHand(1989)confirmedthis assumption
experimentallyby showingthathigh suspensioffiallout suppressethe developmenof

planarlamination.The T, division typically rangesrom mediunt to fine-grainedsand

andis interpretedo represenupperregimeplanebeddeposition However more
recentlyArnott (2014)arguedhatplanarlaminationis indicativeof tractiontransporion

abedthatlacksthe surfacedefectsfrom which angularbedformslike ripplesanddunes
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form, andassuch,planarlaminationcanform atanyflow speedThe T intervalis

depositedn thelower flow regimeandis madeup of smallscalecrosslaminatedfine to
veryfine sand.Climbing ripple cross stratificationformswhensedimentatiomatesare

high relativeto bedloadtransportrates(Allen, 1971). The Ty intervalcomprisessilt and

interlaminatedsilt-mud coupletsthatform throughboth suspensiomndtractionprocesses

(Piper,1978; Stow,1979; StowandShanmugaml.980).The Tg interval consistof

homogeneousstructurelessnud depositeccompletelyfrom suspensioifKelts and

Arthur, 1981).

T. Pelagic and hemipalegic mud
T, Laminated silt
T, | ™ \ Cross-laminated sand
P R T L
\
T, H-ﬁlﬁ Parallel-laminated sand
II!
IIII
1
IIII
T, H\ Massive or graded sand (granules at base)
’ . ol
. ".' ..l.' Uz -;n" IIII
. ' . --\JFHN-LI
Scoured base with tool marks, flutes etc.
ol ol
% &
’;)C-’ 4@ cb&',:.-p ‘5',;,‘:?
%%, S

Figure 2.9 Idealized sequence of sedimentary textures and structures formed by a
decelerating,dilute turbidity current (after Bouma, 1962,from Terlaky, 2014).
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Boumaturbiditesareinterpretedo be depositedy low-densityturbidity currens where
volumetric sedimentoncentrations lessthan9%. Flowswith ahighersediment
concentrationaretermedhigh-densityturbidity currentsandarethoughtnotto deposit
classicBoumaturbidites Forthesestrata Lowe (1982)proposed classificationbased
on grainsizeandsedimentoncentrationn theformativeflows i R indicatinggravel
sedimen{conglomerateandS indicatingsandysedimen{sandstong(Figure2.9).
Depositswhetherconglomerat®r sandstoneonsisteddeally of threeunits, although
depositdypically consistef morethanoneunit: abasaltractionunit (R1/S1) conssting
of upperstageplanarlaminationor dunecrossstratification anintermediateunit (R2/S2)
madeup of stackednverselygradedayerformedby tractioncarpetprocessesandan
uppernormallygradedunit (R3/S3)depositedlirectly from suspensioriS3being
equivalento the BoumaT, division. Lowe (1982)alsodescribedanothercommonsand
rich depositobservedn thedeepmarinesedimentaryecord-- massive poorly-sorted
sandstoneslhesestrata,like the S andR turbiditesarethoughtto representleposition
from high-densityturbidity currents but whereratesof sedimentationverehigher.Under
theseconditionsbedsurfacesortingprocesseassociatedavith tractionsedimentrangort
weremuted,whichin turn causedhe aggradingdepositto appea ma s gArnoteand

Hand,1989).
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Figure 2.1Q Idealized depositof a sandy highdensity turbidity current proposed by Lowe,

1982
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2.3Matrix -rich (Transitional) Flow Deposits

Recently, strata with anomalous matrix content have been increasingly observed
in the deepgmarine sedimentary record and have been interpreted to represent deposition
from flows with complex internal rheological boundaries, or with transitiamautent
laminar rheologies (Lowe and Guy, 2000; Haughton et al., 2003; Talling et al., 2004;
Sylvester and Lowe, 2004; Kane and Ponten, 2012). Many terms for these deposits have
been proposed, and include: highbeds, cegenetic debritdurbidites, linkel-debrites,
sandy debris flows, submarine transitional flow deposits, slurry beds, etc. The
characteristics and depositional mechanisms of hybrid event begenetc debrite
turbidites, slurry beds, transitional flows deposits and maittxsandstoneare

discussed next.

231Hybri d Event Beds (HEBOS)

Hybridid eventbedsarecharacterizetby distinctivelayersindicativeof
cohesionles§turbulencesupportedpr cohesivedmud-supportedflow, with no bed
boundaryseparatinghe variouslayers(Haughtonetal., 2009).Accordingly, thesebeds
suggestiepositionfrom flows thataretransitionalbetweersubmarinedebrisflows and
turbidity currents.Overthe pastdecadeHEBshavebeendescribedn a numberof
modernandancientturbidite systemsincluding Agadir Basin(Africa; Talling etal.,
2007) Marnosearenace&ormation(ltalian ApenninesTalling etal., 2012b),distallobe
of the Mississippifan (Gulf of Mexico; Talling etal., 2010),Jurassi@andPaleocene
subsurfaceeservoirunitsin the North Sea(Haughtonretal., 2009)andthe Karoo Group

(Africa; Hodgson 2009).
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Figure 2.11: Sedimentary logsdepicting varieties ofhybrid event bed deposits from various
locations. From Talling, 2012.
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StratigraphicallyupwardHEBs compriseup to five divisions:(H1) basalclean,ungraded
or graded structurelessandstonegverlainby (H2) alternatingoandsof matrix-poorand
matrix-rich sandstonefollowed by (H3) matrix-rich sandstongvith mudstoneclasts,
granulesandshearfabrics(morecommonlytermedad | i 4 ke & d {HY)@ava)leland

ripple crosslaminatedsandstonend(H5) massve mudstone

HE Peeudonodular andior massive mud Suspension fallout + sheanng
H4 ™, Famailel and ripple cross-laminatian Traction by dilute turbulent wake
Muddy sand + mudclasts, sand
paiches, injactions. oulsized Cohesive debris flow, locally modified by
H3 grenules, shaar tabrics. Ufen sand injection from bensath, and partly
sagregation of carbonacecus rewarked at lop
fragments to lop whena hay can
laminatad

4

E ARernaling lighter and darker sands Trarmsitiaral Aow with indermaiiert fdbbencs
HzZ = with lpading &1 base of kghtar layers suppression due 1o near bed dispersed clay

E Sheraed dewatering pipes and sheets and Intarnal shearing

=

—

A Isalabed mudclasts sumounded by

' clean sandstons

L%}

s Graded lo ungraded, struciureless and Pragressies aggradation banagth

deswalerad, ralatively clasn sand, nen-cabesive high-denity turbidity

Hi commandy with isclaied finating caifrant

mudclasts & top

Figure 2.12 Schematic of an idealized stratigraphic log depicting all 5 (H1H5) divisions of
a hybrid event deposit. From Haughton et a| 2009.

