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Abstract

Ancient basin-floor strata are exceptionally well exposed in the Neoproterozoic
Windermere Supergroup in the southern Canadian Cordillera. Data from the Castle Creek
outcrop, where strata of the upper Kaza Group crop out, and the Mt. Quanstrom outcrop, where
the middle Kaza is exposed, form the main dataset for this study. The aim of this study is to
describe and interpret the strata starting at the bed scale, followed by stratal element scale, lobe
scale and ultimately fan scale.

Strata of the Kaza Group comprise six sedimentary facies representing deposition from a
variety of fluid and cohesive sediment gravity flows. These, in turn, populate seven stratal
elements that are defined by their basal contact, cross-sectional geometry and internal facies
distribution. The lithological characteristics of stratal elements vary little from proximal to more
distal settings, but their relative abundance and stacking pattern do, which, then, forms the basis
for modeling the internal architecture of lobes.

Lobes typically comprise an assemblage of stratal elements, which then are
systematically and predictably arranged in both space (along a single depositional transect) and
time (stratigraphically upward). Lobes typically became initiated by channel avulsion. In the
proximal part of the system scours up to several meters deep, several tens of meters wide are
interpreted to have formed by erosion downflow of the avulsion node. Erosion also charged the
flow with fine-grained sediment and on the lateral margins and downflow avulsion splays were
deposited. Later flows then exploited the basin-floor topography and on the proximal basin-floor
carved a feeder channel, which then fed a downflow depositional lobe. At the mouths of feeder
channels flows became dispersed through a network of distributary channels that further
downflow shallow and widen until eventually merging laterally in sandstone-rich terminal
splays. During the lifespan of a single lobe the feeder channel remains fixed, but the distributary
channel network and its associated terminal splays wander, causing them to stack and be
intercalated laterally and vertically. Eventually an upstream avulsion terminates local sediment
supply, causing a new lobe to be initiated elsewhere on the fan, and the process repeats.



Résumé

La stratification d’un ancien systtme de dépdts de plancher de bassin océanique du
Néoprotérozoique est exceptionnellement bien exposée dans la partie sud de la cordillere
canadienne. Cette étude porte sur les dépbts du groupe Kaza, une des constituantes du
supergroupe Windermere, et plus particulierement, sur le Kaza supérieur (affleurement de Castle
Creek) et sur le Kaza moyen (affleurement du Mont Quanstrom). L’objectif de cette ¢tude est de
décrire et d’interpréter la suite dépositionnelle de petite a grande échelle, soit de I’échelle du lit, a
celle de I’élément architectural, puis du lobe dépositionnel, puis, ultimement, a I’échelle de
I’éventail sous-marin profond.

Le dép6t du groupe Kaza est constitué de six facies sedimentaires représentant la
déposition par des courants de gravité de divers niveaux de fluidité et de cohésion. Ces facies
composent sept éléments architecturaux définis en fonction de leur contact basal, de leur
géomeétrie en coupe et de leur distribution interne de facies. Les caractéristiques lithologiques des
¢léments architecturaux varient peu d’une position proximale a distale (vs 1’embouchure du
systeme). Par contre, ’abondance relative et les patrons d’empilement, eux, varient et servent de
base a la modélisation de 1’architecture interne des lobes dépositionnels.

Les lobes sont généralement constitués d’un assemblage d’éléments architecturaux. Ces
derniers sont organisés de maniére systématique et previsible en fonction des dimensions espace
(le long d’une surface dépositionnelle) et temps (vers le haut de la succession stratigraphique).
La formation de lobes semble habituellement étre initiée par 1’avulsion du chenal. Dans la partie
proximale du systeme, des marques d’affouillements allant jusqu’a une dizaine de metres de
profond et quelques dizaines de metres de large sont possiblement attribuables a 1’érosion en aval
du node d’avulsion. Cette érosion sature le courant de fines particules qui forment des dépots
d’épandage d’avulsion sur les marges latérales du chenal et en aval du systéme. Les courants
subséquents ont exploité la topographie du fond marin et ainsi creusé un chenal d’alimentation
dans la partie proximale du fond marin (ou en amont), lequel a ensuite alimenté un lobe
dépositionnel en aval. A la source des chenaux d’alimentation le courant se disperse a travers un
réseau de chenaux distributeurs devenant moins profonds et plus larges en aval du systéme,
jusqu’a éventuellement converger pour former des dépdts d’épandage terminaux riches en sable.
Au cours de la période d’activité d’un lobe, le chenal d’alimentation demeure fixe, mais le réseau
de chenaux distributeurs et les dépots d’épandage terminaux leur étant associés, eux, se
déplacent, ceux-ci se retrouvant ainsi empilés et intercalés latéralement et (aussi bien que)
verticalement. Eventuellement, une avulsion en amont coupe ’alimentation en sédiment et cause
I’initiation d’un nouveau lobe ailleurs dans le systéme de I’éventail sous-marin profond et le
processus se répete.
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1. Strata of Facies 4 have a distinctive dark green-grey colour due to their high matrix
content (green colour is related to occurrence of metamorphic chlorite). Tape measure is 25
cm. B) Close-up of a bed of Facies 4 containing small elongate mudclasts. Tape measure is
25 cm. C) Large clast of matrix-rich Facies 4 surrounded by more matrix-poor sandstone
end-member of Facies 4 (note the lighter colour). Tape measure is 30 cm. D) Facies 4
strata commonly terminate laterally due to scour and loading by overlying strata. Rip-up,

injection and flame structures are shown in this photograph. Tape measure is 50 cm. ...... 50

Figure 2.12: Examples of Facies 5. A) Beds of Facies 5 commonly comprise ripple cross-
stratified fine-grained sandstone overlain by a several cm thick siltstone cap. B) In the
photograph two sets of these beds are shown as dark and light bands, one unit under and
one above the pencil. The lower unit of fine-grained beds overlie several matrix-rich beds
(Facies 4), the pencil rests on a coarse-grained T, sandstone (Facies 1) that separates the
two fine-grained units, and the upper fine-grained unit is overlain by a thick coarse-grained
T2 SANASTONE (FACIES 1) ...ttt bbbttt bbb 53

Figure 2.13: Clasts are deformed and chaotically dispersed in beds of Facies 6. Tape measure is 1
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Figure 3.1: Stratigraphic correlation of strata from the upper Kaza showing facies distribution
(A) within three different stratal elements (B). Isolated scours (blue) commonly erode
distributary channels (red) and avulsion splays (green), and are subsequently filled with
amalgamated coarse-grained sandstone. Avulsion splays are commonly observed at the
margins of isolated scours and in this instance comprise interbedded matrix-rich sandstone
(Facies 4) and thin-bedded, fine-grained turbidites (Facies 5). Distributary channels have
low aspect, erosive bases and show a lateral facies change from amalgamated sandstone in
their axis to finer-grained, thinner-bedded strata towards the margins. The location of this

correlation panel is Shown in APPeNdiX C. ......ocovviieiieic i 64

Figure 3.2: Detailed correlation of a sandstone unit (S2) in the middle Kaza. All bed contacts
were walked out and mapped directly on the aerial photographs. This 35 m thick sandstone
package comprises four stacked terminal splays (SE 4); contacts are highlighted by the
thick black lines. The lowermost terminal splay is eroded by a several meter deep scour
(SE1) on the lower left of the diagram. Beds near the base of the scour onlap the erosion
surface, but beds higher up are laterally continuous and form the second terminal splay.
Terminal splays 2 and 3 are locally separated by an avulsion splay (SE 5, green shading),
and terminal splays 3 and 4 are separated by a laterally continuous unit comprising fine-
grained, thin-bedded turbidites (SE 6). The complete 35 m thick sandstone package is
interpreted to be the distal part of two depositional lobes, the lower consisting of three

amalgamated terminal splays (1-3), and the upper consisting of a single terminal splay (4).

Figure 3.3: Evolution of a deep scour (feeder) channel in the upper Kaza. Note that beds and
units are correlated laterally by physically walking them out in the field. A) The original
incision (erosional surface 1, or ES1) is approximately 15 m deep, overlain by fill unit 1,
an ~3 m thick fining-upward sandstone to siltstone unit. B) ES2 widens the channel by ~20
m and erodes the SE margin of fill unit 1. Fill unit 2 comprises by-pass facies and mud-
clast breccia where it is preserved in the SE, and may have extended over much of the
width of the channel. C) ES3 widened the top of the channel creating a terrace up to about
3 m high, and additionally deepened the channel towards the NW. Unit 3 then overlies

ES3, comprising a basal coarse sandstone fill overlain by fine-grained sandstones and
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siltstones. D) ES4 eroded the top part of Unit 3 and is overlain by Unit 4, a coarse
sandstone fill. E) ES5 eroded Unit 4 towards the SE forming the current base of the
channel in the southeasternmost part of the channel, and is, in turn, overlain by Unit 5,
fine-grained sandstones and siltstones intercalated with coarse sandstone lenses. F)

Correlation diagram including sedimentary 10gS. ........ccccoveiiieiiiieiieeie e 68

Figure 3.4: Distributary channels in the upper Kaza are a few meters deep and show a distinct
lateral facies change. In the channel axis (right side of correlation diagram) strata consist of
amalgamated, coarse-grained sandstone capped commonly by dune-cross stratified
sandstone. Towards the channel margins (left side of correlation diagram) beds thin and
fine, and become progressively more interbedded with fine-grained turbidites of Facies 5.
This correlation diagram shows a cross-section of four stacked distributary channels from
their axes (right side) to the margins (left side). Bases of channels are shown by red lines;
black lines show the base of terminal SPlaYs. .........cooiiiiiieiei 70

Figure 3.5: Correlation diagram showing the lateral continuity >1 km of four stacked terminal
splays (SE 4) in the UPPer KaZa. ..o 73

Figure 3.6: Field photograph of a 25 m thick unit comprising fine-grained, thin-bedded turbidites
(SE 6a). Yellow lines indicate the lower and upper contacts of the unit. This unit of fine-

grained turbidites does not contain any coarse-grained sandstone interbeds. ..................... 79

Figure 3.7: Correlation diagram of an up to 18 m thick sheet-like fine-grained turbidite unit from
the middle Kaza (between S1 and S2) that contains sandstone interbeds (SE 6b). This unit
comprises locally approximately 40% sandstone interbeds, but laterally over distances of
several 10s to 100s of meters the sandstone to mudstone ratio varies. Logs are

approxXimately 30 MEters QPAt. ..........ccveiiiiieie e 80

Figure 3.8 (previous page): 3D models and interpreted flow structure during deposition of six
architectural element types in the Kaza Group. Cross-sections show idealized cross-
sections of the resulting stratal elements as seen in the outcrops. A) Following an upstream
avulsion energetic jet flows and/or rapidly expanding flows undergoing a submerged
hydraulic jump scour the basin floor. Deposition in scours created by hydraulic jumps is

minimal, but matrix-rich beds (AE 5) deposit on the margins of these jet flows. Further
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laterally these strata thin and fine into AE 6. After abandonment (t2) scours are filled with
coarse-grained sandstones that near the top of the scour are laterally extensive and form a
terminal splay (AE 4). B) Alternatively, subsequent flows may exploit scours to form
erosional feeder channels (AE 2) that have a complex history of abandonment and
reactivation, resulting in a terraced base and lithologically complex fill. Channel axes
comprise coarse-grained sandstone fills intercalated with discontinuous thin-bedded, fine-
grained units that thicken towards the channel margins. The lower channel margin is
overlain by an intercalated assemblage of mud-clast breccia and coarse-grained sandstone.
Following abandonment the channel is filled with fine-grained turbidites intercalated with
coarse-grained sandstone lenses. C) Further downflow turbidity currents become
unconfined and develop distinct fast and slow moving supercells. Once formed these
features become diverted through broad, shallow conduits termed distributary channels
(AE 3) that eventually become filled with amalgamated coarse-grained sandstone in their
axes. These strata grade laterally and vertically to thinner, finer grained turbidites. Fine-
grained strata between widely spaced distributary channels are part of AE 6. D) Down-
flow distributary channels gradually become wider and shallower, eventually forming a
laterally extensive sheet-like deposit of coarse-grained sandstone (terminal splays; AE 4).
After flows become depleted of their coarse-grained load AE rapidly transitions laterally

INto fine-grained Strata Of AE 6. ........ccooiiiiiiiiii s 84

Figure 4.1: (A) A unit of matrix-rich sandstone beds sandwiched between a lower 60 cm thick
unit of fine-grained turbidites (dark-grey unit to the left of the backpack) and an overlying
up to 18 m thick unit of amalgamated, matrix-poor, coarse-grained sandstone (Fig. 4A
coincides with the far right side of the correlation panel in Fig. 9). The abrupt thinning of
the matrix-rich unit toward the top of the photo is the result of scour at the base of the
matrix-poor sandstone. Black lines indicate unit boundaries. Stratigraphic up is toward the
left (arrow). The backpack used for scale is at the top of another coarse-grained matrix-
poor sandstone unit. (B) Close-up photograph of the matrix-rich sandstone unit taken near
the top of the photograph in (A) where the matrix-rich unit is thinnest. Black lines indicate
unit boundaries. Tape measure is 50 cm long. (C) Close-up photograph of the scour at the
base of the sandstone unit. The scour is near-vertical and stepped along bedding surfaces in

the matrix-rich unit. Small injections of matrix-poor sandstone into matrix-rich sandstone
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are visible locally. Tape measure is 25 cm long. (D) Example of a matrix-rich sandstone
unit overlain by a coarse-grained, matrix-poor sandstone unit with a steep-walled scour at
its base. Geologic hammer is ~50 cm long. (E) and (F) Representative photomicrograph of
matrix-rich sandstones in cross-polarized light. Both samples were taken from the middle
of a coarse-tail graded, structureless bed. All photos in Fig. 4 are from strata in the upper
KCBZAL ..o e e 97

Figure 4.2: (A) Several matrix-rich sandstone beds capped by a thin layer of muddy sandstone.
Note the darker colour of the mud caps. Dashed lines highlight bed contacts and the solid
line shows the contact with the overlying coarse-grained sandstone terminal splay.
Photograph taken in the upper Kaza. Tape measure is 20 cm long. (B) Cross-polarized light
photomicrograph of a matrix-rich sandstone bed taken at the contact of the sandstone and
its muddy sandstone cap. The apparent preferential alignment (imbrication) of grains is a
consequence of rotation into the plane of tectonic cleavage. (C) and (D) Matrix-rich beds
commonly terminate laterally due to scour and/or loading by overlying strata. Rip-up,
injection and flame structures are shown in these photographs. Rip-up clasts consisting of
matrix-rich sandstone are common in matrix-poor beds that have injections at their bases.

Photographs taken in the middle Kaza. Tape measure is 50 cm in both photographs. ..... 100

Figure 4.3: Idealized stratigraphic logs of matrix-rich and matrix-poor sandstones. (A)
Structureless matrix-rich sandstone (subfacies 1). (B) Matrix-rich sandstone capped by
matrix-poor, wavy parallel- or planar-laminated sandstone (subfacies 2). (C) Matrix-rich
sandstone with mudclasts (subfacies 3). (D) Matrix-rich sandstone with an abrupt increase
in matrix content (subfacies 4). Note that all four subfacies are capped by a thin sandy
mudstone drape. (E) Matrix-poor sandstone facies comprising upper very coarse sandstone
and dispersed granules in the lower part of the bed. Where present, raft size sand- and
mudstone clasts typically occur in the upper half of the bed. Due to common erosional bed

contacts sandy mudstone caps are only locally preserved............ccoocovviiinencienenisene 101

Figure 4.4: (A) Structureless, matrix-rich sandstone beds. Dashed lines highlight bed contacts.
The lower three beds have a thin sandy mudstone cap, which is absent in the upper beds.
Note the scoured and injected contact between the middle beds that has upturned (to the

right) the intruded mudstone layer, and the flame structure (bent to the right by tectonic
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cleavage) at the uppermost contact. Tape measure is 20 cm long. (B) Matrix-rich sandstone
beds capped by wavy parallel and planar laminated sandstone. Black dashed lines highlight
bed contacts and white lines delineate the laminated part of the bed. The basal part of the
beds comprises an ~20 cm thick coarse-tail graded sandstone with dispersed and elongated
mudclasts (note the darker streaks in the photo). This, then, is overlain by an up to 10 cm
thick parallel laminated medium sandstone. The beds are capped by a several cm thick
mudstone cap. Tape measure is 20 cm long. (C) Close-up of a matrix-rich sandstone bed
with small elongated mudclasts. Dashed lines indicate bed contacts. Tape measure is 25 cm
long. (D) Photomicrograph of a thin mudclast in a matrix-rich sandstone bed taken in
cross-polarized light. (E) Close-up of a matrix-rich sandstone bed that displays an abrupt
upward increase in matrix content at about half the bed’s thickness. Black dashed lines
highlight bed contacts and the white dashed line marks the abrupt increase in matrix
content. Note the lighter colour of the basal, relatively matrix-poor (~40%) layer and the
darker colour of the upper, more matrix-rich (up to >50%) layer. Lens cap is 5 cm wide.
(F) Cross-polarized photomicrograph at the point of matrix increase. Note the darker,
muddier matrix in the upper half of the photograph. All photographs taken in the upper
KCBZAL ..t b ettt r e b n e 102