Haughtoretal. (2003;2009)proposedhatthesedivisionsweredepositedduringa single
flow eventthattransformedongitudinallyfrom turbulentto laminarflow, suggestinghat
eachdivision wasassociateavith a specificflow state Severbmechanism$iavebeen
proposedor flow transformatiorbasedn field observationsOnemechanisnsuggests
thata debrisflow waspatrtially transformednto a forerunningturbidity current.The

forerunningturbidity currentmovedindependentlyf thedebis flow anddeposis a basal
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massivesandstondeds(H1 andH2). Haughtoret al. (2009)proposd thatthelack of
tractionalstructuresn the basaldepositsvas indicativeof a turbidity currentwith a

0 s Mmotitdistanceandlikely overrunby thedelris flow beforetractionalstructures
could form. Alternativelytheflow transformatiormaybetheresultof theturbidity
currentii b u | -k p by gud particlesandfragmentseingerodedfrom the seafloor.
Flow turbulencewould havedisaggregatethe mud clasts,andfurtherincreasedhe mud
contentin theflow andultimatelyresultedn afractionatedlow. The experimentalvork
of BaasandBest(2011)illustratestheflow transformatiorof hybrid eventbedsthrough
five rheologicalstagesTurbulentflow (TF); turbulentenhancedransitionalflow
(TETF); lower transitionalplug flow (LTPF); uppertransitionalplug flow (UTPF)and
qguastlaminarplug flow (QLPF)(Figure2.12) In TF andTETF, flow velocity is
sufficiently high to preventclay/mudfrom exhibitingcohesivepropertiesThisis
interpretedo bethebasalportionof hybrid eventbeds(H1 andH2). As the clay/mud
concentrationncreasesa plug-like flow regionformsandturbulencebecomes
suppressediheplugformsin the upperpartof the flow wheresheaiis lowestandas
clay concentrationncrease# expandsiownwardsandleadsto UTPF.As the plug flow
continuedo thickenthe viscosityandyield strengthof theflow eventuallysuppresseall
turbulenceandtheflow evolvesinto a QLPF. Basedon thefield observationsand
experimentatatathefive strataldivisionsof hybrid eventbedsareinterpretedasthe
following flow transformation(H1) representsa fully turbulent,high densityturbidity
currentwith aggradation(Hz2) is atransitional(or intermediateflow with intermittent
turbulencesuppression(H3) asturbulencebecomesupprasedheflow becomes

laminarcausingen-massdreezingof sediment;(H4) representshetrailing low-density
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turbulentcloudandfinally, (H5) is mudsuspensiofallout. Hybrid eventbedsare
commonlylocatedalongthe lateralanddistaledgesof anoverallturbulenttransport
system(e.g.deepwaterfansandbasinplanesedimentargystemsHoughtonetal.,
2009. Hybrid eventbedssharecommoncharacteristicsvith othermatrix-rich

transitionalflow deposits.
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2.3.2 Cogenetic DebritelTurbidite Deposits

Cogenetic debriteurbidite beds are homologous with the linked debrite (H3)
division of hybrid event beds discussed above. Their basic character is distinctive in that
they comprise a mudch, ungraded sandstone interval encased between fpatix
sandsone, siltstone or mudstone (Talling et al, 2004; Amy and Talling, 2006). The mud
rich unit exhibits characteristics of-emasse deposition such as the chaotic dispersal of
clasts and the ungraded nature of the bed (implying&sse deposition with no
subsequent settling of grains) and is thus termed a debrite. Similarly, th@ooud
sandstone beds show features indicative of faydayer deposition and therefoie
termed a turbidite. Two eAtilember types of cogenetic beds are distinguished based on
the presence (Type 1) or absence (Type 2)ud clastgTalling et al, 2004; Amy and
Talling, 2006). From detailed field observations it was shown that clast size and
abundance decreased systematically downflow until none remained, suggesting a genetic
link between Type 1 and Type 2 strata. Both types consist of a graded or ungraded, clean,
mud-poor sandstone at their base. In Type 1 beds the basal layer is thinner (<20 cm) and
typically coarser than the upper, mrcdh, debrite. Outsizethud clastssubtleparallel
laminae and wategscape structures are common towards the top of the bed. The
intervening muetich, debrite unit has a distinctive blue hue (attributed to increased mud
content of approximately 180%) and is dominated by the presence of chalbfic
dispersednud clastsin the case of Type 2 beds the basal unit is thicker (>20cm) and the
outsized clasts and subtle laminae that are common at the top of Type 1 beds are
generally absent. The most distinct feature of Type 2 beds is the lauldatastsand

highermud content in the debrite unit (approxiegat30-50%). Based on pabcurrent
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measurements, the positioning of hemipelagic layers, and the fact that the debrite unit is
always overlain by a clean sandstone (i.e. later event) cogenetiedetiridite beds are
interpreted to represent deposition from a sinigle that exhibited both laminand

turbulent flow states. Talling et al. (2004) proposed five possible scenarios to explain the
deposition of cogenetic debntarbidites: 1) Turbidy current formed by dilution of

initial debris flow; 2) Debris flow formed by an initial turbidity current that erodes the

sea floor; 3) Turbidity current triggers secondary debris flow; 4) Debris flow formation
due to deceleration of initial turbidityirent; 5) Deceleration of a lewield strength

debris flow leading to settling of coarser sediment. However, based on the interpreted
location of cogenetic debri®rbidite strata the most plausible depositional model is
through the erosion of a mugth seabed by an initially more mymbor turbidity current.

In this case, the debris flow is hypothesized to be formed as sediment and mud
concentrations increase and the flow develops cohesive strength. Cogenetie debrite
turbidite beds are interpreted to deposited on the unchannelized distal part of the
basinfloor and basifplain fans, particularly along their distal and lateral margins

(Haughton, 2009).
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Figure 2.14: Idealized stratigraphic logs of Type | and Type Il cagenetic debriteturbidite
deposits(From Talling et al, 2004)

2.3.3 Slurry Flow Deposits

Like above slurry flow depositsareinterpretedo representlepositionfrom
turbulent,mudrich flows thataretransitionalin behaviorbetweerturbidity currentsand
debrisflows (Lowe andGuy, 2000).This discussioron slurry flow depositswill focuson
two examplesOligoceneflysch of the EastCarpathiansiRomaniaSylvesterandLowe,
2004) andLower Cretaceou8ritanniaFormation,UK North Sea(Lowe etal. 2003;

Lowe andGuy, 2000). The first exampledescribeswo endmemberdepositsvith no
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transitionalfaciessuggestinghateachendmembemwasdepositey a uniqueprocess.
Thesecondexampleprovidesa morein-depthanalysis of thedistinctstructuresand

texturesof slurry flow beds

Slurry Flow Depositsfrom the Oligoceneflyschof the EastCarpathians Romania.

Here,two endmemberslurry flow depositsspecificallya coarsergraned mud
rich sandston@anda finer-grainedmud-rich sandstonewereidentified Thefirstis a
poorly-sorted fine- to very fine-grained mudrich sandstoneangingfrom 10-50 cm
thick. Locally, planarlaminationmaybe commontowardsthetop of thebed,but
otherwisetractionalstructuresareabsentAlso, mudstoneclastsarecommonwithin the
upperpartof thebed.In contrasthe mudrich depositrangedrom veryfine sandto
coarsesilt andis typically normallygraded Planardaminationis muchbetterdeveloped
andis describedasbeingintermediatdo microbandingandthe planarlamination

obsevedin the Tdedivisionsof turbidities.Notably, mudstoneclastsarerareto absent.

Two depositionaimodelswerepresentedor thefirst coarsergrainedtype of
depositandaredependat on theinitial flow conditions(SylvesterandLowe, 2004).The
firstmodelrequireshigh ratesof suspendededimentallout in orderto hinderthefine-
tailedfractionof theflow from beingdisplacedupward As a consequengenudbecomes
increasinglyconcentratedh thenearbedsheadayer, which thencauseshe nearbed
layerto becomecohesiveSylvesterandLowe, 2004).An aternativemodel beginswith
aflow thatinitially is rich in mud Again, asaconsequencef the highfallout rateof the
coarsergrainsthedistributionof suspendedrainsshiftstowardsfiner sedimentThis, in
turn, resultsin aconsiderablencreasan theamountof mudflocculesleft in suspension.

The high sedimentoncentrationg the lower portion of theflow coupledwith high
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sedimentatiomatesresultsin thetrappingof finer sedimen This givesriseto acohesive
nearbedshearayerandtheformationof arheologicalinterfacebetweerthelower
cohesiveportionandthe upperturbulentportionof theflow. As aresult,thereis no
mixing betweerthetwo portionsof theflow anddepaition from theturbulentportion of
theflow resume®nly afterthe cohesivdayerhasbeendepletedr hasbeendeposited
(SylvesterandLowe, 2004).Thesecondype (finer-grained of slurry flow depositis
interpretedo be depositedy flows exhibitingminor fluctuationsin flow propertiessuch
asvariationsin turbulencesuppressiomesultingin the depositionof alternatingmudrich

andmud-poorsandstrata(SylvesterandLowe, 2004).

Slurry flow depositdrom the Lower CretaceoudBritannia Formation,UK North Sea

Slurry flow depositexhibit sedimentargtructuresunlike thosein classical
turbidites,especiallyextensivedewateringstructuresandwispy lamination(Lowe et al,
2003). Bedsrangein thicknesdrom afew centimeterso 30 m andcommonlycontain
10-30%detritalmud matrix. In additionstrataexhibit up to sevendivisions,eachwith a
unigueassemblagef sedimentargtructuresyhichin turn makeup five bedtypes. The
possiblesevensedimerdry structuredivisionsare (M1) currentstructuredandmassive
divisions; (M2) bandedunits (composedf megabande@12A), macrobande@Vi2B)
andmesobande@12C)); (M3) wispy laminatedsandstone(M4) dish-structured
divisions;(M5) fine-grained microbandedo flat-laminatedunits; (M6) founderedand
mixed layersthatwereoriginally laminatedto microbandedand(M7) verticalwater

escapsstructuredlivisions.
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Figure 2.15 Sedimentary structure divisions M1, M2, M3, M4 and M5of slurry Z flow béds
(From Lowe and Guy, 2000)

Thefollowing flow transformatioris proposedfor the depositionof these
divisions. Depositionfrom fully turbulentturbidity currentsdepositedhe M1 division.
As theflow waned bothmudandsandgrainssettledcausinganincreasean the nearbed
grainconcentratiorandflow density However theabundanandfastersettlingcoarse
grainscausedhe mudgrainsto becomerappedwhile coarseigrainscontinuel settlingto
thebed As aresult,the particleconcentratiorandmud conten in the nearbedregion
continuallyincreasedHere,mudgrainsbecane disaggregatedausinganincreasen
effectiveclay surfacearea.This eventuallyincreasedearbedcohesionshea resistance

andviscosityleadingto the suppressionf turbulencan alayerimmediatelyadjacento
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thebedandit is transformednto a cohesiordominatedviscoussublayer(Lowe andGuy,
2000).Thebandedunits (M2) areinterpretedo representhe formation,evolutionand
depositionof suchcohesiondominatedsublayersM3 divisionsrequirealessmuddy
flow with fasterratesof suspendededimentall outin orderto developthin, shortlived
viscoussublayerghatform wispy lamination.Lowe andGuy (2000)reportedthatthese
sedimenstruduredivisionsoftenstackedo form anarrayof bedtypes whichwere (1)
dish-structuredbeds;(Il) dish-structuredandwispy-laminatedoeds;(I1l) bandedand
wispy laminatedand/ordish-structuredoeds;(IV) predominantlypandedoeds;and(V)
thickly bandedandmixedslurriedbeds Bedtypeis dependenbn a combinationof mud
concentratiorandtherateof suspendeéallout (Lowe andGuy, 2003).All of thebed
typeshaveathin M1 division attheir baseanda M5, M6 or M7 division atthetop. Thus,
theonsetof depositionof all bedtypesis interpretedo befrom fully turbulentturbidity

currens.

Typel T Dish-structuredbeds

Commonly,this bedtype exhibitsa massivesandston®ase(M1) thatupward
becomeditteredwith verticalescapestructues(M7) anddish-structuregM4). Typel
bedsareinterpretedo representapid depositionfollowed by extensivedewateringand

mixing of bedsurfacdayersbeforethe depositionof overlyingsediments.

Type IIi Dish-structured and Wispiaminated Bes

Type Il beds are dominated by distructured (M4) and wispy laminated
sandstone (M3) with common vertical escape structures (M7) towards the top of beds.
These beds are typically thick (>8 m) and are interpreted to represent more than one pulse

or suge during a single depositional event. The introduction of the wéspinated
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sandstone within these units implies that flow rheology had changed, likely due to an
increase in mud concentration. Thus, Type Il beds are interpreted to have been deposited
down flow of Type | units.
Type Il Bedd Wispy Laminated and Banded Units

These beds are dominated by the presence of banded units, namely mesobanding
cappedccommonlyby M5 or M5 6divisions. Type Ill beds are interpreted to have been
deposited by flvs containing high mud content as the development of a viscous,
cohesive sublayer is necessary to produce the varied suite of banded and wispy divisions
throughout the bed. Typically, banded divisions within type Ill beds decrease in band and
couplet thickiess vertically suggesting that following the initial turbulent flow (and high
sediment fall out rates) a thick cohesive sublayer develops. Similarly, the upward
decrease in the thickness of darker bands suggests that the mud content of the flow was
declinng overall. However, the presence of a muddy, B1suggestshat mudcontinued
to be a major component of these flows until they ended.
Type IV Bed$ Mesobanded and Macrobanded Units

These beds are similar to Type Il beds in that they require a bigientration of
mud in order to form the mudscous cohesive sublayersponsible for forming the
banding. However, the thickn i t s o f redl,Imudpdort bandsc(someowith
thicknesses greater than 1m) suggest that while the lower portion ofwuhexthibited a
viscous, cohesive sublayer, the upper and middle portions of the flow continued to be

dominated by turbulent sediment suspension.
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Type Vi Thickly Bandeénd Mixed Slurried Beds

Type V beds are dominated by megabandediairdd slurried divisions (M2A)
thatcommonly grade laterally into Type IV bedscally, these beds may be
mesobanded, microbanded (M2B and/or wispylaminated (M3) top. This lateral
facies association suggests that Type V beds originated by she#mgtion and
possibly latestage flowage of originally banded units (Type 1V). The flows depositing
these beds were mud dominated and characterized by colesmmated neabed
layers throughout much or all of their evolution.

Overall,slurry flow depositsareinterpreedto representepositionin thedistal,

unconfinedpartsof aturbidite deposystm suchasthe deepwaterbasinplain (Lowe and

Guy, 2003)
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Figure 2.16 Schematic of the five basic slurrg flow bed types (from Lowe and Guy, 2000)
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2.3.4Transitional Flow Deposits

Transitional flow deposits, which are interpreted to exhibit a suite of
charactesstics indicative of the transition fromell-mixed turbulent flow, to
rheologically stratified flow and eventually, fully laminar flow andiédeen described
from stratathe Wilcox Formation, Gulf of Mexico (Kane and Ponten, 2012). Transitional
flow resemble slurry flovarnd hybrid bed deposits in that they compnseltiple stratal
divisionsin addition to features likeght-dark banding, deatering structures and faint or
wispy lamination. Nine bed types are described of which seven are interpreted to be
transitional flow depositbetween two enchember typesclean turbidites (type 0) and

thin silty turbidites (type VIII).

|
AClean sand

Siltstone E]

mudstone

A
Argillaceous sand

Downflow transition

| Transitional Beds |

Figure 2.17 Schematic of idealized bed types-¥Ill. Types | -VII represent deposition from
a transitional flow. From Kane and Ponten, 2012).