Figure 4.5: Correlation panel shown at VE 1x and VE 7.5x of an ~20 m thick unit comprising
intercalated matrix-rich beds (green), clean sandstones (yellow and orange) and thin-
bedded, fine-grained turbidites (grey) in the upper Kaza (for location see Fig. 2). Red lines
highlight major scour surfaces. The lower ~7 m is dominated by fine-grained turbidites
intercalated with medium-bedded, coarse-grained sandstone beds. In this lower part an ~2
m thick unit comprising mostly matrix-rich sandstones (right side of the panel) is laterally
adjacent to medium- and thick-bedded, coarse-grained sandstones that have shallow
scoured bases locally. The upper ~10 m of the panel comprises intercalated coarse-grained
clean sandstones and matrix-rich sandstone beds (right side of the panel), which are
laterally adjacent to coarse-grained clean sandstones that fill several meter-deep scours
(left side of the panel). Other, shallower scours are also highlighted in the correlation
panel. The section is then erosively overlain by an up to 35 m thick sandstone dominated
lobe comprising four amalgamated terminal splays. The correlation panel is interpreted to

be at a high angle to FIOW dIreCtION. .......coviiiiiiii e 104
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Figure 4.6: Correlation panel shown at VE 1x and VE 32x of an ~7 m thick unit in the upper
Kaza (for location see Fig. 2). The unit is divided by a laterally continuous coarse-grained
clean sandstone (yellow) bed into a lower and upper sub-unit. In the lower sub-unit
matrix-rich beds (green) form an up to 3.5 m thick package comprising mostly non-erosive,
laterally continuous beds. These beds, then, are scoured towards the left. The scour reaches
a maximum depth of 3 m over ~150 m laterally, and is filled by amalgamated, coarse-
grained clean sandstones. Near the margin of the scour matrix-rich and matrix-poor beds
are intercalated and matrix-poor beds contain anomalously large, dispersed sand- and
mudstone clasts. The upper sub-unit is more heterogeneous with relatively shallow local
scours filled by thin-bedded, fine-grained turbidites (grey), clean sandstones and matrix-
rich beds. The top of the unit is scoured to a depth of up to 5 m on both sides of the
correlation panel. These scours are filled with coarse-grained, amalgamated clean
sandstones of the overlying terminal splay, which is part of an up to 18 m thick coarse-
grained, amalgamated sandstone dominated lobe deposit. The correlation panel is

interpreted to be at a high angle to flow direction............cccooiiiiiiiiii s 105

Figure 4.7: (A) Cross-polarized photomicrograph of a matrix-poor sandstone bed. Sample was
taken from a bed infilling the 3.5 m deep scour on the left side of Figure 9. (B) Matrix-
poor sandstone bed (CS) at the base of the 3.5 m deep scour on the left side of Figure 9.
The rust-stained beds at the bottom of the photo (TT) are thin-bedded, fine-grained
turbidites (grey in Fig. 9). These turbidites are overlain by two matrix-rich beds (MR), in
turn overlain abruptly by the matrix-poor sandstone bed. Note the overall lighter colour of
the bed, the erosive base and the large matrix-rich sandstone and mudstone clasts (SC and
MC respectively). The bed is capped by a large internally stratified clast (TC) comprising
thin-bedded turbidites that extends beyond the edges of the photograph. Tape measure is
30 cm long. (C) Matrix-poor sandstone bed (base and top indicated by solid lines)
sandwiched between matrix-rich sandstone beds. Note the large mud- and sandstone clasts
in the matrix-poor sandstone bed. Tape measure is 50 cm. (D) Loading and scouring at the
base of a matrix-poor bed (contact and scale indicated by the hammer). Note the large
flame structure at the top of the underlying matrix-rich bed. Deformed clasts in the matrix-
poor bed comprise matrix-rich sandstone from the underlying bed. Photos A-C from the

upper Kaza, photo D from the middle Kaza. (E) Line diagram of intercalated matrix-poor
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and matrix-rich beds illustrating major lithological features shown also in (B), (C) and (D)
(see Fig. 6 for legend). Bed contacts are shown by solid lines. The base of matrix-poor
beds is locally erosive and is overlain by coarse-grained sandstone with dispersed granules.
Strata then grade typically upward to lower coarse sandstone, but locally grain size
increases abruptly within a bed (dotted lines) indicating episodic erosion and subsequent
deposition by high-energy turbulent pulses. Anomalously large, dispersed sand- and
mudstone clasts, which commonly are internally strtatified, occur locally. Where
preserved, beds are then capped by a few-cm-thick sandy mudstone. Matrix-rich beds, on
the other hand, comprise medium-grained sandstone capped often by a discontinuous
sandy mudstone. Locally matrix-rich beds are steeply eroded; loading and injections are
locally present. Three conceptual stratigraphic logs are shown that indicate bed boundaries
and grain size changes within beds; vertical scale is in meters, the lateral distance between

1095 IS SEVEral 10S OF MELEIS. ...uecviiieiecce et 107

Figure 4.8: Cartoon model of proximal basin-floor matrix-rich bed deposition. Following
avulsion plane-wall jets flow over the seabed. Immediately downflow of the avulsion node
the flow expands little up to a distance of about 4-6 times the width of the outlet. Here
seabed erosion is limited to shallow scours and deposition of matrix-poor sandstone beds
that lack large sandstone or mudstone clasts. Matrix-rich beds are deposited further
laterally, and then over a distance of several 100 meters laterally transition into thin-
bedded, fine-grained tUrDIITES. .........ooveriee e 121

Figure 4.9: lllustration showing the lateral evolution of flow concentration across and lateral to a
plane-wall jet and its deposit. In the axial area (left side of the diagram) flow concentration
is highest near the bed and rapidly diminishes upward (moderately stratified flow). Intense
turbulence at the bed results in local seafloor erosion, which typically is dominated by
mud-rich sediment, and the continued transport of coarse-grained sediment. Along the
margins of the jet, flow energy rapidly diminishes and the increased sediment
concentration in the near-bed region dampens turbulence. This, then, results in rapid
deposition of coarse-grained, matrix-poor sandstone, and, if present, large mud- and
sandstone clasts. Further laterally the flow becomes rapidly depleted in coarse-grained

sediment, especially coarse sand and coarser, and relatively enriched in fine-grained
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sediment. The flow now becomes plug-like with a significantly reduced vertical sediment
concentration gradient. It is under these conditions that matrix-rich sandstones are
deposited. Still further laterally, the loss of sediment by earlier deposition, in addition to
the continuous entrainment of ambient fluid, causes the now low sediment concentration
flow to become fully turbulent, and accordingly, the deposition of fine-grained, thin-
DEAdEd TUFDITITES. .....iiviiiiiieiicee ettt eneas 123

Figure 5.1: Comparison of fan sizes in modern (black text) and ancient (red text) turbidite
systems. Palinspastic restoration of the Neoproterozoic Windermere turbidite system is
included for dimensional comparison (redrawn by Khan (2012), inset map of the WSG
from Ross, 2001, modified from Barnes and Normark, 1985).........c.ccccccvveveiieiecinesnenn. 130

Figure 5.2: Fan growth model of Normark (1970) comprising an upper-, middle- (supra-) and
lower fan. The upper fan is characterized by a leveed channel valley, the middle fan
contains many smaller distributary channels, which are absent from the sheet-like

morphology of the lower fan (redrawn from Normark, 1970). .......ccccccevviiiiiniiiieiiens 131

Figure 5.3 (previous page): Classification of deep-water systems based on grain size and nature
of sediment supply: single point (submarine fan), multiple sources (ramp), or linear source
(slope apron) (from Stow and Mayall, 2000; after Reading and Richards, 1994). ........... 134

Figure 5.4: Correlation panel of the middle Kaza outcrop at Mt. Quanstrom. Note the simple
stratal architecture composed almost exclusiverly of terminal splays and fine-grained
turbidite units. Avulsion splays form laterally discontinuous units commonly <1 m thick,
and because of their thinnes are not shown in this diagram. Thin black lines delineate the

accessible and MapPed OULCIOPS. .......ecviiiiieiie ettt ra e 137
Figure 5.5: Detailed bed-scale map of the upper isolated scour in the middle Kaza.................. 139

Figure 5.6: Correlation panel of the upper Kaza at the Castle Creek outcrop at Castle Creek. The
basal ~120 m of the outcrop was mapped in high detail (see also Figure 5.7). The colours

represent the locally dominant stratal element in the stratigraphy. .......c.cccoovieiiiiiicine 142

Figure 5.7: Detailed correlation diagram of the lower 120 m of the upper Kaza at the Castle
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Figure 5.8 (previous page): Results of Markov chain analysis in the lower 90 m of the upper
Kaza exposed at Castle Creek. The input data is derived from ten ~90 m long stratigraphic
logs. In total 369 stratal elements are included in the analysis. A) Transition counts matrix;
sc = isolated scours, as = avulsion splays, dc = distributary channels, ts = terminal splays, f
= fine-grained turbidites. B) Transition probability matrix and steady state of the system.

C) State diagram, higher transition probabilities are indicated by thicker arrows. ........... 149

Figure 5.9 (previous page): Idealized stracking pattern and transverse cross-sections of stratal
elements. A-D follow observations from the top of the upper Kaza to the middle Kaza
(corresponding to a proximal to distal transect) A) Cross-section of a feeder channel based
on Figure 3.3. Feeder channels are observed only in the most proximal (upper) part of the
upper Kaza (Figure 5.6). These relatively long-lived channels have a terraced erosional
scour base that terminates terminal splays and a complex, multi-stage fill (see section
3.3.2). B) Isolated scours are most common in the proximal part of the upper Kaza. Here
they are latearlly associated with avulsion splays (see Figure 4.5 and Figure 4.6). Units
comprising isolated scours and avulsion splays are commonly overlain by terminal splays.
C) Throughout the stratigraphy of the upper Kaza avulsion splays are commonly overlain
by distributary channels and terminal splays. Distributary channels, in turn, commonly
overlie one another (Figure 3.4). D) In the middle Kaza terminal splays are typically
thicker and stack to form several Dm thick sandstone units (Figure 5.4, Figure 3.2 and
Appendix A). Similar stacking of terminal splays is less common, but observed also in the
upper Kaza (Figure 3.5). E) ldealized stratigraphic and scintillometer logs. Numbers
indicate the location of the logs in figures A-D; dotted lines show correlations between
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Figure 5.10: Idealized evolution of a depositional lobe. t1) The lobe is initiated by an upstream
avulsion event at the avulsion node (A.N.). Immediately downflow the initial unconfined
jet flows erode the sea floor creating scours and depositing sandstones and avulsion splays.
t2) Later flows organize themselves into a network of discrete distributary channels that
downflow merge laterally into a terminal splay. At the same time, but further upflow,
erosion creates a feeder channel. t3) During the lifetime of a lobe multiple distributary

channel avulsions result in the vertical stacking of distributary channels and terminal
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splays. The fence diagram shows the conceptual internal stratigraphy of a lobe. Lobe

length and width dimensions are of the order of 10s to 100s of km. ..........ccccovvvvevinennne. 154

Figure 5.11: Schematic of an ideallized submarine fan complex and its constituent components —
note the progressive change in horizontal scale from lobe to fan complex. At the smallest
scale an individual lobe is created by the process outlined in section 5.5.1.2 and Figure
5.10. Avulsion of the feeder channel results in spatial shifting of the depositional axis, and
a new lobe forms on the seafloor. Several lobes fed by the same channel-levee, but
different feeder channels, then, form a lobe complex. Avulsion of the channel-levee system
results in shifts in the position of lobe complexes, which, in turn stack to form the
submarine fan. Avulsion of the upflow canyon results in the deposition of fan complexes,

each fan fed by a different Canyon. ..o o 156

Figure 5.12: Depositional model of basin-floor fan strata of the Kaza Group. The middle Kaza
comprises laterally extensive distal sheet-like lobe deposits, which in outcrop form
alternating Dm thick sandstone rich terminal splay and fine-grained turbidite units. The
upper Kaza comprises more proximal deposits, plus a wider variety and more complex
stacking of stratal elements. The middle and upper Kaza are stratigraphically separated by
the regionally extensive Old Fort Point marker unit (see Chapter 1.2). Collectively these
strata are interpreted to be the deposits of a prograding basin-floor fan. General flow
direction in the diagram is from left to right; the cut in the middle indicates the location of
the outcrops with relation to the channel-levee system, the left block shows more proximal

deposits and the right side shows coeval but more distal strata. ................ccceeveviiieieennns 158

Figure 5.13 (previous page): Screenshot of the Markov chain simulator Excel spreadsheet. The
input for the simulator is a probability matrix. The user has to specify an initial state and
the number of consecutive states to calculate. The simulator automatically calculates the
steady state and probability matrix of the simulated sequence for easy comparison with the
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Figure 5.14: Thickness distribution of stratal elements in the upper Kaza. Observation counts are

represented by the blue histogram and the calculated normal distribution is shown by the
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green curve. Because a negative thickness is unrealistic the normal distribution is forced to

be 0 for a theoretical thiCKNESS OF 0 OF 1€SS. ....ceeeieeeee e 162

Figure 5.15: Example of the spreadsheet that calculates thicknesses for the simulated series of
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Figure 5.16 (Previous page): Comparison of a log of stratal elements in the upper Kaza and four

simulated logs. Visually the simulated logs appear to represent the input data well. ....... 165
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Chapter 1: Thesis introduction

1.1 Thesis rationale

Deep-water basin-floor fans are the most distal and final repository for clastic and pelagic
sediment, and volumetrically form the largest sedimentary bodies on earth. These fans host some
of the world’s largest hydrocarbon reserves (Talling et al., 2012), and in spite of a limited
understanding of these systems (compared to other sedimentary environments/systems), oil and
gas exploration and development continues to be successful in these plays. Fuelled by both
economic and academic interests the study of deep-marine systems has increased significantly in
the past few decades. Nevertheless, despite this intensified research effort, basin-floor lobes, in
particular, remain poorly understood. To illustrate, Mulder and Etienne (2010) stated that
“Because of the difficulty related to the water depth under which they usually lie, [basin-floor
lobes] have been understudied.”. Similarly, Jegou et al. (2008) noted that “The architecture of
these channel-mouth lobes is still poorly understood ... More analysis of the controls on their

development is required for a better understanding of deep-sea fans deposits.”.

Studies of modern deep-water systems typically rely on seismic and/or side-scan sonar to
image a 2-D slice or 3-D volume at varying levels of vertical resolution, and/or surface
topography and surface sediment cover, respectively. The globally growing 3-D seismic data
bank has contributed immensely to an increasingly detailed understanding of the internal
architecture of basin-floor fan deposits, but due to vertical resolution limitations the finely
detailed (cm to Dm scale) internal sedimentology and architecture of deep-marine basin-floor

“channelized-lobe” strata remain poorly known. In modern systems core data are also commonly



available, either as a stand-alone data set or as a supplement to geophysical data sets. Although
core provides a detailed 1-D stratigraphic perspective, it is typically hampered by the wide

spacing of drill cores and their typically short length.

Another key aspect of deep-water sedimentary research is the study of ancient outcrop
analogues. Earlier studies focused on more proximal base-of-slope channel-levee systems, and
comparatively fewer studies have focused on more distal lobe deposits. To date, the arguably
best studied examples of ancient basin-floor fan deposits include parts of the Ross Formation in
Ireland (e.g. Elliott 2000; Sullivan et al. 2000; Martinsen et al. 2000, 2003; Pyles 2007, 2008;
Pyles and Jennette, 2009) and Karoo Basin in South Africa (e.g. Sullivan et al. 2000; Johnson et
al. 2001; Sixsmith et al. 2004; Hodgson et al. 2006; Prélat et al. 2009; Groenenberg et al. 2010;
Flint et al. 2011). Less well documented ancient examples also include the Brushy Canyon
Formation in Texas (Beaubouef et al. 1999; Carr and Gardner 2000; Gardner and Borer 2000;
Gardner et al. 2003) and the Punta Barrosa and Cerro Toro formations in southern Chile (Fildani
et al. 2007, 2009; Hubbard et al. 2008; Bernhardt et al. 2011; Romans et al. 2011). Collectively
these studies on seismic-scale outcrops have helped bridge the gap between large-scale seismic

data and small-scale outcrop data, but still a number of important spatial disconnects remain.

Basin-floor lobe deposits in the Kaza Group, Windermere Supergroup are exposed in
several km-scale outcrops in east-central British Columbia, Canada. The objective of this thesis
is to provide detailed descriptions and interpretations of these “sheet-like” deposits and thereby
contribute to the ever-expanding literature on similar deep-marine deposits. Starting with small
(grain to bed) scale sedimentological description of these strata flow and depositional processes

are interpreted. Beds are, then used to populate larger (meso) scale stratal elements, which in turn



are placed in a larger scale stratigraphic context to formulate a depositional model for the entire

basin-floor fan.