Theseventransitionalflow depositbedtypesareas follows: Typel (TI) is
compaedof thick, normally gradedsandstonevith subtle parallellaminationandmud
caps;Typetwo (TIl) consistf gradedsandstonewith averticaltransitionfrom plane

parallellaminationto massiveand/orweaklylaminatedand/ordish-structuredsandwith
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intermittentlight anddarkcolor banding;Typelll (TlI) is composedf massive
sandstoneverlainby finer strata(silt/mud),thatcommonlyarebandedandcontainmud
clasts.TypelV andTypeV bedseachhavefive divisions.TypelV (TIV) include(l) a
lower, cleansandstoneavith a diffuseto sharpuppercontact;(2) a clay/siltrich sandstone,
with commondewateringpipesbetweerbands)(3) clastrich argillaceousandstone(4)
verythin, relativelycleanripple or paralleHaminatedsiltstone;and(5) a normallygraded
cap.In contrast,TypeV divisionsaresharplyboundedandcomposef: (1) athin, clean
sandston®dase(commonlywith shearedlamesandfabric); (2) anargillaceousheared
sandstoneverlyinga boundarymarkedby smallroundedclasts;(3) a clag-rich sandy
siltstonewith a stronglydeformedand/or shearedabiric; (4) athin (11 2 mm) relatively
cleansilt with uncommorripple lamination and(5) anormallygradedcap.Type VI
(TVI) consistof thin (millimetersto afew centimeers)relatively cleansandstone
overlainby athickersandysiltstoneandlastly Type VIl is madeup of bedsthatare
entirelysandysiltstoneor silty mudstonavith organicmatrial, oftenwith a gradedsilty
cap.Bedtypesl andll areinterpretedo representheinitial, well-mixedturbulentparts
of theflow thatleadto thedevelopmenbof internalsheamoundariesTypeslIl andIV
areinterpretedo bedepositedrom stratifiedflows whereshearboundarieproducea
divide betweerthe basalhigh sedimentoncentration with dampenedurbulenceandthe
uppertransitionalto quastlaminar flow (KaneandPonten2012. As theclay/mud
concentationcontinuedo increasegisagyregationof finesandclayflocculationleads to
theformationof a completeplug flow. The grading andmixed compositioncommonin
bedtypesVI andVIl areinterpretedo representepositionfrom the overridingturbidity

current.Eventually,all bedtypesarecappedoy silty-turbidites(Type VIII) representing
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deposiion by adilute turbulentcloud. Transitionalflow depositsareinterpretedo occur
atthe baseof sandylobe packagesndbe partialto forming duringflows with long run-

outdistanceandaccesto abundantmudwithin a passivemarginsystem.

2.3.5 Matrix-rich Sandstones in the Wimlermere Supergroup

Matrix-rich sandstoné&edshavepreviouslybeenrecognizedn deepwaterstrata
of theWindermereSupergroup(LeclairandArnott, 2003; Arnott, 2007;Rocheleau,
2012;Davis,2011;English,2013. Reently, Terlaky (2013)andTerlakyandArnott
(2014)describedn detail matrix-rich sandstongefrom the UpperandMiddle Kaza
groups. Thesematrix-rich sandstonedike thosein this study,arelithologically different
from thosediscusse@boveandsuggesh differentmechanistiorigin (SeeChapter4:

Depodtional ModelandChapters: Discusion).

2.4Dynamic Recrystallization of Quartz

Althoughstratain the CastleCreekstudyareahaveundergone complexhistory
of structuralandmetamorphiaceformation detailedanalysisof thar microdructurecan
providevaluableinsightinto quantitativemeasurementsf matrix contentandidentifying
differenttransitionalfacies.Here,the mechanismsandregimesof dynamicquartz
recrystallizatiorarebriefly discussed.

Recrystallizationis acommonmicrostructuratransformatiorthatoccursduring
the deformationmetamorphisnanddiagenesi®f rocks.Simply put, it is adeformation
inducedre-working of grainsize,shapeor orientationwith little to no chemicalchange
(PoirierandGuillopé,1979). More specifically,dynamicrecrystallizations oneof the

processeby which a crystalline aggregatein this casequartzdominatedsandstone,
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adaps to the stressandstrainimposedduringdeformationakventsUrai, etal., 1986).
Drury etal. (1990)describewo processeby which thedynamicrecrystallizatiorof
guartzmayoccurdependingn the strain rateandtemperaturef deformationl)
subgrainrotationand?) grain-boundarymigration Subgrainrotationinvolves
geometricabofteningi astenperaturancreasesnternalstressesrereducedoy the
migrationof dislocationan thecrystallattice. Thesechangesn crystalorientationresult
in theformationof newgrainboundariesesultingin theformationof subgrairs. Grain
boundarymigrationconsistof grainschanging(typically reducing)their free or stored
energybetweemeighboringgrainsin anattemptto relievestrainandreestabliskan
equilibriumenergystate.Commonly,this resultsin the migrationof pre-existinggrain
boundariesStippetal, (2002)describehreetypesof dynamicquartzrecrystallization
basedon strainrateandtemperaturef deformation:1) bulgingrecrystallizationBLG)
2) subgrairrotationrecrystallizationSGR),and3) grainboundarymigration
recrystallizaion (GBM). Below the key characteristicef eachstagearediscussedn

orderof increasingemperature®f occurrence.

2.4.1Bulging Recrystallization

Bulging recrystallizationnitiatesbetweer250-400°C andis characterizedby
bulginggrainboundaresandsmall(silt to fine-sand recrystallizedsubgrairs alonggrain
boundariesandmicro-fracturegFigure2.18) Much of theoriginal quartzgrainsand
structures preservedecausehereaystallizedgrainsmakeup only about1-30%of the
totd grains.In this case thetemperaturés low enoughto preventthe complete

separatiorof subgrainsandthusmanysubgrainsaredescibedasbulging(i.e. not
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detachedfrom theoriginal grain). Commonly,bulgingsulgrainsareformedthrougha

combinationof thetwo mechanismslescribedabove(Stippetal., 2002).

Small recrystallized
grains {fine sand to
medium silt)

Occur along grain
boundaries and
microcracks

\ Distinct bulging

of grain boundaries

o e §

Figure 2.18 A) Schematic of bulging recrystallization. The red grains represent fine
grained subgrains. Note the bulging or undulatory shape of the original grain boundaries.
B) Photomicrograph of bulgingrecrystallization. Fine-grained subgrains are highlidited in
red are only common between graingas depicted by the arrow) Modified from Stipp et al,
2002.
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2.4.2 Subgrain Rotation Recrystallization
Subgrairrotationrecrystallizatioroccursbetween400-500°C. A key
distinguishingfeatureof thesegrainsis ther relativelystraightboundariesandlack of
microscopicunduloseextinction Subgrainshavesimilar sizeandorientationandform
uniquesweepor ribbonswithin largergrainsandin interstitid spacegFigure2.19)
Sulgrainsrangein sizefrom mediumto coarsesandandmaybe similar to the sizeof the
original grains.Typically, subgrainscomprise30-90% of the grainvolumeandare
visually quitedistinct(Stippetal, 2002).Dueto the highe temperaturegeometrical
softeningoccursandsubgrainsareableto rotatein orderto alleviatestressthussubgrain

rotationbecomeshe dominantrecrystallizatiormechanism.

2.4.3 Grain-boundary Migration Recrystallization
Grain-boundarymigrationrecrystalizatioronly initiatesat high temperaturé500-
600°C). An indicationof grainboundarymigrationis thelobateandinterfingered
boundariebetweergrains(Figure2.20) Here,grains aremuchlargerthanthosein the
previoustwo typesandtypically of theorderof 1-4 mm. At high temperatures,
geometricakofteningoccursrapidly andlittle to nointernalgrainstructureremains At
this pointgrainboundariegxpandn orderto compensatéor the strainonthegrainand

asaresultthe quartzbecomed 00%recrystallized Stippetal., 2002).
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Figure 2.19 A) Schematic representation of subgrain rotation recrystallization. Subgrains
are in red, original grains in black. Note the similar size of the subgrains and the remnants
of original grains. B) Photomicrograph of subgrainrotation recrystallization. Subgrains are
highlighted in red. Modified from Stipp et al, 2002.
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Figure 2.2Q A) Schematic of grainboundary migration recrystallization. Note the
interfingered or jig -saw like nature of the grain boundaries. B) Photomicrograph of 100%
recrystallized grains due to grainrboundary migration. Outlined in red is a portion of the
grain boundaries to emphasizéehe interfingering. Modified from Stipp et al, 2002.
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2.4.4Recrystallization of Castle Creek Strata
Rocksmayshowmorethanonestageof recrystallizatiordependingn the
fluctuationsin temperatureluringdeformationaswell asthe original watercontent,
matrix contentandporespaceGenerally,moreintenserecrystallizations presenin
rocksdominatedby grainto-graincontactsandthosewith low waterandmatrix contents.
Here,thereis no buffer betweerthe grainandthe quartzgrainsthatareundergoinghe
internalstrainof deformation(Drury etal., 1990) Therocksat the CastleCreekstudy
areaareof lower greensclhigt metamorphigrade(RossandArnott, 2007) Basedonthe
temperatureegimesof dynamicquartzrecrystallizationpnly bulgingandsubgrain
rotationrecrystallizatiorareexpectedo occurhere(Figure2.20). Theinterpretatiorand
implication of theamountof quartzrecrystallizationn eachfaciesis discussedn
Chaptemb. It is importantto notethatall strataat CastleCreekhavebeenrecrystallized
andthe matrix discussedn the nextsection excludingminor silt, is composedf
muscoviteandchloritethatareinterpretedo representecrystallized detrital) clay

mineralssuchasillite andsmectite

Metamorphic Facies Series Figure: 2.21
Diagram of
- metamorphic
0 200 400 0 8
° % : = 1 6“3 l o facies series
showing the

dynamic quartz
recrystallization
zone. Strata at
Castle Creek are
lower greenschist
facies and thus are
expected to only
exhibit bulging
and subgrain
rotation
recrystallization.

Pressure (MPa)
[=4]
8
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8
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Chapter 3: FaciesDescriptions and Interpretations

3.1 Introduction of Facies

Bed-by-bed, centimetescalefieldwork examining stratan theUpper Kaza
Group at Castle Cree#entifiedfive facies. Facies were subdivided basedioigque
assemblages ohacre and microscopitithological characteristeincluding;bedding
contacts, grain size and sorting, bed thickness, sedimentary structures, matrix percent by
volume, degree of recrystallization and colour. Grain size is described based on the
classifcation of Wentworth (1922);aper (U) and lower (Lare used as additional grain
size descriptorfor each subdivisiorBed thicknesgerminology follows McKee and
Weir (1953 and Ingram 1954): laming<lcm); very thinlybedded (13cm); thin bedded
(3-10cm); medium bedded (43Dcm) and thick bedded §9cm). In addition to field
based descriptions, detailed tsection analysis (including grain measurements and
mineralogicalpoint-counting) was conducted to provide a more precise quantification of
matrix content and the degree of dynamic quartz reatigsttion. Thus,F ol ké6s (196 4)
classification of sedimentarocks based on the percentadeand, silt and clay is used
to better quantifynineralogical and textural compositidviatrix, within the context of
this thesis, is defined as all interstittdllorite; muscovite angilt (see petrographic
descriptions in Appendix B and Chapter 5 discussion). Dynamic quartz recrystallization

is defined by the amount of sgiiain rotation or bulging of quartz grains (See Chapter 2).
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Figure 3.1: Common terminola@yy used throughout this chapter. A) Bed thickness is
described according to McKee and Weir 1953 and Ingram (1954)(Modified from Boggs,

2002). B) Schematic representation of a couplet for the purposes of this thesis. Couplets are

very thin to thinly bedded and consist of a basal, sandier (fine to very fine sand) layer and a

upper, muddier | ayer. C) Fol kés (1964) <cl assi fi
on composition is used to better describe facies in this thesis (common descriptors used

outlined in red).

Based on the abovementioned characteristics, the following five facies have been
identified (Figure 3.2):

F1: Turbidites.

F2: Matrix-poor Sandstones

F3: Intermediate Clayey Sandstone

F4: Sandy Claystone

F5: Finegrained Bande@€ouplets
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Matrix-poor and matrixich facies are considered entember facies for the

purpose of this thesigshereaslayey sandstone armhnded coupletscommonly

representransitioral faciesbetween théwo end memberdmportantly, thesedcies

commonly graddaterally into one another over distz e s

physical basis of which ®@iscussedh detail in Ghapter4.
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Figure 3.2: Idealized stratigraphic logs for each facies.

3.2Facies 1: Turbidites

Turbidite display an upward sequerafesedimentargharacteristics that where

fully developed consist of. atructureless, graded basal uilif)( planar laminationT(,),

smallscale cross stratificatio §), siltstonecapped with mudstond ¢). More

commonly,the siccessions incompleé and consistiypically of upper division

turbidites (Tq9), although dasal planar laminated unitg)lis common. In the Upper
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Kazaturbidites occur asl) medium or 2) very thin to thinlybedded turbiditeg~igure
3.3).Medium-beddedurbidites which range from 180 cm thick,commonly exhibit a
complete to nearly complete turbidite sequestaatagrade fromuppermedium
sandstonén the T, to lower mediurrupper fine sandstone the Ty/T. layers.TheT,
layer iscommonly the thickest and rangesm 1530cm. The /T, layers range from
10-25 cm thick with the Jlayer being consistentiyinner. Gossstratification(T)
commonlyoccurs as single, wellsorted setvith a distinctivered colour attributed to the
presence of ferroan calcareousnest. The [T, layers are then abruptly overlaig 5
10 cm thick unit of multiple, thiibedded sets ofddT.. A single turbidite unit may be
composed of multiple turbidites artktoverallunit thickness rangs from 66130 cm
thick. In contrast, very thito thinly-bedded turbidites grade from upper/lower fine
sandstone in the,and T¢ layers to very fine sandstone overlain by siltstone then
mudstone in the gk layers. Grain sizenly exceeds lower fine sandstowlerearare
basal, coarse to medium tnit is presentThin-bedded turbidites often stack to form
units ranging from 10 cm to ~6 m thick. Locally, planar laminaleyl¢nd ripple cross
stratified (T¢) sandstones are carbonate cemented. Verybuided turbidites consist of
siltstone interbeded with mulstonewith uncommon diffuse andiscontinuougormsets
and panar lamination (units g&Thc).

In the study aredhe top of the measured section is marked by a 6 m thick unit of
very thinto thinly-bedded turbidites that extends acrogsafuth of the outcrop (~800
m). In addition to this occurrence, turbidites crop out locally and are most common in the
northwestern part (Section 2 and Section 3) where they are interbedded withriolatrix

and transitional facies.
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3.2.1 Interpretation of Turbidites

Tur bidites in the study area are anal ogous

and are interpreted ttave been deposited by decelerating dilute, low density turbidity
flows (e.g. Mulder and Alexander, 200BIlthough uncommon in thigedy, the basal
ungraded Tunit is interpreted to represent direct suspension deposition with limited bed
load transport and hence textural sorting on the bed (e.g. Arnott and Hand, 1989). As the
rate of deposition decreased, longer periods ofibad tansport allowed for the
development of planar laminationg)T Smallscde crossstratification (T) is interpreted

to have formed by the downflow migration of unidirectional current ripjthesome

beds ripple sets are laterally discontinuoas;onditon mostprobablyrelated to limited
sediment availability (i.esediment starvgdThese sediments are then overlain by a cap
of siltstone/mudston€ly) suggestive othe cessation afontinuoussandy bedload

transport and deposition of silt from the dyarg dilute finegrained sediment cloud. In
addition, clay floccules in the muddy suspension may lead to a digtisegregation of

clay and silt particles, resulting in the rhythmic alteration of mud and sidtsiten