1.2 Geological setting and regional stratigraphy

1.2.1 Overview

The Neoproterozoic Windermere Supergroup (WSG) comprises an extensive outcrop belt
that extends from northern Mexico to the Alaska-Yukon border (Figure 1.1; Ross et al. 1989;
Ross, 1991). The most southern exposures of the WSG in northern Mexico and southwestern
United States are discontinuous and comprise continental and shallow-marine sedimentary rocks
(Link et al., 1993). Further north the WSG outcrops form a continuous belt stretching from
southeastern British Columbia to northwestern Yukon (Figure 1.1). Deep-marine siliciclastic
rocks of the WSG crop out superbly in the southern Canadian Cordillera (Campbell et al. 1973;
Ross et al. 1995), whereas further north in the Mackenzie Mountains shelf and upper-slope facies
are exposed (Ross et al., 1995). The WSG is interpreted to represent deposition along the paleo-
Laurentian passive continental margin into the paleo-Pacific miogeocline (Figure 1.2; Bell et al.,

1987; Ross, 1991; Ross et al., 1995; Karlstrom et al., 2001; Ross and Arnott, 2007).

This thesis focuses on deep-water rocks in the Cariboo Mountains in the southern
Canadian Cordillera (Figure 1.1 and Figure 1.3). These rocks are part of the Foreland Fold and

Thurst and Omineca belts (Figure 1.4 ) and are exposed over an area of about 35,000 km?
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Figure 1.1: Location of Windermere Supergroup outcrops (yellow) in western North
America. The grey rectangle shows the location of generally well-exposed deep-water rocks in
the southern Canadian Cordillera (after Ross, 1991).
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Figure 1.2: Schematic cross-section of western North America ca. 600 Ma (redrawn by
Khan, 2011; from Ross, 1991). The correlation of shelf strata in the southwestern USA with
deep-water 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). Sub-Cambrian erosion has removed shallow-
water strata in the southern Canadian Cordillera (Ross, 1988).

(up to 80,000 km? palinspastically reconstructed; Ross and Arnott, 2007) and form an up to 9 km

thick upward-shoaling succession (Figure 1.5).

Accretion and mountain building have led to pervasive deformation and metamorphism
in Mesozoic and older rocks of the southern Canadian Cordillera (Reid et al., 2002), although
east of the Southern Rocky Mountain Trench levels of deformation and metamorphism are
relatively low (Ross and Arnott, 2007). West of the Southern Rocky Mountain Trench, however,
rocks of the Omineca Belt typically are at a higher metamorphic grade and in many places are
complexly structurally deformed. Locally several areas within the Omineca Belt exhibit lower

grades of metamorphism and less complex tectonic deformation (Ross and Arnott, 2007).



Primary sedimentary textures and structures are preserved here, allowing for detailed

sedimentological field data to be recorded.
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Figure 1.3: Location of the two periglacial exposures of the WSG near McBride, British
Columbia, Canada (black boxes). Both outcrops comprise superbly exposed vertically dipping
beds. The upper Kaza Group is exposed at Castle Creek and the middle Kaza Group is exposed
at Mt. Quanstrom (background image © Cnes/Spot 2012, © Province of British Columbia 2010,
© Google 2012; inset image modified from Ross, 1991).
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Figure 1.4: The Western Canadian Cordillera comprises five morpho-tectonic belts.
From east to west they include the: Foreland Belt, Omineca Belt, Intermontane Belt, Coast Belt
and Insular Belt. The northwest-southeast trending belts reflect mountain building processes
related to collisional tectonism and accretion of allochtonous terranes along the western margin
of Laurentia between the Mid-Jurassic (185 Ma) and Early Cenozoic (50 Ma; Price, 2000). Map
after Wheeler and McFeely, 1991.
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Figure 1.5: Regional stratigraphy of the Windermere Supergroup in the Southern
Canadian Cordillera. This study focuses on the middle and upper Kaza Group, which are
highlighted by the red rectangles (modified from Ross and Arnott 2007). Geochronological dates
from Ross et al. (1995), Lund et al. (2003), Kendall et al. (2004) and Colpron et al. (2002).

1.2.2 Stratigraphic framework and depositional interpretation of the WSG in the
southern Canadian Cordillera

At ca. 750 Ma (middle Neoproterozoic) break-up of the supercontinent Rodinia began
(Bell et al., 1987; Ross, 1991; Ross et al., 1995; Karlstrom et al., 2001), creating a deep-water

ocean basin (proto-Pacific Ocean) and an extensive passive margin on the northern (now
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western) margin of Laurentia (Ross et al., 1995). In the southern Canadian Cordillera the oldest
rocks of the Windermere Supergroup comprise coarse-grained siliciclastic strata of the Toby
Formation and mafic volcanic rocks of the Irene Formation (see Figure 1.5; Aalto, 1971; Ross et
al., 1995), interpreted to be syn-rift deposits. This interpretation is supported by rift-correlative
rocks in northern British Columbia and ldaho with ages of varying precision that range from

762-684 Ma (Devlin et al., 1998; Ferri et al., 1999; Lund et al., 2003; Fanning and Link, 2004).

The Toby and Irene formations are overlain by an up to 5 km thick succession of
predominantly deep-water siliciclastic rocks with subordinate carbonate rocks (Figure 1.5).
These rocks are known regionally by several names: Miette Group in the western Rocky
Mountains (Charlesworth et al., 1967; Mounjoy, 1980), Horsethief Creek Group in the Purcell
Mountains (Reesor, 1973), and the Kaza Group and Isaac Formation in the Cariboo Mountains
(Campbell et al., 1973) (Figure 1.6). The topmost rocks of the Windermere Supergroup are the
Cunningham and Yankee Belle formations, interpreted to be upper slope and shelf deposits
(Figure 1.5). Collectively these rocks are interpreted to form a km-scale, upward-shoaling
succession of basin-floor to outer shelf deposits (Ross et al., 1989; 1995; Ross and Arnott, 2007),
and represent the basinward progradation of the Laurentian continental margin into the proto-
Pacific miogeocline (Bell et al. 1987; Ross 1991; Ross et al. 1995; Karlstrom et al. 2001; Ross

and Arnott 2007).

The minimum and maximum age of WSG deposition is constrained by ages obtained
from rocks below and above the WSG sedimentary succession. Crystalline basement rocks that
unconformably underlie the WSG were U-Pb dated and have an age range of 740-728 Ma
(Parrish and Armstrong, 1983; Evenchick et al., 1984; Parrish et al., 1988) and provide a

maximum age of WSG deposition. A minimum age was obtained from rhyolites in the Gog
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Group that unconformably overlie the WSG; U-Pb dating yielded an age of 569.6 + 5.3 Ma

(Colpron et al., 2002). The only age constraint within the WSG sedimentary pile was obtained

from black shales in the Old Fort Point Formation (Kendall et al., 2004) that provide an age of

607.8 £ 4.7 Ma (Figure 1.5).
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Figure 1.6: Regional terminology for rocks of the Windermere Supergroup in different

parts of western Canada. The red rectangles indicate the strata that are the focus of this study.
Chart modified from Ross and Arnott, 2007.
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Although biostratigraphic markers are absent in the WSG, regional correlations are made
possible by several regionally extensive lithostratigraphic marker units. The first regional marker
is the OId Fort Point Formation (OFP), which crops out across the entire deep-marine
Windermere outcrop belt, and forms an up to 450 m thick, geochemically distinct deep-marine
succession of locally green, purple and black slate with lesser carbonate and sandstone (Figure
1.5; Smith 2009; Smith et al. 2012). In the Isaac Formation two less areally extensive carbonate
marker units are recognized (Figure 1.5), informally termed the first and second Isaac
carbonates. The Isaac carbonates consist of interstratified thin- to medium-bedded calciturbidites
and subordinate conglomerate, breccia and slump blocks. These units range from 10-250 m thick
and are interpreted to have been deposited during periods of sea level highstand with attendant
carbonate production on the continental shelf and consequent shedding into deep water (Ross et

al., 1995; Ross and Arnott, 2007).

Sediment provenance using detrital zircon grains indicates a bimodal age distribution:
older than 2.6 Ga and around 1.9-1.75 Ga (Ross and Bowring, 1990; Ross and Parrish, 1991).
These ages suggest the WSG sediments were derived from the Canadian Shield and northwestern
United States (Ross et al., 1995; Ross and Arnott, 2007). The sediments were likely transported
by a major continental fluvial system to the marine realm, and then fed by a canyon system
(Arnott and Hein, 1986) into deeper water parts of the basin. Regional palaeocurrent data suggest
transport in a general west-northwest direction (Ross et al., 1995; Ross and Arnott, 2007),
although local variations exist (Arnott and Hein, 1986; Schwarz and Arnott, 2007; Khan and

Arnott, 2011).
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Collectively these data suggest that deep-water rocks of the WSG were deposited in a
single, continental scale turbidite system that was fed for a prolonged period of time by a single

continental sediment source.

1.3 Study areas and previous work

This study focuses on two exposures of the Kaza Group in the Cariboo Mountains,
southern Canadian Cordillera (Figure 1.3): the Mt. Quanstrom study area where rocks of the
middle Kaza Group crop out and the Castle Creek study area where the upper Kaza Group is
exposed. Geologic work in the region was first conducted by Campbell et al. (1973) who
completed a regional (1:250,000) map and described the regional stratigraphy, deformation and
metamorphism. Subsequently a 1:50,000 map, which includes the Castle Creek study area, was
published by Ross and Ferguson (2003) (Figure 1.7), but neither this map, nor any subsequent
map include the Mt. Quanstrom area. In addition, several studies that focused on the regional
geology and structure of this area in the Cariboo Mountains have been published, including
Murphy and Rees (1983); Murphy (19873, b); Ross and Murphy (1988); Aitken and McDonough
(1990); Ross (1991, 2000); Gabrielse and Campbell (1991); Hein and McMechan (1994); Ross et

al. (1995); Reid et al. (2002); Reid (2003).

The Mt. Quanstrom and Castle Creek study areas (referred collectively hereafter as
“study area”) were affected by at least four phases of Mesozoic tectonic deformation (Murphy

and Rees, 1983; Murphy, 1987a; Reid et al., 2002). The oldest (D;) phase of deformation is
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expressed in east-verging, meter-scale folds and sub-parallel-to-bedding cleavage (Si).
Regionally dominant, kilometer-scale, southwest-verging folds are related to the second (D,)
phase of deformation that resulted also in an axial planar cleavage (S;) and a prevalent
crenulation cleavage in the study area (Murphy, 1987a). These two deformation phases are cross-
cut by igneous intrusions dated at 174 Ma, thus providing a minimum age for the D; and D,
events (Pigage, 1977; Gerasimoff, 1988). The third phase of deformation, D3, resulted in dextral
strike-slip faults, northeast-verging kilometer-scale folds, and an axial planar cleavage that
crenulates S, cleavage (Reid et al., 2002). The fourth (D4) and final deformation phase resulted

in local meter-scale kink folds (Reid et al., 2002).

Regional metamorphism in the study area is interpreted to have started after D;, and
peaked between D, and D; (Murphy, 1987a), altering the rocks to sub-greenschist and
greenschist facies. Although both deformation and metamorphism have affected the study area,
primary sedimentary structures, as small as mm-scale laminae, are well preserved (see also, for
example, Ross and Arnott, 2007). It is this remarkable preservation that allows detailed
sedimentological analyses to be conducted, and also why terminology for sedimentary rather

than metamorphic rocks is used.

The stratigraphy at Castle Creek comprises the upper Kaza Group (stratigraphic thickness
of ~800 m exposed at the base of the outcrop; Figure 1.8) overlain conformably by the Isaac
Formation (~1.6 km section exposed; Figure 1.8). The upper Kaza Group comprises
predominantly coarse-grained sandstone beds that form laterally continuous “sheet-like”
elements (Meyer, 2004; Meyer and Ross, 2007a, b; Rocheleau, 2011). Towards the top of the
Kaza Group sandstone filled channels and debrites become more common (Rocheleau, 2011,

Navarro, pers. comm.). The Isaac Formation comprises several decameter-thick, several 100 m
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to few km wide, coarse-grained sandstone filled channels that are encased on all sides by finer-
grained turbidites (Navarro, 2006; Arnott, 2007a, b; Barton et al., 2007; Gammon et al., 2007;
Navarro et al., 2007a, b; O’Byrne et al., 20073, b; Ross and Arnott, 2007; Schwarz and Arnott,
2007a, b, c; Mussa-Caleca, 2008, Khan, 2011; Khan and Arnott, 2011; Khan et al., 2011).
Debrites, slump and slide deposits are also common in the Isaac Formation, which in one

instance form a 110 m-thick mass-transport deposit (Arnott et al., 2011).

The stratigraphy at Mt. Quanstrom comprises a well-exposed succession of the middle
Kaza Group about 1.5 km thick. The middle Kaza Group is conformably overlain by the Old Fort
Point Formation, a regional marker (Figure 1.5) that crops out at the top of the Mt. Quanstrom
section. This marker unit provides stratigraphic control for the otherwise monotonous

stratigraphy of the middle Kaza Group at Mt. Quanstrom.

Both the Castle Creek and Mt. Quanstrom field areas (Figure 1.3) occur on the
overturned limb of a major southwest-verging fold in the Isaac synclinorium (Campbell et al.,
1973; Ross and Arnott, 2007), resulting in near-vertical bedding at both locations. Both study
areas are adjacent to rapidly retreating glaciers, resulting in recently deglaciated, well-polished
outcrops that are largely devoid of vegetation or soil cover. Glacial debris and moraines are
present locally at both field sites. At Castle Creek, WSG rocks crop out in a 7 km wide (parallel
to bedding) and 2.5 km thick (perpendicular to bedding) exposure; this study focuses only on the
upper Kaza Group (Figure 1.5) at Castle Creek, which is exposed in the lower ~500 m thick and
~ 1 km wide part of the outcrop (Figure 1.8). The Castle Creek field site has a gentle topography,
and the part of the outcrop studied in this thesis is continuously exposed (Figure 1.8). At Mt.
Quanstrom the topography is more rugged and additionally is broken up into several exposures

bounded by a glacial outflow stream, a forested cliff and a glacier (Figure 1.9).
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1.3.1 Previous work by the Windermere Consortium

This study is funded by the Windermere Consortium, an industry and government
supported research program based at the University of Ottawa. Research documenting the
sedimentology, stratigraphy and architecture of deep-water strata at Castle Creek area has
intensified significantly since the inception of the program (Arnott and Ross, 2007; Ross and
Arnott, 2007). Basin-floor deposits (upper Kaza Group, Figure 1.7) were originally described by
Meyer (2004) and Meyer and Ross (2007a, b). Later Rocheleau (2011) conducted a highly
detailed sedimentological analysis of a smaller area within the upper Kaza Group. Work in the
overlying Isaac Formation includes study of base-of-slope channel-levee complexes (Navarro,
2006; Arnott, 2007a, b; Barton et al., 2007; Gammon et al., 2007; Navarro et al., 2007a, b;
O’Byrne et al., 2007a, b; Ross and Arnott, 2007; Schwarz and Arnott, 2007a, b, ¢; Mussa-
Caleca, 2008, Khan, 2011; Khan and Arnott, 2011; Khan et al., 2011), overbank deposits
(Arnott, 2007c, d; Davis, 2011, Khan, 2011; Khan and Arnott, 2011; Khan et al., 2011), and
mass transport deposits (Laurin et al., 2007; Arnott et al., 2011). Architectural attributes of
Castle Creek have also been used to develop analogue reservoir models (Buckley et al., 2010) in
order to provide insight into many hydrocarbon charged, subsurface deep-water leveed-channel

systems.

Previously no detailed work has been conducted on the Mt. Quanstrom outcrop except for
the regional mapping of Campbell et al. (1973) and reconnaissance exploration by Schwarz,
Smith and Altosaar (pers. comm.). These researchers report that the stratigraphy of the middle
Kaza Group consists of alternating decameter-thick, fine-grained and coarse-grained sandstone

units that are laterally continuous across the outcrop (sheet-like deposits).
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2007. Figure modified from Ross and Arnott, 2007.
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1.4 Terminology

Despite the metamorphic alteration of the rocks, in this study sedimentary terminology is
used to describe them (see above). The original clay mineral constituents of the rock have been
altered to chlorite and muscovite during metamorphism. Moreover, due to recrystallization the
grain size of the original clay mineral constituents is unknown, and as a consequence matrix is
defined in part by its mineralogy. Collectively, chlorite and muscovite, regardless of crystal
size, in addition to minor unaltered siliciclastic silt (grain size < ~65 pm), constitute the ‘matrix’

in matrix-rich sandstones.

Strata are classified in a hierarchical basis in this study, starting from smallest to largest:
lamina, bed, unit, stratal element (Figure 1.10). The term lamina is used in its classical sense: a
sedimentary layer <1 cm thick (e.g. McKee and Weir, 1953). The term ‘bed’ refers exclusively
to an event bed, which encompasses the full thickness and lateral extent of a sedimentary layer
deposited by a single flow event. A ‘unit’ is a stratal package comprising two or more event
beds, and in which >50% of the beds are composed of a single sedimentary facies. Moreover, a
unit is independent of the nature of its lower and upper bounding surfaces, or any lateral change
in facies. For example a “unit of matrix-rich sandstone” refers to a stratal package comprising
two or more matrix-rich beds that make up at least >50% of the local stratal succession. A stratal
element, in turn, is defined by the nature of its bounding surfaces and the vertical and lateral

arrangement of its constituent beds and/or units.
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Figure 1.10: Line diagram illustrating the terminology for strata in a hypothetical cross-
section. Colours are arbitrary and indicate three different sedimentary facies. A lamina is the
thinnest (<1 cm) layer within (event) beds. Beds comprise the total volume of sediment
deposited by a single flow event, or following post-depositional erosion, the remnants thereof.
Facies may change laterally. Units are local stratal packages comprising >50% of one
sedimentary facies; lateral facies changes nor the nature of bounding surfaces are considered.
Stratal elements are made up of one or more units and are defined by their bounding surfaces and
the lateral and vertical arrangement of their component units.