(Stow and Bowen, 1980)this syle of deposition dominatéas very thinbedded

turbidites. Thauppermosstructureless ddivision isinterpreted to represent the very
finestgrained suspension settling tawsa the end of the flow and/or pestent

hemipelagic fallout (Khan and Arno010). As mentioned above, it is common for parts
of the sequence to liecomplete and thiack of traction sedimentary structur@s

and/or T) islikely due to suspendeddad fallout rates that were sufficiently high to limit
tractiontransport and suppress bed faievelopment (Arnott and Hand, 1989; Arnott

and Leclair, 1989).
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Figure 3.3: Examples of Facies 1 turbidites in the study area. A) Idealized stratigraphic logs
of Facies 1. BD) Show turbidite beds at various scales anchicknesses throughout the study
area. Note that the vertical lines are glacial striationsB) Close up of very thinly-bedded
turbidite sequence C) ~70 cm thick unit of mostly upper division turbidites. D) Thirbedded
Ty turbidite sequence. E) Photomicrogaph of very thinly -bedded T, turbidite sequence.
Here the largest grain size is lower very fine sand.
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3.3Facies 2: Matrix-poor Sandstone

Matrix-poor sandstones are massive or cotag@raded, structureless, lower
coarse sandstone with dispersed/ararse sand grains and granules that grades upwards
to lower medium sandstone with desped coarse grains. Locally, an up to 7cm thick
concentration of coarse grains and granules may be present at the bottom of beds. Bed
thickness and bedding contacts'wwidely depending othe section of the study area
andcan be subdivided into two typel macro beds: ranging from 1in8 m thick and
2) meso beds: ranging from 15 ¢n80 cm thick. Macrébeds are consistently
structureless and basal contacts adulatory and only discernable when there is a major
(visual) grain size change, thus these beds are commonly amalgamated. Dewatering
(pipes and dish structures) and loading structure (flames) are rare and only occur in 2% of
beds. Macrebedded matrispoorsandstones dominate Section 1 (S1) of the outcrop.
Although less common in Section 2 (S2), maoeals are distinguished lgrge (up to
meters | ong and 1 0réegularty shapednadstonenandaedy s t hi c k)
claystone clasts.

Mescbeddedmatrix-poorsandstonesommonly have sharp, planardah
contacts wh local scours that arE)-25 cm deep. Locallyirregularly shapednudclasts
that range from-35cm thick and 0.2 m longare observed and tend to be dispersed
within the middle or uppegportions on the bed.hree sukfacies of mesdoedded matrix
poor sandstone are recognized: A) mapiowor sandstones overlain abruptly by-2(Gbcm
thick silty-mudstone cap; B) matrgoor sandstone overlaabruptlyby a weltstratified,
dark grey, finegrained, planar laminated sandijtstone thagrades upwards @

massive siltynudstoneC) matrixpoor sandstone overlain by centimett@ck, single
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crossstratified or planataminated sets that rangem 5-20 cm thick that often are
overlain abruptlyby a few centimeter thick mudstone cap. Typically, theseional
structures consist @hedium to coarsgrainedsandston@ndcommonly are visually

distinct due to their red colour attributexthe presence @fferroan calcareous cement

3.3.1Petrographic Analysis of Matrix-Poor Sandstones

Based on the analysis of 45 petrographic samplesny#itiex contentn matrix-
poor sandstones does not exceeth by volume and averages-& %. Samples are
dominated by grahto-grain contacts and grains are geaily moderately sorted and
subrounded to subangular. Dynamicabgnystallizedquartz andecoveryquartz
subgrains compris22%-47% by volume with an average of ~ 34% by voluBbgrain
rotationmakes up ~65% of thelynamic recrystallized quartmlume and commonly
formsin the interstitial spacena within larger quartz grairgeating visually very
obvious sweeps or ribbons of subgrdiRgure 3.4G)Recrystallized grains show
relatively straight boundaries agénerallyno undulosextinction Comnonly, SGR and
guartz grains malge similar in size although wheseabgrains are locally abundant they
are typically smaller and range from upper fine to very fine sa@{Figure 3.4G).
Bulging recrystallizatiofBLG) is manifest by the interfingerirend bulgingof grain
boundariegFigure 3.4G)On average BLG grains make up ~ 35% ofdieamic

recrystallized quartz volume.

3.3.2Interpretation of Matrix -Poor Sandstones

Flows hat deposited strata of Faciear2 interpreted to be deposited from

concentrated density flows (Mulder and Alexander, 2001),talsoedhigh density or
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high energy turbidity currents (Lowe, 1982, Sylvester and Lowe 2660d)are
interpreted to be equivalent to the Ta division in aBa turbidite or the S3 division in a
Lowe sequencéMatrix-poor beds are interpest to have been deposited wiseiment
concentration exceeddédw capacity(Allen 1991) and resulted iapiddeposition and
aggradation of the bed@'he highrate ofsuspended sediment fajutlimited traction
transport and aided in suppressingdbegelopmenbf angular bed form@Arnott and

Hand 1989)More specific to this study area, the massive and amalgamated; macro
beddedgcoarse grainednatrix-poor sandstones amterpreted to represent deposition
within the axis ofa hydraulic jump.Downflow of the jump the flow rapidly expanded
causingvelocityto decrease abruptly and the coarsest sedifraationto be rapidly
depositedThe coarséail grading that is commoain these beds indicates a progressive
waning of depositional energylatrix-poor beds overlain bynudstone capMPSS2A),
well-stratified finegrainedtops MPSS2B) or traction structuredPSS2C) are
interpreted to have been deposiéohg the marginef the jump or further downflow
MPSS2A (silty-mudstone cap) is interpreted to represaeninitial episode of rapid
deposition followed by a period of full bypass, followed by suspension settling of very
fine-grained sediment from the taif the flow and/or the cessation of the flow followed
by later hemipelagitllout (Khan and Arnott, 2010)n MPSS2B theabrupt change
from medium-coase sand ta cap ofupper (darker) finggrained sand is attribudeo a
temporary pause in deposition,tae flow @ntinued to decelerate and the sediment
concentratiordecreased before it recommenced under lower rates of sedimentation and
the deposition of fingrained planar laminated sand. Crsstified sand is interpreted

to indicate even lower nefbed sedimentoncentration that permitted the initiation and
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growth of current ripples (equivalent to thgdivision of a classical turbidite)hese

strata are then overlain by a cap of sittyd deposited from the firgrained tail end of

the flow (similar to Boumd gedivision). Lastly, MPSS2C s interpreted toepresent
conditions of low neabed sediment concentration but made up of sediment reworked
from the upper part of the underlying part of the bed. The similargyaim sizebetween

the upper and lowergpts of the bed suggests that they were likely formed during a single

depositional event.
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Figure 3.4: Examples of Facies 2: Matrixpoor sandstone and three subfacies. A) Idealized
stratigraphic logs of Facies 2. B) Contact between two matripoor sandstames; note the
abrupt grainsize change from lower medium with dispersed coarse grains to upper coarse
with abundant very coarse grains and dispersed granules. C) Example of Subfacies 1:
sandstone overlain by anud cap. Pencil for scale in bottom left corner D) Example of
Subfacies 2: sandstone with a laminated/ripple crosstratified fine-grained cap. E)
Examples of Subfacies 3: sandstone with ripple crossratification at the top of the bed
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(below mud cap). Commonly the ripples are carbonate cemented (as the photo). F)
Photomicrograph of a matrix-poor sandstone in crosgpolarized light at 1.25x
magnification. Note the absence of matrix and abundance of graito-grain contacts. E)
Photomicrograph of matrix-poor sandstone from F in crosgolarized light at 5x
magnification. Note the abundance of subgrains between larger grains (yellow arrow) and
the bulging andundulatory nature of grain boundaries (red arrow).