In this example three stratal elements are shown. The lower stratal element comprises
beds of the brown facies. The middle stratal element has a planar basal surface and comprises
two units. The left unit is dominated by beds of the orange facies whereas the right unit consists
mostly of beds of the grey-green facies. Beds of the grey-green facies are capped by planar
laminated sandstone. Note that several beds show a lateral facies change from orange to grey
facies. The upper stratal element has an erosional basal surface and consists entirely of the brown
facies.

1.5 Thesis objectives and structure

This thesis aims to describe and interpret deep-water basin-floor strata of the Windermere
Supergroup at three different observational scales: grain to bed scale, stratal element scale and
outcrop scale. To achieve this, a detailed field study of the middle Kaza Group at Mt. Quanstrom

and the upper Kaza Group at Castle Creek (Cariboo Mountains, B.C., Canada) was performed.
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1. Grain- to bed-scale observations include detailed field-based sedimentological

descriptions of WSG strata and thin section analysis, which then were used to:

a.

b.

C.

Provide a detailed facies description of each of the observed facies;
Interpret flow processes operating on the basin-floor during WSG deposition;

Interpret how these flows developed through space and time.

2. Seven stratal elements making up the basin-floor deposits of the WSG are recognized.

These were mapped on aerial photographs and identified on stratigraphic correlation

panels in order to:

a.

b.

Describe the internal facies distribution within each stratal element;
Describe the overall cross-sectional shape and size of each stratal element;
Interpret the formative evolution of each element;

Propose an idealized model for the formation of each element.

3. Mapping and logging of both field sites provide data that was used to:

a.

Describe the long-term evolution of the sedimentary succession based on
upward stratal changes;

Describe the spatial arrangement of stratal elements;

Based on the vertical and horizontal arrangement of stratal elements, propose
a basin-floor fan model of the WSG;

Based on the vertical arrangement of stratal elements in the upper Kaza

Group, create a predictive model for 1D stratigraphic logs.
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This thesis is a compilation of articles describing basin-floor rocks of the Windermere
Supergroup, although each article has been greatly expanded with additional background
information and detail from the submitted journal version. The chapters follow a logical
dimensional order, starting with observations of small-scale sedimentary structures, which then
are used to populate a comprehensive large-scale model of a basin floor turbidite system.
Chapter 2 starts with a review of sediment gravity flows, which sets the stage for detailed facies
descriptions and interpretations. Chapter 3, then, places these facies into meso-scale (few metres
to several 100 m) stratal elements, which in turn are interpreted individually based on their
shapes, sizes, internal distribution of facies and stratigraphy. Chapter 4 focuses on two stratal
elements, scours and avulsion splays, by providing a more detailed description and elaborating
on their origin. These elements have been increasingly recognized in deep-water strata around
the world, and have particular (and timely) interest in the geologic community due to their
potential impact on reservoir quality. In the final chapter, Chapter 5, a large-scale model of

basin-floor strata in the WSG is developed.

1.6 Statement of contributions

Chapters 2 and 3 are expanded versions of a manuscript in preparation for submission:

Terlaky, V., Rocheleau, J., and Arnott, R.W.C., in preparation, Stratal composition and
component stratal elements of an ancient deep-marine basin-floor succession,

Neoproterozoic Windermere Supergroup, British Columbia, Canada.
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This paper is based principally on fieldwork carried out by Viktor Terlaky (VT), with
assistance in the field from Jonathan Rocheleau (JR), Greg van Hees, Pierce Grogan, Dave
Anthony, Gilian Cramm, Adam Tudor, Amanda Schembri, Jordan Clarke, Jenni Morris,
Michelle English, Omar Al-Mufti and Dr. Bill Arnott. Lori Meyer and Hugues Longuepeé
conducted preliminary field work in the upper Kaza Group, but except for general observations
none of their data was used in this thesis. JR was the first worker to recognize and describe in
detail scours and feeder channels in the upper Kaza Group. The interpretation of scours in this
thesis is similar to that of JR. The description of the feeder channel originally described by JR
(Rocheleau, 2011) has been expanded with three additional stratigraphic logs, and interpretation
of the channel modified in this thesis. All figures are those of VT, except where indicated. The

initial manuscript was written by VT and later revised through discussion with Dr. Arnott.

Chapter 4 in large part reproduces a manuscript accepted for publication in the journal

Sedimentology:

Terlaky, V., and Arnott, R.W.C., accepted, Matrix-rich and associated matrix-poor sandstones:

avulsion splays in slope and basin-floor strata. Sedimentology. DOI: 10.1111/sed.12096

The original idea for this paper developed gradually through many years of field
observation and discussion between students and professors in the Windermere Consortium.
Field work for this paper was carried out mainly by VT and Adam Tudor, with assistance from
JR, Jenni Morris, Michelle English, Omar Al-Mufti and Dr. Arnott. This paper also benefitted
greatly from discussion with Mike Tilston regarding preliminary results of his Ph.D. thesis on
subaqueous sediment gravity flow behaviour. All figures were prepared by VT, unless otherwise
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indicated. The manuscript was written by VT and later revised through discussion with Dr.
Arnott. The manuscript was submitted to Sedimentology on the 25" of February, 2013 and
accepted pending revisions on May 17", 2013. The revised manuscript was accepted for

publication on Novermber 12", 2013.

Chapter 5 is an expanded version of a manuscript in preparation for submission:

Terlaky, V., and Arnott, R.W.C., in preparation, Spatial organization and temporal evolution of
the stratal elements that make-up deep-marine, basin-floor lobes — insights from the

Neoproterozoic Kaza Group, Windermere Supergroup, southern Canadian Cordillera.

This paper is based on the same field work as chapters 2, 3 and 4, and has benefitted from
assistance by JR, Greg van Hees, Pierce Grogan, Dave Anthony, Gilian Cramm, Adam Tudor,
Amanda Schembri, Jordan Clarke, Jenni Morris, Michelle English, Omar Al-Mufti and Dr. Bill
Arnott. Figures were prepared by VT, unless original sources are referenced. The manuscript was

written by VT and later revised through discussion with Dr. Arnott.

Appendix E is a reproduction of the paper:

Buckley, S.J., Schwarz, E., Terlaky, V., Howell, J., Arnott, R.W.C., 2010., Combining aerial
photogrammetry and terrestrial Lidar for reservoir analog modeling: Photogrammetric
Engineering & Remote Sensing, V. 76, No. 8, p. 953-963.
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This paper combines several datasets collected at the Castle Creek outcrop to create a
virtual 3D outcrop and a geocellular reservoir model of Isaac Channel 3 (a channel and levee
complex in the base-of-sope Isaac Formation). Data for the virtual outcrop was collected by
Simon Buckley, Ernesto Schwarz and VT and includes ground-based laser scanning and
photography of the outcrops. Lithologic and stratigraphic data of Isaac Channel 3 was collected
by Lilian Navarro and Shann Khan (see Navarro, 2006; Navarro et al., 2007; Khan and Arnott,
2011). Processing of laser and image data and creation of the virtual outcrops was done by VT
with assistance from Simon Buckley. The geocellular model was created by Ernesto Schwarz
with assistance from Simon Buckley, John Howell and VT. The manuscript was written by

Simon Buckley and Ernesto Schwarz with editorial input from all authors.
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Chapter 2: Sedimentary facies in the middle and upper Kaza

Group

2.1 Introduction

The aim of Chapter 2 is to present a detailed sedimentological description of the rocks
that make up the middle and upper Kaza Group, and to interpret the depositional origin of each
facies. To aid in the interpretation of these facies a short overview of submarine sediment gravity

flow types, their processes and resultant deposits is first presented.

2.2 Sediment gravity flows

Sediment gravity flows are mixtures of fluid and sediment, where gravity acts on the
sediment to propel the flow. These flows are the main mechanism that deliver sediment into
deep-marine environments, and are volumetrically the most important flow process operating on
Earth (Talling et al., 2012). Flows are initiated commonly along the continental shelf edge
(Shanmugam, 2006) as a result of one or a combination of: high slope gradients (e.g. near the
mouth of the Magdalena River, Colombia; Heezen, 1956), high rates of sedimentation (e.g. the
Mississippi delta front, Gulf of Mexico; Coleman and Prior, 1982), earthquake disruption (e.g.
1929 Grand Banks tremors, east coast Canada; Heezen and Ewing, 1952), salt movement (e.g.
intraslope basins, Gulf of Mexico; Tripsanas et al., 2004), glacial loading (e.g. the Scotian
margin, North Atlantic; Mosher et al., 2004), tsunamis (e.g. Gutenberg, 1939), storm waves (e.g.

Henkel, 1970), biological erosion (e.g. along submarine canyon walls; Warme et al., 1978), and
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gas generation due to organic decay (e.g. Scripps submarine canyon head, west coast U.S.A;
Dill, 1964). Single submarine flows can transport over 100 km® of sediment (Rothwell et al.,
1998; Piper et al., 1999; Talling et al., 2007), travel at speeds up to between 60-100 km/h as
measured by submarine cable breaks (Heezen and Ewing, 1952; Piper et al., 1999a; Hsu et al.,
2008) and have run-out distances in excess of 1500 km across the ocean floor (Wynn et al.,
2002b; Talling et al., 2007; Frenz et al., 2008). Submarine sediment movements can broadly be
divided into mass movements (coherent material, i.e. slides and slumps) and sediment flows
(incoherent sediment and water mixture, i.e. debris flows and turbidity currents). Slides and
slumps commonly occur in the most proximal parts of the sedimentary system (continental
slopes and submarine canyon heads; Shanmugam, 2006), but regardless of setting require a slope
to initiate and maintain motion. Slides and slumps travelling down a steep slope accelerate and
disintegrate, and eventually form a sediment flow (“ignite”; Shanmugam, 2006) (Figure 2.1).
Rocks of the middle Kaza Group contain no coherent mass movement deposits and only a minor
portion of the upper Kaza Group consists of mass movement deposits. The remainder of the

chapter, therefore, focuses on the description and physical basis of sediment gravity flows.

shelf | slope

|coherent mass| I | cohesionless mixture >
minor intemal of water and sediment

defomation

significant internal
deformation

turbidity

increase in dissagregation

Figure 2.1: Downslope evolution of sediment gravity flows. Initially sediment failure at
the shelf edge forms coherent slides and slumps, which downflow transform into debris flows
and ultimately turbidity currents. Modified from Shanmugam et al., 1994.
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2.2.1 Classification

Subaqueous gravity flows are traditionally classified into two end-member Kkinds:
frictional flows (or turbidity currents) and cohesive flows or debris flows (e.g. Middleton &
Hampton, 1976; Lowe, 1979, 1982; Mulder and Alexander, 2001; Talling et al., 2012). Large
submarine debris flows have not been observed or monitored in nature, and few studies have
succeeded in directly monitoring turbidity currents, in part due to their inaccessibility in deep
water settings, their unpredictable occurrence, but mostly their destructive nature (Khripounoff et
al., 2003; Xu et al., 2004, 2010). One large tubidity current in a submarine valley offshore Zaire
was measured at 4000 m water depth with current meters, turbidimeter and a sediment trap
located in the axis of a channel (Khripounoff et al., 2003). The velocity of the current at 150 m
above the channel floor was 121 cm s™ and the sediment trap deployed 40 m above the channel
floor collected coarse sand and plant debris. A sediment trap moored on the distal part of the
channel levee, 13 km to the south of the channel axis, collected quartz silt and plant material,
indicating that the current overflowed the valley and flowed for a considerable distance beyond

its confinement.

In theoretical and laboratory research flow characteristics are measured directly (e.g. Best
et al., 2001; Tilston, 2012) and flows are commonly classified based on flow rheology and
sediment concentration. In field studies, however, flow characteristics and flow type is inferred
from lithological characteristics observed in the rock record, which has resulted in a plethora of
classification schemes (e.g. Pickering et al., 1989; Guibaudo, 1992; Stow and Johansson, 2000;
Mulder and Alexander 2001; Talling et al., 2012 and references within). The resulting
discrepancies and confusion in terminology encouraged Mulder and Alexander (2001) to propose

a simplified classification scheme based on particle cohesion, flow duration, sediment
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concentration and particle-support mechanisms (Figure 2.2). Continued research on turbidites in
the past decade has recognized several deposit types that could not easily be classified based on
previous schemes, and in response Talling et al. (2012) proposed an expanded classification that
is heavily influenced by field observations of debrites, turbidites and intermediate flow types.
Interpretations in this thesis, however, are based mostly on the classification of Mulder and

Alexander, but, where appropriate, other classification schemes are used as indicated.

Mulder and Alexander’s classification differentiates between cohesive flows,
hyperconcentrated and contentrated density flows and turbidity flows (Mulder and Alexander,
2001). Cohesive flows are unique in the classification scheme, and are the only flow type with a
plastic rheology and laminar flow character. These flows are interpreted to be debris flows, and
in the rock record termed debrites. Hyperconcentrated and concentrated density flows and
turbidity flows are all non-cohesive, and are differentiated based on grain support mechanism.
Concentrated and hyperconcentrated density flows span from 9%, at which grain to grain
interaction starts to occur, to up to 50% sediment concentration. Grains are supported largely by
grain-to-grain interactions, matrix-strength, hindered settling, buoyancy and dispersive pressure;
in more dilute flows the upward component of turbulence can be a major grain support
mechanism. In hyperconcentrated flows matrix strength and buoyancy play a more important
role. The main difference between these two flow types in terms of the deposits they produce is
that in the former differential grain settling results in graded beds (e.g. Lowe sequences, Figure
2.3; Lowe, 1982), whereas in the latter differential grain settling is suppressed, resulting in
ungraded beds. Turbidity flows are defined by the Bagnold limit of 9% volume sediment

concentration (Bagnold, 1962); the grains in the flow are fully supported by the upward
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component of turbulence and result in graded beds (e.g. Bouma sequences, Figure 2.4; Bouma,

1962). Based on flow characteristics, grain size and sorting in the flow, a full range of flow types
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Figure 2.3: Ideal deposit of a sandy high-density turbidity current proposed by Lowe.
Redrawn from Lowe (1982).

are possible between these end members. Despite major efforts in the scientific community to
develop an all-encompassing classification scheme, interpretations based on observable
characteristics in the ancient sedimentary record remains problematic and often controversial,
especially in flows interpreted to have contained high amounts of suspended fine-grained
sediment (e.g. Lowe and Guy, 2000; Mulder and Alexander, 2001; Haughton et al., 2009; Baas

etal., 2011; Talling et al., 2012).

Flows with high sediment concentration, especially flows with a high fine-grained
component, show transitional character between laminar, quasi-laminar and fully turbulent (e.g.

Mulder and Alexander, 2001; Baas et al., 2009, 2011; Talling et al., 2012; Talling, 2013). To
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Pelagic and hemipalegic mud
Laminated silt

Cross-laminated sand

Parallel-laminated sand

Massive or graded sand (granules at base)

Scoured base with tool marks, flutes etc.

Figure 2.4: ldealized sequence of sedimentary textures and structures formed by a
decelerating, dilute turbidity current (after Bouma, 1962).

date only a small number of laboratory experiments have been carried out on such flows (Baas
and Best, 2002; 2008; Baas et al., 2009, 2011), and as a result they remain enigmatic, More
studies need to be conducted to fully understand the interaction of cohesive and turbulent forces
in these flows, and how grain size distribution, concentration and the nature of the grains
influence flow characteristics and, ultimately, deposit attributes. Nevertheless, Baas et al. (2009)
and Sumner et al. (2009) presented a quantitative analysis of deposits formed by decelerating
laboratory flows with a range of grain and flow conditions, which provides an initial framework
for devising future experiments (Figure 2.5) and also a basis for interpreting the fluid and

sediment conditions in flows that deposited sandy mud-rich strata in the stratigraphic record.
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Figure 2.5: 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 arrows) (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 documented the 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 masse consolidation of a
laminar plug that extends from the top to the base of the flow forms an ungraded, mud-rich sandy
debrite. At intermediate concentrations, late-stage settling of sand from the laminar plug results
in a thin, sand-rich basal layer beneath a sandy, mud-rich 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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In the rock record matrix-rich sandstones are interpreted to have been formed from such
flows. Flow types inferred from the rock record range from laminar debris flows, and where
mud-rich sandstones are associated with an underlying clean sandstone unit are termed linked
debrites, through hyperconcentrated and concentrated gravity flows (termed slurry flows when
turbulence is inferred to be significantly suppressed), to turbulent gravity flows (Lowe and Guy,
2000; Lowe et al., 2003; Haughton et al., 2003, 2009; Sylvester and Lowe, 2004; Talling et al.,
2004, 2007, 2012; Amy and Talling, 2006). An expanded review of specifically marix-rich

sandstones is presented in Chapter 4.

2.3 Data set and methodology

This study focuses on the middle and upper Kaza Group (Figure 1.5) combining data
from two exposures (Figure 1.3) located in the Cariboo Mountains near McBride, British
Columbia. Both exposures comprise well-exposed vertically-dipping periglacial strata. Due to
the relatively recent deglaciation of these strata overburden cover is limited to localized till and
outwash. Vegetation, such as grass or lichen, is generally absent, even on fine-grained rocks. In
conjunction with the superb exposure, the vertical dip of the rocks allows beds to be physically
walked-out in the field, resulting in highly accurate stratigraphic correlations and detailed
documentation of lateral changes in facies, bed thickness and contacts. Due to the two-
dimensional nature of the outcrop, however, paleoflow directions are limited to a small number
of measurements that indicate transport generally toward the northwest, although local variation

exists.
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At Mt. Quanstrom the middle Kaza Group exposure comprises five outcrops that allow
for correlation of strata over more than 2 km laterally and exposes a total stratigraphic thickness
of over 1 km (Figure 1.9). Across the outcrops a total of over 2.3 km of section was logged at
centimeter-scale (Figure 2.6) and triplicate gamma-ray measurements taken every 75 cm. Major
lithofacies boundaries were mapped on high-resolution aerial photographs for all outcrops. In
addition, the two best sandstone exposures (each ~150 m wide and 30-35 m thick) were mapped

bed-by-bed on the aerial photos (Appendix A).

The upper Kaza Group crops out well at Castle Creek and consists of a single ~1 km
wide outcrop with a vertical exposure of ~600 m. Most of the data discussed here were collected
from the lower ~150 m of the outcrop where a total of ~1500 m of section was measured and
mapped in detail on aerial photos (Figure 2.7). The upper ~450 m of the upper Kaza Group
stratigraphy was surveyed and key attributes (facies, stratal elements and their stacking patterns)
were noted and mapped. In addition, type examples of three stratal elements were logged and

mapped in detail in the upper part of the upper Kaza Group.

2.4 Facies descriptions and interpretations

2.4.1 Introduction

Fieldwork investigating strata of the middle Kaza Group at Mt. Quanstrom and the upper

Kaza Group at Castle Creek identified six lithofacies. In addition to field-based lithological
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Figure 2.6: Photomosaic of the Mt. Quanstrom field area. Dashed lines indicate the
margins of exposures and solid lines indicate the location of sedimentary logs.
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Figure 2.7: Photomosaic of the Castle Creek field area. Solid lines indicate the location
of sedimentary logs.
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descriptions, thin section analysis and gamma-ray profiles measured with a hand-held
scintillometer were used to characterize each facies. The six facies include:

1. Massive to coarse-tail graded, coarse-grained, amalgamated sandstone

2. Coarse-tail graded sandstone with traction transport structures

3. Graded sandstone beds with locally well-stratified fine-grained tops

4. Massive and coarse-tail graded, medium-grained, matrix-rich sandstone

5. Thin to medium-bedded siltstone and mudstone

6. Mud-rich chaotic conglomerate

A summary of facies descriptions and interpretations are presented in Appendix B. All
facies, except Facies 6, are present throughout the middle and upper Kaza Group; Facies 6 is
notably absent in the middle Kaza Group. It should be noted that these six facies are end-
members, and a continuum of gradational facies between the end-member kinds can be
identified. Facies may also grade laterally into another over distances of several 10’s of meters to

100’s of meters through intermediate facies.

2.4.2 Facies 1: Massive to coarse-tail graded, coarse-grained, amalgamated sandstone

Facies 1 comprises massive to graded sub-arkose sandstone. Grain size grades upward
from upper very coarse sandstone at the base of the bed to lower very coarse sandstone at the
top. Sub-angular granules and pebbles up to 8 mm in diameter are commonly dispersed
throughout the bed (Figure 2.8). Matrix content is ~20-30%, and consists of silt, with minor

chlorite and muscovite. Beds range from several decimeters to >3 m thick, and vary laterally
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Figure 2.8: Examples of Facies 1. A) Dispersed granules and pebbles are commonly
distributed throughout the thickness of beds of Facies 1. In this photograph a bed consisting of
coarse-tail graded sandstone and pebbly conglomerate erodes the underlying planar laminated
sandstone (dashed line). Note pencil for scale. Pipe (B) and dish (C) structures are locally
abundant in beds of Facies 1. D) In beds of Facies 1 several dm long elongated mudstone clasts
are abundant locally.

in thickness because of post-depositional scouring. Basal contacts commonly undulate with
scours up to 30-40 cm deep. In most cases however, beds are amalgamated and bed contacts are
typically difficult to demarcate. Pipe, dish, ball-and-pillow and flame structures are abundant
locally (Figure 2.8b and c). Mudstone clasts vary from absent to abundant and in some cases
make up about 30% of the total volume in some beds. Mudstone clasts vary from small round

clasts several centimeters in diameter to elongated clasts up to ~20 cm thick and up to several
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meters long. In beds with abundant mudstone clasts the clasts tend to be small and distributed
uniformly through the thickness of the bed, and range up to several dm in length (Figure 2.8d). In
contrast, large mudstone clasts, with sizes up to several meters in length, occur mostly near and
at the tops of the bed. Scintillometer measurements in strata of Facies 1 range from 40-60 counts

per second (cps).

2.4.3 Facies 1: Interpretation

Grains in a non-cohesive gravity flow are typically supported by buoyancy, turbulence,
hindered settling and grain-to-grain interaction generating dispersive pressure (Bagnold, 1954,
1962; Middleton and Hampton, 1973; Jaeger et al., 1996). The relative importance of each
support mechanism cannot be measured directly based on sedimentary deposits, but
generalizations can be made. The occurrence of granules and pebbles in strata of Facies 1
indicates that the upward directed component of turbulence alone is insufficient, and therefore
some combination of other support mechanisms are also required (Jaeger et al., 1996; Mulder
and Alexander, 2001). Flows that deposited strata of Facies 1 are interpretedto be concentrated
density flows (Mulder and Alexander, 2001), also known as “high density” turbidity currents
(Lowe, 1982). These flows allow for differential grain settling, which considering all things
equal, improves with distance of transport. Near the bed and front of the sediment-charged
turbidity current grain-to-grain interaction and hindered settling are probably the primary support
mechanisms, but near the top and towards the tail where the flow is less dense and grain size
smaller, turbulence most probably dominates. Scours at bed contacts indicate that prior to

deposition flows were fast flowing and at least locally, or initially, highly turbulent.
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Massive or graded beds are thought to have been deposited from the base of the flow by
gradual although rapid aggradation (Arnott and Hand, 1989; Stow and Johansson, 2000, Sumner
et al., 2008; Cantero et al., 2012). In these areas of the flow sediment concentration exceeded
flow capacity (Allen, 1991) and sediment was rapidly deposited from collapsing laminar sheared
layers, preventing the initiation of traction current bedforms (Arnott and Hand, 1989, Kneller and
Branney, 1995; Sumner et al., 2008). As the flow progressed sediment was replenished by
downward settling from areas higher in the flow (Kneller and Branney, 1995; Stow and
Johansson, 2000; Sumner et al., 2008). Alternatively, Cantero et al. (2012) propose that sediment
in flows traversing areas of low slope stratify the flow and dampen turbulence near the bed. This
dampened turbulence prohibits the reentrainment of sediment into the flow, resulting in the
deposition of graded or massive beds, depending on the longitudinal sorting of grains within the

flow.

The absence of grading, abundance of mudstone clasts, and absence of traction current
structures suggest that flows were not well stratified in their lower part compared to flows
depositing well-graded beds (e.g. see basal part of bed in Facies 2). Sedimentation conditions
are interpreted to have varied little with time as grains settled from the base of the flow and were
replenished from higher in the flow. Ungraded beds may originate when grains higher and
further back in the flow are of similar size to those lower and towards the head of the flow (Stow
and Johansson, 2000; Cantero et al., 2012), meaning that these flows had undergone negligible
vertical and longitudinal grain size sorting prior to deposition. A lower grain size gradient
indicates that internal grain mobility was restricted and that at best flows were poorly stratified.
Turbulence was probably dampened because of high particle concentration, and the main

sediment support mechanism was grain-to-grain interaction and hindered settling (Lowe, 1982;
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Mulder and Alexander, 2001). Moreover, the common occurrence of mudstone clasts, commonly
of meter scale, also suggests that turbulence was damped, preventing break-up of these clasts.
The largest of the mudclasts may have been transported in such flows along a density interface
separating the lower, dense and unstratified part of the current from the upper, more dilute part
(Postma et al., 1988). The absence of a long-lived dilute and fully turbulent tail of the flow may
explain the absence of traction bedforms at the tops of beds. Alternatively traction bedforms may

be absent in this Facies 1 due to erosion and bed amalgamation by subsequent flows.

Although present in other facies, pipes, dishes, ball-and-pillow and flame structures are
most common in strata of Facies 1. Pipes and dishes are created by escaping pore fluids when a
significantly high pore water pressure gradient exists. This gradient can be achieved by rapid
loading of loosely packed, water-saturated sediment (Lowe, 1975; Stow and Johansson, 2000),
which in turn can generate Rayleigh-Taylor instability at the sediment interface, resulting in load
structures, such as ball-and-pillow and flame structures at bed contacts. The presence of these
dewatering and loading structures in coarse sandstone indicates rapid deposition of sand and a

short recurrence interval between depositional events (Lowe, 1975; Stow and Johansson, 2000).

2.4.4 Facies 2: Coarse-tail graded sandstone with traction transport features

Facies 2 comprises coarse-tail graded sandstone capped commonly with medium- to
large-scale (5 cm to ~1 meter) cross-stratified or planar-laminated sandstone (Figure 2.9). Beds
are typically ~1-2 m thick and form bed-sets up to 10 m thick. Bed bases are commonly

erosional with shallow (< 20 cm deep) scours. Load and flame structures are uncommon.
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Figure 2.9: Examples of Facies 2. A) Well-sorted, 40 cm thick, over-steepened dune
cross-stratified sandstone on top of a poorly-sorted coarse-grained sandstone bed. B) Rare
example of stacked dune sets (arrows mark the set bases). C) Well-sorted, coarse-grained, red-
brown coloured, planar-laminated sandstone. D) Syndepositionally deformed cross-stratified or
planar-laminated sandstone is commonly observed. This picture shows foundered dune cross-
stratified sandstone (note deformed, but preserved lamination).

Elongated mudstone clasts up to several decimeters long and 20 cm thick are present in
some beds. Strata are subarkosic in composition, with a matrix of silt and less common chlorite
and muscovite in the lower, graded part of the bed. Beds typically grade from upper very coarse
and upper coarse sandstone with dispersed granules upward to upper coarse and upper medium
grained sandstone. These strata are commonly overlain abruptly by well-sorted, upper coarse-

grained, dune cross-stratified or planar-laminated sandstone. Matrix is generally absent in this
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part of the bed and pores are filled with ferroan calcite cement that imparts a distinctive red-
brown colour to these strata. Centimeter-scale dewatering pillars and dishes have been observed
in several beds, and although conspicuous in the field due to their red-brown coloured carbonate
cement, are not common. Scintillometer measurements in Facies 2 range from 30-50 cps in the
lower, graded sandstone part of the bed, and decrease to 20-30 cps in the well-sorted layer at the

top.

The most distinctive feature of Facies 2 is the common occurrence of well-sorted, coarse-
grained, planar or medium- to large-scale cross-stratified sandstone at the top of beds.
Characteristically these strata have high primary porosity, which was filled by an early and
pervasive ferroan calcite cement (Meyer, 2004), making these strata conspicuously rusty red-
brown coloured. Cross-stratification occurs as single 5-40 cm thick sets (Figure 2.9a) that are
commonly over-steepened and deformed. Set bases are sharp and locally deformed. In addition,
sets typically are isolated along the top of beds, but multiple single set “trains” have also been
observed locally. Formsets are rarely preserved, presumably due to local erosion. Rarely, units
comprising three stacked sets are observed (Figure 2.9b). Some beds, however, are capped
instead by planar-laminated, coarse-grained sandstone up to tens of cm thick (Figure 2.9¢). Both
planar- and cross-stratified structures are commonly syndepositionally deformed, and in some

cases have partially to completely foundered into the underlying part of the bed (Figure 2.9d).

2.4.5 Facies 2: Interpretation

The graded basal part of Facies 2 has similar characteristics, including grain size, mean

bed thickness and shallow scours along bed contacts, as strata of Facies 1, and this is reflected in
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a similar depositional interpretation. The relatively coarse grain size and the presence of scours
indicate that beds of Facies 2 were deposited from fast-flowing energetic concentrated density
flows, similar to Facies 1 beds (see above; Mulder and Alexander, 2001). The main difference is
the presence of traction transport structures at the top of beds in Facies 2, which in turn must

relate to differences in flow characteristics.

Medium- and large-scale cross-stratification at the tops of beds is interpreted to be dunes
whereas planar stratified sandstone is interpreted to be upper-regime plane bed. Traction
structures at the tops of beds are the same grain size as the sediment in the upper part of the
graded or massive part of the bed they cap, but are distinctively better sorted. Foundering and
syndepositional deformation of these strata indicates that when the dunes and plane bed were
active the underlying substrate had not sufficiently dewatered and strengthened to support their
weight. This suggests that the traction structures at the top of beds were most probably formed
by the same flow that deposited the underlying part of the bed. Moreover, the similarity in grain
size between the upper part of the underlying bed and the overlying cross-stratified and/or planar
laminated features suggests that the dunes and plane bed formed from sediment reworked from
the upper part of the underlying bed, in turn indicating that flow speeds in the dilute tail part of
the current are maintained for prolonged periods of time. Moreover, the occurrence of angular
bedforms (dunes) indicates that sediment concentration, at least in the tail part of the flow, was
sufficiently low to have permitted the initiation, amplification and development of dune
bedforms (Arnott, 2012). Where the flows were faster and/or the sediment concentration too

high, traction-transported sediment formed plane bed (Arnott, 2012).
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2.4.6 Facies 3: Graded sandstone beds with common well-stratified fine-grained tops

Beds of Facies 3 are generally ~1 m thick and are made up of a thick basal part,
comprising coarse-grained, coarse-tail graded structureless sandstone overlain abruptly by a
thinner succession comprising graded fine-grained sandstone to siltstone with common traction
sedimentary structures. Framework grains have a subarkosic composition with a silt, chlorite and
muscovite matrix. Bed bases are commonly flat, but undulating contacts with shallow scours up
to about 15 cm deep occur. Grain size in the lower part of the bed ranges from upper coarse to
very coarse sandstone with dispersed pebbles (< 1 cm) near the base of beds to upper coarse and
upper medium sandstone near the top of the structureless interval. In a small number of beds
elongated mudstone clasts up to several decimeters long and up to 20 cm thick are locally
abundant, and commonly occur at the interface between the basal structureless sandstone and the
overlying planar-laminated sandstone. Centimeter-scale pipe and dish structures occur in the
lowermost massive part of some beds, and although conspicuous in the field because of their red-
coloured carbonate cement, are not common. Loading and flame structures although uncommon,

are observed.

The structureless basal part of the bed is abruptly overlain by fine and very fine
sandstone that has a distinctly darker grey colour (Figure 2.10). This upper part of the bed
comprises a unit of planar-laminated sandstone overlain by cross-stratified sandstone, and
commonly is about 10 cm thick, although thicknesses up to several decimeters have been
observed. The basal planar-laminated sandstone is typically subtly normally graded, and
commonly is the thickest part of the tractional unit, being up to about 25 cm thick in many beds.

This unit is rich in interstitial muscovite and chlorite. Overlying it is an up to 5 cm thick cross-
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Figure 2.10: Examples of Facies 3. A) Beds of Facies 3 capped sharply by dark-grey
fine-grained sandstone grading upward to siltstone. Tape measure is 20 cm long. Note the rare
mudclasts in the lower, coarse-grained part of beds (black arrow) and the undulating and loaded
basal contact (white arrow). Stratigraphic up is towards the left. B) Close-up of a bed-top. Here
lower coarse sandstone is overlain abruptly by planar-laminated and then ripple-cross-stratified
fine sandstone capped by faintly laminated siltstone.

stratified sandstone unit that is typically one set thick with no angle of climb, and which
commonly scours the underlying planar-laminated unit up to several centimeters deep locally. In
thin section these strata consist of well-sorted, fine and very fine sandstone with sharp grain-size
changes demarcating adjacent cross-laminae. The topmost unit is commonly a few centimeters
thick and comprises faintly planar-laminated to massive fine-silt with a chlorite and muscovite

matrix (Figure 2.10Db).

Scintillometer readings in this Facies 3 change rapidly from the base to the top of each
bed. In the basal structureless part readings are generally between 40-60 cps whereas in the upper
stratified part readings increase upward from 60 to 75 cps at the top.
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2.4.7 Facies 3: Interpretation

Facies 3 is interpreted to be deposited from fully turbulent flows where the upward
component of turbulence was the principal sediment support mechanism (Mulder and Alexander,
2001). Relatively lower relief basal scours suggest that flows were less concentrated and/or had
less energetic turbulence compared to Facies 1 and 2. Graded structureless sandstone at the base
of beds is analogous to the Bouma T, division (Bouma, 1962), or Lowe (1982)’s S3 division.
These units are interpreted to have been deposited by a continuously high fallout rate from the
flow (Stow and Johansson, 2000, Sumner et al., 2008). Normal grading indicates the progressive
waning of depositional energy from a longitudinally stratified flow. The abrupt grain size change
from the lower graded and structureless part of the bed to the overlying planar and/or ripple
cross-laminated unit indicates a hiatus during deposition. This suggests that following deposition

of the basal structureless part of the bed flows bypassed before resuming deposition.