3.4 Facies 3: Intermediate Clayey Sandstone

Clayey sandstones atategorizeds an intermedia or transitional facies
between classical turbidites asandy claystonesntermediate clayey sandstones are
light brownishgrey and coarstail graded with a distinctive-50 cm thick concentration
of coarse to granule size grains at the base of theTlmsvards the top, beds grade
gradually to upper fingrained sandstone with dispersed medium and lower coarse sand
grains. Beds range from @20 cm thick but locally may be as thin as 20 cm. Bed bases
are commonly flat, sharp and plafidoading and dwatering structures are not
observed. In additiontregularly shaped, large (33m long, 0.151 m thicK clastsare
common in the middle part of the bed. While these beds resemble-padrix
sandstones, in the field they are distinctively thickerygrén colour and

microscopically uniquéFigure 3.5).
3.4.1Petrographic Analysis of Intermediate Clayey Sandstones

Intermediate clayey sandstones are composed-d2¥%bmatrixi averaging ~
25%. Grainto-grain contacts, although less common compared to classic fpatix
sandstones, make up ~45% of samples. Grains are generally subangular to subrounded,
with distinct6 ] aggeddé or O6bul gingé edges and ar e moc

recrystallization of quartz
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A Facses 3: intermediate Clayey Sandstone

ms vi fmcveg pc
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Figure 3.5: Idealized stratigraphic log of facies 3. B) Example of intermediate clayey
sandstones bed. €5) Examples oflarge irregularly shaped clasts within beds of facies 3.
Note the lithology of the clasts includes mudstones (C) materich strata (D) and turbidites
(E and G).
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Figure 3.6: Example of the unique mineralogical composition of facies 3. A) Example of
intermediate clay sandstone and the sample site of photomicrographs B and C. B) Cross
polarized photomicrograph at 1.25x magnification of the top ofn intermediate clayey
sandstone. Note the abundance of matrix and decrease in grain size. C) Crpstarized
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photomicrograph at 1.25x magnification of the base ofn intermediate clayey sandstone.

Note the difference betweenBand C.IdD6) 5 x ma g n i-pblarized of thebasalc r 0 s s

portion of the bed (C). Subgrains and bulging grain boundaries are abundant. In contras

E-E6 is the upper portion of the bed (B) at 5bx me
contacts, recrystallized grains and an abundance of matrix.

grains ranges from 541% (average~ 22%) and is dominated by sweepslmjrairs

(SGR) (~85% by @lume) and minor bulging (BLG) (~15% by volume; Figure 3.5).

Differences in the characteristics of recrystallization in relation to matrix content are

discussed in detail i6hapter 5In addition, as the matrix content increases upwards in

individual bedsthere is a change from mostly gratgrain contacts with minor to rare

(0O15%) matrix and abundant (recovery) subgr a
matrix content, 20% subgrains and 60% frameworkngrad the middle of the bed and,

finally, upto~364 0 % matri x and minor to rare (O8%) s

bed(Figure 3.6).

3.4.2Interpretation of Intermediate Clayey Sandstones

Like Facies 2, deposition of the massive, cogrsgned base of Facies 3 beds is
interpreted to reg@sent initial high sediment fallout frooollapsing highdensity,
turbidity currents. This, then is overlain by a coaeskgraded unit indicating at least
minor differential grain settling under more dilute flow conditions with minor turbulence
(Mulderand Alexander, 2001). Furthermore, the increased matrix content in the upper
half of the bed indicates an increased-gnained (silt/mud) sediment concentration,
which most likely affected flow rheology. This figgained sediment is interpreted to
havebeen sourced by local seabed erosion in a hydraulic jump associated with local

(channel) avulsioSee Chapter 4: Depositional ModéThese lithological
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characteristics are suggestive of a more transitional flow rheology, specifically, quasi
laminar plugflow, ratherthandeposition by classic higlfor low) density sediment

gravity flows. Quaslaminar plug flows (QLPF) consist of a rigid (i.e. rdeforming),
fine-grained, laminar plugke layer moving above a weakly turbulent to laar basal

shear lger Baas et al., 2009, 2011), as a consequence of the rapid deceleration and
fallout of coarse sediment from a higensity turbidity current and accordingly an

increase of suspended figeain (silt/clay) particle concentrationhe matrixpoor basal
portion of intermediate clayey sandstone beds is interpreted to be deposited from the
weakly turbulent basal layer of a QLRRereaghe upper more matriich portion of

beds suggests hindered settling (Mulder and Alexander, 2001; Baas et al., 2009, 2011).
Here, only the heavier (coarser) grains were able to settle through tigedined plug
leading to the mixed saralay lithology in the upper part of the bed. Intermediate clayey
sandstones of Facies 3, therefore, are interpreted to represent depasitifiows
undergoing a rapidly changing rheology as a result of the decrease in flow velocity due to
extensive upflow sediment fallout (i.e. the deposition of mgtagr sandstones (F2) and

an abrupt influx of mud). These strata are most common in S&hanhare locally
intercalated with matripoor sandstones in S1 and figeained banded silty mudstones

andsandy claystones S3; the implications of which are discusss@r (See Chapter 4).

3.5 Facies 4Sandy Claystones

Sandy claystoreeare easily identified in the field by their bluigrey hue and
smooth weathered surfaeeboth being attributed to the high matrix content composed of

chlorite, muscovite and silt (see petrography section b@foyure 3.8) Beds range from
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10-80 cm thck (average ~25 cm) and stack to form units up to 2.5 m thick. Generally,
beds are structureless, massive to cetitgraded with a sharp, flat basal contact. Sand

is typically medium, but in some cases grades upward from lower coarse/upper medium
to lower medium/upper fine sand with dispersed lower coarse grains at the top of the bed.
Dispersed bluistgrey to black mudstone clasts are common and looadke up tal0%

of the bed volume. @kts are commonkglongaté and range from-35 cm long and 05

20 cm thick, (averag®20 cm long and 0-2 cm thick and are located within the middle

to bottom half of the befFigure 3.7) Moreover, mudtoneclasts exhibit a well

developed fabrithat subparallels the basal contact and are typicallgaiidimensnal
throughout the bed. Commonly, beds averlainabruptly by a 310 cm thick mud cap.
Uncommon flame structures and rare pseudonodules are present locally, and are most
common where finegrained strata is overlain or truncated by a coarser rAaoox

sandstone unit.

Strata that exhibit this collective suite of lithological characteristics will hereafter
be termed classicahndy claystonedVIRSCG-C) and are analogous to those described
previously in the Windermer®@upergrougpy Terlaky and Arnott (201Y Theseclassic
matrix-rich beds make up ~ 20% of all matrich strata in the study area. Additionally, a
number of matrixich beds have been identified that comprise combinations of the
abovementioned and other characteristics, and are defined uallyith the following

five subfaciegFigure 3.7):

Subfacies 1(MRS4Q): massive, structureless, matrixh beds that are similar to
classic matrixrich strata (see above) but lack rstaheclasts. Beds range from-BD cm

thick and make up ~ 25% of allatrix-rich beds.
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Subfacies 2 (MRSAI): matrix-rich beds with traction structures near the top and
comprise 15% of abandy claystoned he top 58 cm of the bed (below the mud cap) is
commonly lighter coloured, bettsprted, medium sand wittm-scale singlesetthick
ripple-cross stratificationA seveal cm thick, siltmud capcommonly caps the ripples

Elongate mudclasts are observed locally in the middle part of some beds.

Subfacies 3 (MRSAII): sandy claystonbeds with diffuse, mm to cm scale
planar lamination and make up ~15% of all matioh beds. Beds range from-Bb cm
thick, are medium to upper firgrained sandstone and commonly stack to make units 80

100 cm thick.

Subfacies 4 (MRSQV): sandy claystonbeds with an abrupt, upward inase in
matrix content. These beds consist of a thin, basal layer3620of the total bed
thickness) with matrix content similar to that observed in classic math>strata
(~40%). A visibly darker, massive, betsorted, matrixich unit abruptly ovdies the
basal layer, with matrix content in excess of 50%. Beds rarely exceed 20 cm in thickness
and are draped by a mudstone cap. Strata of subfacies 4 comprises only ~5% of matrix
rich strata and typically transition laterally into either classicatimaich beds or

subfacies 1 (see above).