As the flow continued to decelerate planar laminated sand was typically deposited first.
Scouring at the base of this unit is absent and matrix content is high, which contrasts the
relatively matrix-poor character of the overlying cross-stratified unit. Due to its high matrix
content deposition of the planar-laminated sandstone is interpreted to be capacity driven. High
near-bed sediment concentration and fall-out rates prevented bed defect formation and
amplification, and thus sustained plane bed formation even though flow speeds may have been

below upper-stage plane bed (Leclair and Arnott, 2005; Sumner et al., 2008; Arnott, 2012).

The planar laminated unit is capped by an erosion surface, overlain by a thin layer of
small-scale cross-stratification. At this time the flow is interpreted to have had lower sediment
concentration and deposition was competence driven. Cross-stratification is interpreted to be
formed by unidirectional current ripples, analogous to the Bouma T, division (Bouma, 1962).
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Commonly only a single set of non-climbing ripples is present, indicating that suspension fallout
rate was negligible (Khan and Arnott, 2010). Where scouring by later events was minimal beds
are capped by a fine-grained drape interpreted to have been deposited from the tail parts of flows

and are analogous to the Bouma T division (Bouma, 1962).

2.4.8 Facies 4: Massive and coarse-tail graded, medium-grained matrix-rich sandstone

Facies 4 comprises massive to graded subarkosic sandstone with a grain size ranging
from lower medium to lower coarse sand, and commonly with abundant (30-50%) chlorite and
muscovite matrix and minor silt, giving the rocks a distinctive dark grey-green colour (Figure
2.11a). Matrix content is observed to decrease laterally over several 100 meters in several
observed bedsets of Facies 4, changing from a high matrix content end-member (30-50%) to a
relatively low matrix content end-member (approximately 20-30%). Basal contacts are laterally
variable, ranging from non-scoured planar surfaces to undulatory scoured surfaces with scour
depths of several centimeters. Bed thickness ranges from 10 cm to 1 m. Small-scale (<5¢cm thick)
cross-stratification is rare, but where present occurs at the top of the bed. Planar lamination
overlain by small-scale cross-stratification sharply caps some beds. Facies 4 comprises laterally
discontinuous up to several meter thick bedsets, which commonly extend laterally with
negligible thickness change for several tens to hundreds of meters before being eroded by
overlying strata over distances of several tens of meters. Rounded and elongated sandstone and
mudstone clasts are common in Facies 4 strata, and are commonly sheared and highly plastically

deformed. Clasts are uniformly distributed through the thickness of beds, but commonly vary in
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Figure 2.11: Examples of Facies 4. A) Two beds of Facies 4 sandwiched between beds
of Facies 1. Strata of Facies 4 have a distinctive dark green-grey colour due to their high matrix
content (green colour is related to occurrence of metamorphic chlorite). Tape measure is 25 cm.
B) Close-up of a bed of Facies 4 containing small elongate mudclasts. Tape measure is 25 cm. C)
Large clast of matrix-rich Facies 4 surrounded by more matrix-poor sandstone end-member of
Facies 4 (note the lighter colour). Tape measure is 30 cm. D) Facies 4 strata commonly terminate
laterally due to scour and loading by overlying strata. Rip-up, injection and flame structures are
shown in this photograph. Tape measure is 50 cm.

abundance laterally over distances of several 10s to 100s of meters. Clasts range in size from
several centimeters thick and long to 15 cm thick and ~1 m long, but clasts several dm thick and
several meters long have been observed. Smaller clasts are typically observed in relatively more
matrix-rich beds, and consist almost exclusively of massive or laminated mudstone (Figure

2.11b). Larger clasts, on the other hand, are more common in the relatively matrix-poor
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sandstone end-member, and typically comprise laminated thin-bedded turbidites of Facies 5 and,
more rarely, clasts of Facies 4 sandstone (Figure 2.11c). At the base of beds flame structures, and
in extremely uncommon cases pseudonodules, are present locally, particularly where units of
Facies 4 are erosionally truncated by overlying strata of a different facies (commonly coarse
grained sandstones of Facies 1-3; Figure 2.11d). Flame structures are up to several decimeters

long. Scintillometer readings in this facies range from 45-70 cps.

2.4.9 Facies 4: Interpretation

The coarsest grain size fraction in Facies 4 is lower coarse sand, and therefore most
probably supported fully by the upward component of turbulence. Grain-to-grain interaction may
have also provided partial support (Mulder and Alexander, 2001). Accordingly, beds may have
been deposited from fully turbulent turbidity currents. Although common, scours at the bases of
beds are generally only a few centimeters deep, suggesting that scouring was limited to episodic
downward energetic sweeping eddies. The distinctive poorly-sorted nature, matrix-rich
composition, massive to subtly graded beds, and abundant mudstone clasts suggest that strata of
Facies 4 represent capacity-driven deposition from flows undergoing extreme rates of sediment
fallout (Hiscott, 1994; Leclair and Arnott, 2005). Such high rates of fallout completely
suppressed the development of tractional bedforms (Arnott and Hand, 1989; Leclair and Arnott,
2005; Sumner et al., 2008). As with Facies 3, planar lamination that occurs at the top of some
beds is interpreted, to be the result of high sediment-fallout and/or near-bed sediment
concentration that suppressed the formation of angular bedforms (Leclair and Arnott, 2005;

Sumner et al., 2008; Arnott, 2012). The thin overlying small-scale cross-stratified layer is
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notably better sorted and finer grained, indicating deposition of new sediment sourced from the
low energy, dilute tail part of flows. These structures are interpreted to be ripple cross-

stratification (analogous to the Bouma T division; Bouma (1962)).

Mudstone clasts are common in strata of Facies 4. Clasts were sourced upstream from
erosion of previously deposited and consolidated sediment, and are commonly sheared and
highly plastically deformed, suggesting that despite their consolidation, shearing within the flow
was sufficient to deform them. Also, clasts are more or less evenly dispersed within beds, and
thus are not concentrated along an inferred density interface in the flow like in Facies 1-3. This,
therefore, indicates that these flows were likely more poorly stratified, and may have been
transitional in nature between cohesive and non-cohesive flow (Talling et al., 2004). The
lithology of the clasts directly reflects the composition of the seafloor that was eroded by these
flows, indicating that commonly these flows were cannibalizing either previously deposited

muddy sediment, but locally also eroded previous deposits of Facies 4 and 5.

Ball-and-pillow, flame, and, in extreme cases of loading, pseudonodules likely formed as
a result of loading by sediment deposited by subsequent flows (Ankettel et al., 1970; Mills,
1983). The commonality of these structures in Facies 4 is significant as it implies an insufficient
time for the underlying bed to dewater before deposition of the overlying bed. This in turn may
indicate a short recurrence interval between sedimentation events, and more significantly that the
dewatering rate of beds of Facies 4 was likely reduced because of the matrix-rich nature of these
strata. Therefore lowered permeability enhanced loading and the formation of loading structures

in these strata.
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2.4.10 Facies 5: Thin to Medium-bedded Siltstone and Mudstone

Facies 5 comprises thin- and medium-bedded siltstone and mudstone with common
traction current structures. Bedsets of Facies 5 range from <10 cm to 35 meters thick; thicker
intervals are commonly, but not always, interstratified with individual sandstone beds of Facies
1-4. This facies is generally dark grey or grey/green in colour, but several intervals up to several
meters thick are conspicuously rusty-red stained. Thicker intervals of Facies 5 (meters to tens of
meters) are easily identified in the field and on aerial photographs. Beds typically comprise only
a single set of ripple cross-stratified siltstone overlain gradationally by diffusely and
discontinuously planar-laminated siltstone and mudstone (Figure 2.12). Structureless fine to
very-fine sandstone, and planar-laminated very fine sandstone units underlying the cross-
stratification are observed also. Scintillometer readings range from 60-65 cps in sandier intervals

to over 120 cps in mud rich intervals.

Figure 2.12: Examples of Facies 5. A) Beds of Facies 5 commonly comprise ripple
cross-stratified fine-grained sandstone overlain by a several cm thick siltstone cap. B) In the
photograph two sets of these beds are shown as dark and light bands, one unit under and one
above the pencil. The lower unit of fine-grained beds overlie several matrix-rich beds (Facies 4),
the pencil rests on a coarse-grained T, sandstone (Facies 1) that separates the two fine-grained
units, and the upper fine-grained unit is overlain by a thick coarse-grained T, sandstone (Facies
1).
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At the base of some beds is a structureless fine sandstone unit typically a few centimeters
thick, although thicker (up to 15 cm) units have been observed. It consists of normally graded,
upper and lower medium sandstone that grades upward to fine and very fine sandstone. More
commonly the base of beds consists of poorly-sorted, planar-laminated fine-grained sandstone,
generally a few centimeters thick. Strata are well sorted fine to very fine sandstone with common
granular pyrite, which when weathered gives the rock its distinctive rusty-red colour. Planar-
laminated and cross-stratified units may grade into one another laterally. Diffusely planar-
laminated units cap virtually all beds, and consist of dark-grey silty mudstone. The thickness
varies not only between beds, but also laterally along a single bed, and may vary from < 1 cm to
~ 15 cm. Although rare, scours up to several centimeters deep occur at the base of cross-stratified

beds.

2.4.11 Facies 5: Interpretation

The depositional mechanism of Facies 5 is similar to that of Facies 3 (see above). The
finer grain size, limited scouring and dominance of higher order Bouma sequences (Ta divisions
are commonly missing) in Facies 5, however, implies deposition from relatively more dilute,
low energy turbidity currents. The lack of erosion at the base of Facies 5 beds, combined with
the paucity of dm- to m-scale coarse-grained interbeds of Facies 1-4 within thicker bedsets of
Facies 5, suggests that these strata were not deposited from the low-concentration tails of larger
and coarser-grained bypass flows, but instead from flows that had already deposited most of their

coarse-grained load either upflow, or laterally.
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2.4.12 Facies 6: Mud-rich Chaotic Facies

Facies 6 is a matrix-supported conglomerate, composed of a mud-rich matrix and
chaotically dispersed clasts. Beds are ungraded and range from ~1 m to several 10’s of meters
thick. Clasts composed of sandstone and mudstone are observed, and are commonly intensely
sheared and/or folded (Figure 2.13). Clasts are subparallel to the basal contact and are up to
several meters in diameter. Clasts that are >10 cm in diameter are commonly internally stratified

with thin-bedded, fine-grained, upper division turbidites. Small (several cm long and wide)

Figure 2.13: Clasts are deformed and chaotically dispersed in beds of Facies 6. Tape
measure is 1 meter.
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mudstone clasts are typically rounded and elongate, and are composed of massive very fine
sandstone to mudstone. Dispersed quartz pebbles are locally abundant. Importantly this facies is
observed only in the upper Kaza Group where it forms sharp-based laterally extensive units that
change little in thickness over the width of the outcrop (~ 1000 m). Owing to the abundance and
variable composition of clasts, in addition to the mudstone matrix, scintillometer readings tend to

be highly variable, but generally are of the order of 50-70 cps.

2.4.13 Facies 6: Interpretation

Strata of Facies 6 are interpreted to be debris flow deposits. Debris flows are cohesive,
commonly laminar flows with high, up to >90% sediment concentration (Leeder, 1982), and in
which matrix strength provides the main sediment support. Strata deposited by debris flows
comprise ungraded, poorly-sorted, matrix-rich beds, with variously sized and commonly sheared
and deformed clasts exhibiting a poor to moderately developed fabric oriented parallel to the
base of the bed (e.g. Johnson, 1970; Rodine and Johnson, 1976). Deformed clasts indicate that
they were consolidated but not lithified at the time of transport. The occurrence of large meter-
scale clasts indicates that turbulence was damped, because large-scale turbulence would most
likely have disintegrated unlithified clasts (Postma et al., 1988). The clasts are embedded in a
fine-grained matrix, which provides matrix strength through electrostatic forces between fine-
grained particles and buoyancy effects. Grain-to-grain interactions and internal shear are of

lesser to negligible importance as a sediment support mechanism.

Commonly ambient water is mixed into debris flows as they move downslope (Piper et

al., 1985, 1999a), which reduces cohesive and buoyancy forces, and in some cases causes the
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flow to transform into a non-cohesive flow or even “ignite” (Hampton, 1972; Fisher, 1983).
Strata of Facies 6, however, represent deposition from flows that maintained sufficient strength
to have moved downslope and then deposited as a single contiguous unit. This indicates that
flows had short travel distances, and/or were sufficiently cohesive to damp internal turbulence.
The general paucity of Facies 6 indicates that these events were rare punctuations within

“normal” sedimentation of the other facies described.

2.5 Conclusions

Chapter 2 introduced sediment gravity flows, then described and interpreted six
sedimentary facies in the upper and middle Kaza Group:

Facies 1. Coarse-grained massive and graded sandstone deposited by concentrated and
hypercontentrated turbidity currents;

Facies 2. Coarse-grained graded sandstone capped by dune cross-stratified and/or planar
stratified sandstone. The basal part of the bed was deposited by concentrated and
hyperconcentrated turbidity currents; the tails of the currents reworked the underlying bed to
create dunes and/or upper stage plane bed;

Facies 3. Coarse-grained graded sandstone with finer grained Bouma turbidite (Tp.q) tops.
The basal part of the bed was deposited by concentrated turbidity currents; the upper part of
the bed was deposited by the dilute tail part of the flows;

Facies 4. Medium- to coarse-grained, massive to coarse-tail graded, matrix-rich sandstone
deposited rapidly by “transitional” flows containing a high concentration of fine-grained

sediment.
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Facies 5. Fine-grained, thin-bedded turbidites deposited by dilute turbidity currents;
Facies 6. Chaotic fine-grained deposits containing abundant deformed sandstone and

mudstone clasts interpreted to be debrites.

Collectively these six facies make up larger, meso-scale stratal elements in the middle

and upper Kaza Group, which will be described and interpreted in Chapter 3.
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Chapter 3: Stratal elements in the upper and middle Kaza

Group

3.1 Introduction

The understanding of “sheet-like deposits” or “channelized lobes” in modern on shallow-
subsurface deep-water basin-floor settings has in recent years been greatly improved due insights
from high-resolution seismic data and sediment cores (e.g. Normark, 1978; Piper and Normark,
2001; Beaubouef et al., 2003; Posamentier and Kolla, 2003; Deptuck et al., 2008; Jegou et al.,
2008; Saller et al., 2008). However, modern marine seismic and core typically lack the vertical
and lateral resolution, respectively, to effectively identify and characterize small-scale
architectural elements. The majority of basin-floor studies, then, describe the dimensions of
large-scale features like basin-floor fans, lobe complexes and lobes (for a comprehensive
compilation see Prélat et al., 2010). Seismic or side-scan sonar studies that describe the
dimensions of smaller, meso scale architectural elements that make up the sedimentary bodies of
lobes include: isolated scours by Normark et al. (1979), Kenyon and Millington (1995), Morris
et al. (1998), Wynn et al. (2002b), and Deptuck et al. (2008); feeder channels by Twitchell et al.
(1992), Wynn et al. (2002b), Jegou et al. (2008) and Saller et al. (2008); distributary channels
by Normark (1978); Normark et al. (1979), Twitchell et al. (1992), Gardner et al. (1996), Piper
et al. (1999b), Beaubouef et al. (2003), Deptuck et al. (2008), Jegou et al. (2008), Saller et al.
(2008), and Gervais et al. (2010); and terminal splays by Piper et al. (1999b), Beaubouef et al.
(2003), Deptuck et al. (2008), Saller et al. (2008) and Gervais et al. (2010). The internal

sedimentology and stratigraphy of the elements is typically determined from core, or is inferred

59



based on seismic facies only (e.g. low-intensity backscatter was inferred as distal distributary

channels on the Mississippi Fan by Twitchell et al. (1992)).

Study of outcrop analogue examples remains integral to the understanding of depositional
basin-floor systems. Though many outcrops are compromised by lateral and/or vertical size
limitations, studies across a number of ancient turbidite systems have provided an ever growing
knowledge base of deep-water deposits, including channels and sheet-like sand bodies of the
Brushy Canyon Formation (Beaubouef et al., 1999; Carr and Gardner, 2000; Gardner and Borer,
2000; Gardner et al., 2003), channels and sheet-like sand bodies of the Punta Barrosa and Cerro
Toro formations (Fildani et al., 2007, 2009; Hubbard et al., 2008; Bernhardt et al., 2011;
Romans et al., 2011), scours, channels, lobe elements (sand sheets), slumps and mudstone sheets
of the Ross Formation (Elliott, 2000; Sullivan et al., 2000; Martinsen et al., 2000, 2003; Pyles,
2007, 2008), and channels and sheet-like sandstones of the Karoo Basin (Sullivan et al., 2000;
Johnson et al., 2001; Sixsmith et al., 2004; Hodgson et al., 2006; Prélat et al., 2009;
Groenenberg et al., 2010; Flint et al., 2011). The purpose of this chapter is to add to this ever-
growing knowledge base of basin-floor strata by providing a detailed sedimentological and
stratigraphic description of the internal stratigraphy of stratal elements that make up the deep-
marine basin-floor fan system of the Windermere Supergroup, which are interpreted to include
isolated scours, avulsion splays, feeder- and distributary channels, terminal splays, debrites, and
off-axis fine-grained units. From this study it is clear that, excluding debrites, all basin-floor
stratal elements comprise similar facies, but nevertheless can be differentiated by their overall
cross-sectional shapes and dimensions, and/or internal organization of facies. In order to provide
a widely usable predictive framework, then, the dimensions of the stratal elements described in

this study are compared with similar features reported in the literature and shown to be similar.
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This finding supports earlier studies (Sullivan et al., 2000); Sinclair and Tomasso, 2002; Pyles,
2008); Pyles et al., 2011) that showed a self-similarity in depositional element size and stacking
patterns across different tectonic settings and styles of sediment input. This suggests that the
reported lithological make up and stratigraphic relationship between elements in this study add to
developing a robust predictive framework that can be used in other basin-floor fans, modern or

ancient, especially where such data are limited.