Subfacies 5 (MRS&): sandy claystonbeds overlain abruptly by firgrained,
diffusely laminated sandstone unit capped by mudstone. The basal layer of the-bed is 8
15 cm thick and consists of massive, matich sandstone similar to both classical
matrix-rich beds and subfacies 1. ALBcmthick discontinuous, diffuse, mie-cm scale

planarlaminated fine sand and silt middle layer abruptly overlies the basal layer. The
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uppermost layer is a feam-thick silt/mudstone with common dispersed fine sand grains.
Beds of subfacies 5 are-3d cm thick and make up 20% of all matrnch beds in the
study area. Subfacies 5 typically thins or thickens laterally over short distances (10 m or

less), and commonly is associated with fgrained banded silty mudstone (Facies 5).

It is important to note that matrixrich stratamay transition laterally into one or
more subfacies and albave characteristia one or more subfacies (e.g. the presence
or absence of mudstone clas&ndy claystorseeare present in Section 1 and 2 of the

study area

83



MRSC-V

MRSC-ll MRSC-IV

MRSC-Il

Centimeters

msvi fmcvegopec
mod sand gravd

msv fmecwg

pc msvi fmcvagpec
md sznd el Umad T sand 'STE"‘

mud 7

msv fmcwagpec msv fmcecvwgopec msv fmcwaopec
md and gl md e e ool

mod sand gravel

Figure 3.7: A) Idealized stratigraphic logs of classical matrixrich beds and the five
subfacies B-G) Examples of matrixrich beds throughout the study area. B) Classical
matrix -rich bed with abundant mudclasts and amudstone capC) Subfacies | (MRSC 1),
these bels are the thickest and lack mudclasts. D) Subfées Il (MRSC II). The traction
structures towards the top of the bed are outlined by the dashed lines (and labeled tb/tc).
MRTA represents the basal matrixrich, massive portion of the bed below the dashdahes.
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E) Subfacies Il (MRSC IlI): diffusely la minated matrix-rich bed (dtb represents diffusely
planar laminated). F) Subfacies V (MRSC V): basal matrixrich layer overlain abruptly by
fine-grained diffusely laminated layer (represented between the dastidines and labeled
dtf). G) Subfacies IV (MRSC IV): thin, bipartite matrix -rich bed. The colour change
represents an abrupt increase in matrix content.

and commonly form units up to 1.5 m thick, or are interbedded witkgfia@ed banded
silty mudstonesind turbidites. In addition, some matrigh beds thin and transition
laterally into thinrbedded turbidites. More commortlyough, matrixrich beds and/or
units either transition laterally iniatermediate clayey sandstone facies or-fir@ned
banded bds, or are truncatexver distances of severdlD s metdrs bymatrix-poor

sandstoneésee chapter 4).

3.5.1 Petrography ofSandy Claystons

Sandy claystorsediffer from all other facies by the lack of dynamic quartz
recrystallization. Instead framewor gr ai ns O0f | oat énuscavitesdit mat r i x 0O
(Figure 3.8)Samples from all of the subfacies indicate an averagexncantent of 54%
by volume. Frameworkrgins are generally stdngular (lesser sutounded), poorly
sorted and range in grasize from upper coarse to upper silt (average grain size upper
fine sand). The term o6f 1l oat-ricmbgpdsastteytemd nl v des
to have the highest matrix content (betweetv6%) whereas the matrix content in the

various subfaciegypically ranges from 4%8%.

3.5.2 Interpretation of Sandy Claystones

Matrix-rich strata are interpreted to represent deposition along the margin of a jet
flow associated with a local avulsion. Here, intense erosion of the underlying sea floor

introducel a voluminous and almost instantaneous influx of-§reened sediment into
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the flow. Due to their low weight and particle shape, the mostly clay and silt sediment
became preferentially mobilized towards the top and margins of the flow. Initially, the
flow was sufficiently turbulent to suppress the formation of clay floccules (Baas et al,
2011), which in turn, allowed the coarse grains (in this case lower coarse to medium sand
grains) to quickly settle through the suspension and accumulate on a rapidigiagg

bed (Arnott and Hand, 1989; Leclair and Arnott, 2005) of intermediate clayey sandstone.
However, as coarse sediment becamugressively more depleted the elevated

proportion offine-grained sediment increasasd eventually, as a result of increése
viscosity, damped turbulence forming a qtlasninar plug flow (QLPF). The poorly

sorted nature of matrikch strata (coarse sand to silt and clay) suggests strong cohesive
forces related to clay flocculation that inhibited mostly gire dependentffierential
deposition. Moreover, the planar nature of bed bases and scarcity of scours indicates
turbulence suppression further confirming a QLTF rheology. The common, elongated
mudstoneclasts that are dispersed throughout maidk beds are texturallgnd
mineralogically similar to mudstone caps and tbadded turbidites throughout the
WindermereSupergrougsedimentary pile, and therefore are interpreted to be sourced
locally from erosion of previously deposited figeained deposits. Additionally, ¢h
preservation of their primary depositional stratification impéieshort transpodistance
Mudstone caps that drape matrigh strata are interpreted to be equivalentgo T

turbidite deposits and represent figeained suspension settling in the lewergy tail

part of the current or during the interval between sedimentation events.
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T ; SECRy I W Wog ek
Figure 3.8: Examples of various matrix content percentages ohatrix -rich beds. Note that
qualitatively photomicrographs A-C resemble one another, however, detailed point
counting provides quantitative evidence that matrixcontent varies based on stratigraphic
location within the study area. A) Crosspolarized photomicrograph at 1.25x magnificéion
ofamatrix-r i ch bed with 5 7-polamedtpmoiomicrograph pt5xCr o s s
magnification of (A). Note that grains appear to be floating in matrix. Grain boundaies are
smooth and there is naccurrenceof subgrains or bulging. B) Crosspolarized
photomicrograph at 1.25x magnification ofamatrixr i ch bed wi th 52-% matri x.

polarized photomicrograph at 5x magnification of (B). C) Crosgpolarized photomicrograph
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at 1.25x magnificationofamatrixr i ch bed with 45-polamedt ri x. C6)

photomicrograph at 5x magnification of (C). Note the greater rage in grain sizes.

Subfacies 1 (MRSQ) is interpretedo represent deposition under conditionsigh
sedment fallout wherthe flow is stillchangingfrom upper transitional plug flow to
guastlaminar pug flow. The occurrence of low angle cressatification towards the top
of subfaces 2 beds (MRSC II) implies that towards the end édimentatiorevent

flow speed was sufficientlpw and neabed sedimentoncentratiorexponentially
distributed that ripples formed. In addition the lighter hue of this unit, indicative of lower
matrix contentsuggests thaipples were formedf sediment reworked from the top
the underlyingnatrix-rich bed (Arnott, 2012)Subfacies 3 (MRSdII) is characterized
by discontinuous, diffuse planar laminations siatilarly suggest traction transport
(Arnott, 2012). Moreover, the discontinuous nature of the laminations may be the result
of turbulent pulses related to vertical fluid momentum transfeccandequent shatived
bursts of traction transport. The common +ecale draping of mud over these diffuse
laminations may be analogotssthe wispylaminated M3 divisions of slurry flow beds
(Lowe and Guy, 2000; Lowe et al, 200@hich are interpreted to libe result otrapped
clay floccules. The upward increase in matrix in Subfacies 4 (MR3 interpreted

to represent deposition from a upper transitional plug flow (UDPR)quasiaminar

plug flow. Lastly, the basal pamf asubfacies 5 (MRSQV) bedis interpreted to
represent deposition layQLPF.As the finegrained sediment concentration decreases
and the plug becomes more dilute it evolves into a low concentration QLPF and a
diffusely laminated unit similar to MRS is depositedThetype ofmatrix-rich sub
faciesthat is deposited is likely controlled by the concentration ofdjirs@ned sediment

in the flow. The laterachangdrom matrixrich strata to thirbedded turbidites is
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