3.2 Definition

Architectural element analysis has been common practice since it was first introduced for
fluvial strata by Miall (1985). Since its inception the concept of architectural element analysis
has been applied successfully to submarine-fan strata and is gaining in popularity (e.g. Pickering
and Clark, 1996; Carr and Gardner, 2000; Gardner and Borer, 2000; Sullivan et al., 2000;
Drinkwater and Pickering, 2001; Johnson et al., 2001; Sprague et al., 2002; Hodgson et al.,
2006; Pyles 2007, 2008; Prélat et al. 2009, 2010), although due to a lack of common definition
and terminology, a plethora of terms has been in use to describe the various building blocks
across various hierarchical levels of a submarine fan. In this paper the definition of architectural
element (3-D sedimentary body) proposed by Pyles (2007) is adopted for the definition of stratal
elements (2-D sedimentary unit in outcrop) in the Kaza Group: an architectural element is
defined here as “a mesoscale lithosome (>1 m [>3 ft] thick, >20 m [>66 ft] wide) characterized
by its external shape in depositional-strike view that forms the fundamental building block for
larger stratigraphic units, including parasequences, systems tracts and sequences”. This

definition is expanded to include that stratal elements are also defined by the internal
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arrangement of sedimentary facies. As such it can be applied usefully to this study, because it
limits the size of stratal elements to mesoscale features that are observable and mappable at
outcrop scale, and also characterizes stratal elements by their external shape in strike-view and
internal facies distribution, which is the view available in the observed 2-D outcrops.
Furthermore, this definition of architectural (stratal) elements is useful because it implicitly
implies a hierarchical system of elements, and can be merged seamlessly with existing basin-
floor lobe models (see Mulder and Etienne (2010) for a review and summary of recent lobe
terminology, morphology, geometry and construction). In this study we adapt the hierarchical
scheme compiled by Mulder and Etienne, where stratal elements (termed lobe elements in
several papers, e.g. Prélat et al,. 2009; Mulder and Etienne, 2010) comprise the sedimentary
bodies of depositional lobes, which in turn stack to form lobe complexes and ultimately the

depositional fan.

3.3 Stratal Elements in Basin-Floor Strata of the WSG

Seven stratal elements were identified in strata of the upper and middle Kaza Group.
Each stratal element (SE) comprises one or more of the previously described facies, which vary
not only between the different elements, but also spatially within an individual element (e.g.
depositional axis, or margin, proximal or distal). The elements include:
1. Isolated scour with coarse-grained sandstone fill (Isolated scours, common in the upper
Kaza, rare in the middle Kaza)

2. Deep scour and heterolithic channel fill (Feeder channels, two examples in the upper Kaza)
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3. Shallow scour and heterolithic channel fill (Distributary channels, common in the upper
Kaza)

4. Sheet-like coarse-grained sandstone (Terminal splays, common in both the upper and middle
Kaza)

5. Sheet-like medium-grained matrix-rich sandstone (Avulsion splays, present in both the upper
and middle Kaza, but more common in the upper Kaza)

6. Sheet-like fine-grained turbidites (Distal and off-axis fine-grained turbidites, common in
both the upper and middle Kaza)

7. Thick-bedded chaotic units (Debrites, present only in the upper Kaza)

3.3.1 Stratal Element 1: Isolated Scour with Coarse-grained Sandstone Fill

SE 1 comprises 1 to up to ~5 m deep and several tens to up to 300 m wide scours with
massive coarse-grained sandstone fills (Facies 1), interbedded locally with mudstone breccia and
sandstones of Facies 2 and 3. These elements are rare in the middle Kaza, and become more
common stratigraphically upward in the upper Kaza. The bases of SE 1 are irregular scours
reaching a depth of several meters over a distance of several tens of meters (Figure 3.1 and
Figure 3.2). In the upper Kaza scour bases typically truncate distributary channels and/or
avulsion splays (Figure 3.1; see next sections), but in the middle Kaza terminal splays are eroded
(Figure 3.2; see next sections). Regardless of stratigraphic setting the fill of SE 1 shows
negligible lateral or vertical facies change and sandstone beds commonly onlap the basal scour
surface. Erosion at bed bases is common within SE 1, with scours ranging from several

centimeters up to several dm deep.

63



750 m

Coarse-grained sandstone

with granules

turbidites |:| Matrix-rich sandstone

- Fine-grained, thin-bedded

E Coarse-grained sandstone facies

Mudstone rip-up clasts

Ripple cross-lamination

N
I
—<N

Planar lamination

750 m

- Avulsion Splays

B scourFil

- Distributary Channels

Figure  3.1:  Stratigraphic
correlation of strata from the upper
Kaza showing facies distribution (A)
within three different stratal elements
(B). Isolated scours (blue) commonly
erode distributary channels (red) and
avulsion splays (green), and are
subsequently filled with amalgamated
coarse-grained sandstone. Awvulsion
splays are commonly observed at the
margins of isolated scours and in this
instance comprise interbedded matrix-
rich sandstone (Facies 4) and thin-
bedded, fine-grained turbidites (Facies
5). Distributary channels have low
aspect, erosive bases and show a lateral
facies change from amalgamated
sandstone in their axis to finer-grained,
thinner-bedded strata towards the
margins. The location of this
correlation panel is shown in Appendix
C.
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Figure 3.2: Detailed
correlation of a sandstone unit
(S2) in the middle Kaza. All
bed contacts were walked out
and mapped directly on the
aerial photographs. This 35 m
thick  sandstone  package
comprises  four stacked
terminal splays (SE 4);
contacts are highlighted by the
thick  black lines. The
lowermost terminal splay is
eroded by a several meter deep
scour (SE1) on the lower left
of the diagram. Beds near the
base of the scour onlap the
erosion surface, but beds
higher up are laterally
continuous and form the
second terminal splay.
Terminal splays 2 and 3 are
locally separated by an
avulsion splay (SE 5, green
shading), and terminal splays
3 and 4 are separated by a
laterally ~ continuous  unit
comprising fine-grained, thin-
bedded turbidites (SE 6). The
complete 35 m thick sandstone
package is interpreted to be
the distal part of two
depositional lobes, the lower
consisting of three
amalgamated terminal splays
(1-3), and the upper consisting
of a single terminal splay (4).
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SE 1 is most common in the upper part of the upper Kaza, or more specifically, in the
most proximal part of the basin floor setting. SE 1 is interpreted to be shallow scours created by
energetic turbulence in Type C flows of Huang et al. (2009), that were then filled by later flows.
Type C flows have densiometric Froude numbers less than unity and experience energetic
hydraulic jumps at acslope break, resulting in local, but intense erosion of the basin floor (Huang
et al. 2009). Scours with dimensions similar to those of SE 1 have been described by Wynn et al.
(2002Db) at the slope break (termed channel-lobe transition zone) on the modern Rhone Fan and
at the mouths of the Lisbon and Agadir canyons. These scours created local topography on the
basin floor, and subsequently were either rapidly filled with coarse sediment by bypassing flows,
or were exploited by these flows to create a continuous conduit of sediment transport, a “feeder

channel” (see SE 2).

3.3.2 Stratal Element 2: Deep Scour and Heterolithic Channel Fill

Two occurrences of SE 2 are exposed in the upper Kaza Group at Castle Creek, but SE 2
is absent in the middle Kaza Group. In both cases the base is a sharp and terraced erosional
surface exposed over the full width of the outcrop (~800 m). Erosion is up to ~15 meters deep.
The scour at the base of the lowermost occurrence deepens from the northwest towards the
southeast, whereas the surface underlying the uppermost occurrence deepens from the southeast
towards the northwest. Assuming a (semi-) symmetrical shape of the scour and an only slightly
oblique orientation to the outcrop (palaeocurrent roughly perpendicular to outcrop face), it is
evident that only part of this feature is exposed, implying that SE 2 is more than 800 m wide.

Both examples of SE 2 have a multi-stage, heterolithic fill comprising several cut and fill units.
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The lower channel fill is dominated by several upward-fining units consisting of Facies 1, and 2
at the base overlain by Facies 5 near the top. These units gradually amalgamate toward the
channel axis and form a thick coarse-grained sandstone fill. In both channels a mudclast-breccia
dominated unit near the lower channel margin is observed. The upper fill of the channel is
dominated by thin-bedded, fine-grained turbidites intercalated with coarse-grained sandstone
lenses. The top of both channels is sharp and planar. The uppermost occurrence of SE 2 is
described in detail in Figure 3.3 and illustrates the multi-stage history of erosion and deposition

(Units 1-5) observed in this element.

Stratal Element 2 is interpreted to be a feeder channel that supplied a down-flow lobe
complex. Its overall dimensions, scour depth and width correspond well with examples described
in the literature (e.g. Twitchell et al. 1992; Johnson et al. 2001; Wynn et al. 2002b; Saller et al.
2008), and its exclusive occurrence in the upper part of the upper Kaza puts it in the most
proximal part of the basin floor. The erosion surfaces and fill of Stratal Element 2 are interpreted
to comprise three stages of channel development and fill (see Figure 3.3). Stage 1 comprises the
basal scour surface, interpreted to be the master scour surface that was the result of erosion by
by-pass flows feeding a down-flow lobe complex, and deposition comprising units 1 and 2,
which are characterized by by-pass facies and abundant sediment reworking. Stage 2 is
characterized by a period of erosion and full by-pass (erosional surface 3). In this stage the upper
part of the channel is widened resulting in a terraced basal scour surface, which is probably the
result of increased flow discharge due to upstream channel maturation enhancing transport
efficiency to more distal parts of the basin floor. Hereafter the channel entered an aggradational

backfilling stage (Units 3 and 4). Stage 3 comprises Unit 5, representing gradual channel
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Figure 3.3: Evolution of a deep scour (feeder) channel in the upper Kaza. Note that beds
and units are correlated laterally by physically walking them out in the field. A) The original
incision (erosional surface 1, or ES1) is approximately 15 m deep, overlain by fill unit 1, an ~3
m thick fining-upward sandstone to siltstone unit. B) ES2 widens the channel by ~20 m and
erodes the SE margin of fill unit 1. Fill unit 2 comprises by-pass facies and mud-clast breccia
where it is preserved in the SE, and may have extended over much of the width of the channel.
C) ES3 widened the top of the channel creating a terrace up to about 3 m high, and additionally
deepened the channel towards the NW. Unit 3 then overlies ES3, comprising a basal coarse
sandstone fill overlain by fine-grained sandstones and siltstones. D) ES4 eroded the top part of
Unit 3 and is overlain by Unit 4, a coarse sandstone fill. E) ES5 eroded Unit 4 towards the SE
forming the current base of the channel in the southeasternmost part of the channel, and is, in
turn, overlain by Unit 5, fine-grained sandstones and siltstones intercalated with coarse sandstone
lenses. F) Correlation diagram including sedimentary logs.

68



abandonment. The upward-fining trend and decrease in the number of coarse-grained interbeds

indicates a gradual shut-down of local sediment supply rather than abrupt abandonment.

3.3.3 Stratal Element 3: Shallow Scour and Heterolithic Channel Fill

Stratal Element 3 comprises shallow (up to 5 m deep) channels with lithologically
variable fill (Figure 3.1, Figure 3.4). These elements are not observed in the middle Kaza, but are
common in the upper Kaza where they generally become more abundant stratigraphically
upward as SE 4 becomes less common (see also Chapter 5). Channel bases form low aspect ratio
scours, reaching a maximum depth of several meters over distances of up to several hundred
meters laterally. In contrast to the deeply scoured base of feeder channels (SE 2) these basal
scours are commonly not terraced, but rather are smooth, gentle sloping surfaces. Strata of SE 3
commonly abruptly overlie or are overlain by laterally continuous sheet-like sandstones of SE 4,
but several instances of SE3 are intercalated commonly also. Units of SE 3 are typically 1 — 5
meters thick and uncommonly up to 15 m thick. This suggests local sediment aggradation even
after the shallow channel scour was filled. Like SE 2, these channels lack recognizable levees,

but commonly pass laterally into progressively finer-grained and thinner-bedded turbidites.

Most channels have a sand-rich fill, although a range exists from sand-rich to more fine-
grained turbidite fills. In the thickest part of the fill, interpreted to be the depositional axis of the
channel, the basal scour surface is commonly overlain directly by sand-rich beds of Facies 1, 2
and 3 that range from decimeters up to a meter thick. Beds gradually thin and fine to Facies 5

near the top of the channel fill, forming a few to several meter-thick, upward-fining succession.
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Figure 3.4:
Distributary channels in the
upper Kaza are a few
meters deep and show a
distinct  lateral  facies
change. In the channel axis
(right side of correlation
diagram) strata consist of
amalgamated, coarse-
grained sandstone capped
commonly by dune-cross
stratified sandstone.
Towards  the  channel
margins  (left side of
correlation diagram) beds
thin and fine, and become
progressively more
interbedded ~ with  fine-
grained turbidites of Facies
5. This correlation diagram
shows a cross-section of
four stacked distributary
channels from their axes
(right side) to the margins
(left side). Bases of
channels are shown by red
lines; black lines show the
base of terminal splays.

70



A similar facies change is observed laterally, where coarse, amalgamated sandstone beds
of Facies 1, 2 and 3 in the channel axis fine and de-amalgamate into strata of Facies 5. Beds are
typically continuous from channel axis to the channel margins and into the interpreted overbank
area, gradually thinning and fining away from the channel axis. In a small number of cases,
however, the axes of two laterally adjacent channel axes merge from opposite directions into an
intervening unit of Facies 5 strata. However, much more commonly SE 3 transitions laterally

into fine-grained strata of SE 6.

The shallow, broad basal scours of SE 3 indicate that, compared to flows that created the
basal erosional surfaces of SE 2, these features were eroded by comparatively low energy flows.
The presence of bypass facies at the channel base and axis, in addition to the lateral continuity of
beds from channel axis into the overbank area, suggest that while the high-energy cores of
depositional turbidity currents were confined to the channel axis, the currents easily and

continuously over-spilled their confinement.

Turbidity currents become unconfined down-flow of the upslope channel-levee transition
zone (Wynn et al., 2002b), and as a consequence thicken and expand laterally (see Parsons et al.
(2002) and Alexander et al. (2008) for flume study examples, or Hall and Ewing (2007) for a
physical examination of turbulent plane wall jets exiting channels). Experiments conducted on
wall jets have shown that flows naturally develop slow and fast moving “superstructures” that
orient themselves parallel to flow direction (Adrian, 2010; Marusic et al., 2010). It is envisioned
that the expanding turbidity currents overrode the entire depositional lobe (Maier et al., 2011),
while the high-density core of the currents became divided and preferentially diverted through a
network of broad and shallow distributary channels that paralleled flow superstructures. Initially

flows exploited pre-existing topography, or eroded the basin floor due to increased turbulence
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near the point of unconfinement (Hogg et al., 1997; Alexander et al., 2008). Later flows may
have enhanced these features and over time created a shallow distributary network. Alternatively,
the experiments of Yu et al., (2006) report that distributary channels are aggradational with
depositional levees; however the channels observed in the upper Kaza lack levees, and have a
shallow scoured base. The aggradational nature of these channels however, albeit rare, has been
observed in the upper Kaza. These channels have a shallow scour surface, an aggradational fill
thicker than the channel’s depth, and have architecture similar to the ones described by Yu et al.
(2006). Stratal Element 3 is interpreted to be the fill of short-lived, shallow distributary channels
formed on the surface of a depositional lobe and transferred sediment to downflow terminal
splays. These channels were initiated by scouring at the base of flows, which also exploited pre-
existing topography. Subsequently channels became infilled, and in some cases aggradational,

forming deposits thicker than the depth of the channel’s basal scour.

3.3.4 Stratal Element 4: Sheet-like Sandstone

Stratal Element 4 forms amalgamated sheet-like sandstone units 1 to up to 10 m thick
(Figure 3.2, Figure 3.5 and Appendix A) that consist almost exclusively of Facies 1, 2 and 3. The
basal contact of SE 4 is sharp, and aside from common shallow scours a few cm up to few dm
deep, is generally planar. Nevertheless, rare scours up to several meters deep are observed
(Figure 3.1). Mudstone rip-ups and sand injections are present locally along the base of these
units; most rip-ups and injections are cm- to dm-scale structures, but one mudstone clast

observed in the middle Kaza is >3 m long and 40 cm thick, and at one end is still attached to the
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T | Figure 3.5: Correlation diagram
RN | showing the lateral continuity >1 km of
R J four stacked terminal splays (SE 4) in the
RN upper Kaza.
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underlying succession of fine-grained medium-bedded turbidites (Figure 3.1). No consistent
vertical stacking of facies is observed in SE 4. In the middle Kaza no vertical trends in bed
thickness or grain size are observed. In contrast, in the upper Kaza sandstone beds commonly
become abruptly interstratified with thin-bedded turbidites in the upper few meters of SE 4.
Subtle lateral facies changes over 100’s of meters are observed and typically occur as several m-
thick massive structureless and amalgamated sandstone (Facies 1) grading laterally to graded
sandstone beds with thin and locally eroded Bouma turbidite tops (Facies 3). These facies
changes however do not significantly alter the overall sandstone to mudstone ratio of SE 4,
which generally is of the order of 90% or more. Nevertheless, although uncommon, rapid lateral
changes in sandstone to mudstone ratio are observed in both the upper and middle Kaza. In one
example from the middle Kaza, a near-100% sandstone unit changes laterally over 200 m to
sandstone interbedded with Facies 5 (fine-grained turbidites), where the sandstone to mudstone
ratio is <70% (sandy SE 6b), and then decreases further to ~30% over the next 1 km (muddy SE
6a). Commonly individual units of SE 4 amalgamate and stack to form successions typically ~15
m but up to 50 m thick (Figure 3.5). Less commonly stacked units of SE 4 are separated by thin
(few cm to up to 1 m thick) laterally discontinuous (10s to 100s meters) layers of SE 5 and/or SE

6 (Figure 3.2).

Stratal Element 4 is interpreted to be terminal splays formed at the distal ends of
distributary channels (SE 3). Here distributary channels gradually become shallower and wider
as they pass into terminal splays, and the high-density core of turbidity currents, which are partly
confined in the distributary network, progressively overflow their confinement, expand and
possibly merge. The uncommon m-scale scours and the m-scale rip-up clasts are interpreted to

be the result of erosion caused by locally enhanced turbulence. Such erosion due to flow
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expansion at the mouths of channels has been observed in both laboratory experiments (e.g.
Alexander et al,. 2008), and in modern seafloor studies (e.g. Wynn et al., 2002b). Deposition is
interpreted to be the result of gradual, albeit rapid, flow collapse and capacity-driven deposition

immediately downflow.

Stratal Element 4 commonly extends across the width of the upper and middle Kaza
outcrops, ~1 km and 2 km, respectively, suggesting that these elements were much more than a
few kilometers wide. Moreover, it is important to note that SE 3 and 4 are commonly intercalated
in the upper Kaza, suggesting that these two elements have a close temporal and spatial
relationship, and together make up a larger depositional element of a submarine fan, termed a
depositional lobe. Amalgamated stacks of SE 4 are interpreted to be the distal part of
depositional lobes where individual terminal splays amalgamate to form laterally extensive
sandstone sheets. The rapid lateral change in sandstone to mudstone ratio observed in a small
number of SE 4 units is interpreted to reflect a rapid (over several 100s of meters) lateral facies
change near the lateral or downflow margins of terminal splays into fine-grained strata of SE 6

(see below).

3.3.5 Stratal Element 5: Sheet-like Medium-grained Matrix-rich Sandstone

Stratal Element 5 comprises laterally extensive dm to up to ~5 m thick units consisting of
at least 50% to 100% matrix-rich strata of Facies 4 (Figure 3.1, Figure 3.2), with beds of Facies
1, 3 and 5 present locally. The base of SE 5 is sharp and commonly non-erosional, and erosion
between beds within SE 5 is commonly restricted to narrow (up to several m wide) and shallow,

up to 10 cm deep scours. Commonly units of SE 5 are a few beds thick, but thicker and single-
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bed-thick units are observed also. Stratal Element 5 commonly overlies fine-grained turbidite
deposits of SE 6, but also is observed overlying SE 3, and between sand-rich units of SE 4
(Figure 3.2). Most commonly, however, SE 5 occurs lateral to SE 1 (isolated scours; Figure 3.1),
and is typically eroded completely over several 10s of meters. Stratal Element 5 can rarely be
traced laterally for several 100s of meters, where beds gradually thin and fine until the unit
consists almost exclusively of Facies 6 (SE 6a). In both the upper and middle Kaza SE 5 is

typically overlain abruptly by sandstone rich strata of SE 3 or 4.

The abundance of fine-grained matrix and common large concentration of mudstone
clasts in Facies 4 was likely the result of erosion and entrainment of mud-rich basin-floor
sediments at an upstream avulsion node. Such erosional flows are termed Type C flows by
Huang et al. (2009), and describe flows that have critical densimetric Froude numbers less than
unity and experience energetic hydraulic jumps at slope breaks. Here, intense velocity
fluctuations result in periodic pressure fluctuations, which are envisioned to cause the
disintegration of the seafloor by detachment of large blocks of semi-consolidated sediment,
which then are deposited a short distance outboard of the jump. This extensive erosion of the
basin floor also supercharges the flows with fine-grained sediment that rapidly mixes into the
flow and, as a consequence, abruptly changes the rheology of the suspension outside the jump by
increasing its apparent viscosity and dampening turbulence. This, in turn, results in Type B flows
outboard of the jump, which have a non-existent critical densimetric Froude number (Huang et
al., 2009), and lose their excess energy by rapid capacity-driven sedimentation (Leclair and

Arnott, 2003; Arnott, 2007a).

The common occurrence of SE 5 beneath distributary channel and terminal splay deposits

(SE 3 and 4 respectively), and its most common occurrence next to isolated scours indicates that
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they are intimately related, and that deposition of SE 5 immediately precedes (re-) activation of
deposition locally. The requisite conditions to create Type C flows are apparently common, and
appear to coincide not only with major lobe-switching events that result in abrupt slope-breaks,
but also feeder and distributary channel avulsion resulting in relatively shallower slope-breaks.
Deposition of SE 5 is interpreted to be related to upstream channel avulsion followed by
initiation of deposition down-flow. Importantly, not all distributary channels and terminal splays
are underlain by clast- and matrix-rich sandstones, suggesting that their occurrence is not a
precondition for the onset of deposition of these elements. If a mature, self-tuned upstream
turbidite system is assumed (Straub et al,. 2008; Amos et al., 2010), then turbidity currents with
a consistent composition can be expected to exit the channel-levee system onto the basin-floor.
The observations above suggest that most of these flows did not jump, but rather deposited the
bulk of their sediment as Facies 1-3 and built up the sheet-like depositional lobes. In some cases,
however, avulsion enhanced slope locally, and the inception of the thick sand-rich sedimentary

bodies was preceded by the deposition of matrix- and mud-clast-rich beds of SE 5.

3.3.6 Stratal Element 6: Sheet-like Fine-grained Turbidites

Stratal Element 6 comprises 5 cm- to 35 m-thick sheet-like fine-grained units that are
typically thicker in the middle Kaza Group compared to the upper Kaza Group. These units
comprise 30% to up to 100% thin- to medium-bedded, fine-grained sandstone to mudstone
turbidites (Facies 5), although sandstone interbeds of Facies 1, 2 and 3 are common. The base of
SE 6 is sharp and commonly non-erosive, although a few broad, shallow (up to several dm deep)

scours are observed. Stratal Element 6 is typically laterally continuous across the entire width of
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both outcrops, but a few thin units (<5 m thick) are eroded completely; lateral continuity is
however greater in the middle Kaza. Stratal Element 6 is divided into two sub-elements termed

SE 6a and 6b.

3.3.6.1 Stratal Element 6a.

Stratal Element 6a lacks sandstone interbeds and has the highest gamma-ray counts in
strata of the upper and middle Kaza (up to >120 cps), reflective of the highest mudstone content.
Geochemically, however, strata resemble those in the rest of the upper and middle Kaza and also
slope strata of the Isaac Formation in both major and trace element composition (Marvinney et
al., 2009). Stratal Element 6a is less common than SE 6b, and is more common in the middle

Kaza. Units of SE 6a are 15-25 m thick (Figure 3.6).

The higher mud content and lack of sandstone interbeds indicates that SE 6a was
deposited during episodes of significantly reduced coarse clastic input, possibly related to a
highstand of relative sea level (e.g. Vail et al., 1977; Emery and Myers, 1996). Interestingly, the
geochemical characteristics of these strata, which suggest typical oxic WSG bottom water
conditions, contrasts markedly the interpreted highstand deposits of the Old Fort Point (OFP)
Formation (Smith, 2009; Smith et al., 2012), the marker unit that separates the upper and middle
Kaza groups. Geochemical attributes of the regionally correlative OFP suggest a single
anomalous episode of bottom water anoxia within the Windermere basin related to a eustatic
highstand. Deposition of SE 6a is therefore more likely autocyclically controlled, and is
interpreted as a distal inter-lobe fine-grained deposit resulting from lobe switching and

abandonment.
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Figure 3.6: Field photograph of a 25 m thick unit comprising fine-grained, thin-bedded
turbidites (SE 6a). Yellow lines indicate the lower and upper contacts of the unit. This unit of
fine-grained turbidites does not contain any coarse-grained sandstone interbeds.

3.3.6.2 Stratal Element 6b.

Stratal Element 6b differs from SE 6a by the presence of sandstone interbeds, and lower
gamma-ray readings, typically 60-80 cps. Units of SE 6b vary greatly in thickness. The thinnest

laterally continuous examples are 5 cm thick, and the thickest 35 m. In general, units are thicker
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in the middle Kaza. The number and abundance of sandstone interbeds also varies, from

approximately 5% to 70% of the total thickness of an individual unit (Figure 3.7).

Figure 3.7: Correlation diagram of an up to 18 m thick sheet-like fine-grained turbidite
unit from the middle Kaza (between S1 and S2) that contains sandstone interbeds (SE 6b). This
unit comprises locally approximately 40% sandstone interbeds, but laterally over distances of
several 10s to 100s of meters the sandstone to mudstone ratio varies. Logs are approximately 30
meters apart.

Units of SE 6b are interpreted to be proximal inter-lobe deposits, or intra-lobe deposits
that accumulated between active terminal splays and distributary channels. The abundance of
sandstone interbeds is interpreted to relate directly to distance from the main axis of deposition,

being more abundant closer to a terminal splay or distributary channel. Stratal Element 6b,
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therefore, is continuous with margins of SE 3 and 4 proximally, and SE 6a in the more distal,

laterally and downflow, parts of depositional lobes.

3.3.7 Stratal Element 7: Thick-bedded Chaotic Units

Stratal Element 7 comprises dm to Dm scale (up to several 10s of meters thick), laterally-
continuous, mud-rich chaotic beds of Facies 6. These beds are absent in the middle Kaza, and
uncommon in the upper Kaza, but become more abundant and thicker towards the top of the
upper Kaza. They have been documented as relatively common and thick in base-of-slope
deposits of the overlying Isaac Formation (Ross and Arnott ,2007; Arnott et al., 2011). The basal
contact of SE 7 is sharp and locally erosive. Beds are commonly laterally continuous and change
little in thickness over the width (~ 1 km) of the upper Kaza outcrop. Navarro (pers. comm.,
2012) observed an occurrence of SE 7 in her study areas at Castle Creek and Mt. Quanstrom,
which based on its stratigraphic position near the Kaza Group — Isaac Formation contact, is
potentially correlatable over the ~25 km between Castle Creek and Mt. Quanstrom. Thix
suggests that this bed is at least a few 10s of km wide and that it likely covered a large part of the
local proximal basin floor. As described in Chapter 2, beds of SE 7 are interpreted to be debrites.
The absence of these beds in the middle Kaza and their increase in abundance and thickness
stratigraphically upwards may be explained by their relatively short run-out length on the lower
slopes of the basin-floor compared to the base-of-slope setting in the overlying Isaac Formation

(Ross and Arnott, 2007).
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3.3.8 Depositional model

Conceptual models depicting the origin and stratal composition of architectural elements
(3D sedimentary bodies) representing Stratal Elements1-6 (2D) are shown in Figure 3.8. The
models are based on the full collection of observations from both the middle and upper Kaza.
The interpretation of the down-flow (3D dimension) of the elements are based on observations of
several elements that are interpreted to be cut by the outcrop in a more proximal vs. more distal
location. Isolated scours and avulsion splays are interpreted to have been the first architectural
elements formed during lobe deposition. Expanding erosional flows scoured the seafloor locally
to create isolated scours, and at the same time deposited avulsion splays at the margins of the
flow. As lobe deposition continued, isolated scours were later filled with coarse-grained
sandstone.
Subsequent flows exploited pre-existing topography and back-cut a feeder channel. This channel
remained in place for the duration of lobe deposition, and experienced several episodes of
erosion and fill. The high-energy and dense parts of flows were contained in the channel during

this time, but the dilute outer parts of the flows escaped the channel.

Downflow of the feeder channel the high-density core of the flow split into several
longitucdinal high- and low-energy structures. The high-energy structures preferentially eroded
the seafloor, creating a shallow network of distributary channels. Several channels were active at
the same time as the flow blanketed the entire depositional lobe. Coarse-grained sand was
preferentially deposited in the shallow channels from the high-energy flow structures, and fine-

grained deposition dominated inter-channel areas.

Further downflow the high-engergy structures widened and merged, and consequently the
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Figure 3.8 (previous page): 3D models and interpreted flow structure during deposition
of six architectural element types in the Kaza Group. Cross-sections show idealized cross-
sections of the resulting stratal elements as seen in the outcrops. A) Following an upstream
avulsion energetic jet flows and/or rapidly expanding flows undergoing a submerged hydraulic
jump scour the basin floor. Deposition in scours created by hydraulic jumps is minimal, but
matrix-rich beds (AE 5) deposit on the margins of these jet flows. Further laterally these strata
thin and fine into AE 6. After abandonment (t2) scours are filled with coarse-grained sandstones
that near the top of the scour are laterally extensive and form a terminal splay (AE 4). B)
Alternatively, subsequent flows may exploit scours to form erosional feeder channels (AE 2) that
have a complex history of abandonment and reactivation, resulting in a terraced base and
lithologically complex fill. Channel axes comprise coarse-grained sandstone fills intercalated
with discontinuous thin-bedded, fine-grained units that thicken towards the channel margins. The
lower channel margin is overlain by an intercalated assemblage of mud-clast breccia and coarse-
grained sandstone. Following abandonment the channel is filled with fine-grained turbidites
intercalated with coarse-grained sandstone lenses. C) Further downflow turbidity currents
become unconfined and develop distinct fast and slow moving supercells. Once formed these
features become diverted through broad, shallow conduits termed distributary channels (AE 3)
that eventually become filled with amalgamated coarse-grained sandstone in their axes. These
strata grade laterally and vertically to thinner, finer grained turbidites. Fine-grained strata
between widely spaced distributary channels are part of AE 6. D) Down-flow distributary
channels gradually become wider and shallower, eventually forming a laterally extensive sheet-
like deposit of coarse-grained sandstone (terminal splays; AE 4). After flows become depleted of
their coarse-grained load AE rapidly transitions laterally into fine-grained strata of AE 6.

shallow distributary channels also widened and became shallower. Ultimately the flow (and
channels) merged and a sheet-like terminal splay consisting of laterally continuous coarse-
grained sandstone deposited. On the distal margins of terminal splays the sand-depleted flows

deposited fine-grained turbidites.

3.4 Discussion and implications

3.4.1 Limitations

Despite the impressive lateral and vertical scales of periglacially exposed strata at both
Castle Creek and Mt. Quanstrom, a number of inherent limitations remain. Firstly, deep-water

rocks of the Windermere Supergroup form part of a continental margin turbidite system where
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spatial scales, for instance the distance from the shelf edge to basin floor, range up to 100s of km
(Bell et al., 1987; Ross, 1991; Ross et al., 1995; Karlstrom et al., 2001; Ross and Arnott, 2007).
This, in addition to the fact that these rocks crop out in an orogen with its inherent metamorphic
and structural complications, makes regional correlation a challenge. Also, the vertically-dipping
attitude and two-dimensionality of the exposures in the two study areas makes palaeoflow
measurement difficult and third-dimension perspective, beyond several meters, impossible.
However by applying Walther’s Law to observed general vertical trends in this prograding deep-
water system gives clues as to the three-dimensional architecture of the basin-floor depositional
system. Comparing the relative abundance, shape and size of architectural (stratal) elements in
the Windermere with existing basin-floor models (e.g. Johnson et al., 2001; Mulder and Etienne,
2010, and references within; and many others) the relative proximal and distal relationships

between the outcrops can be determined with moderate confidence.

A further cautionary note is that, except for scours and distributary channels, all other
elements are larger than the outcrops are wide. This limitation is somewhat alleviated for
elements that are sampled multiple times in the vertical dimension of the outcrops, which in turn
provides multiple opportunities to observe these elements in different axis or margin positions.
For example, terminal splays, whose dimensions greatly exceed those of the outcrop, are
common in both the middle and upper Kaza. Multiple exposures of interpreted axial and
marginal positions make inferential lateral facies changes possible. Feeder channels, on the other
hand, are restricted to only two partly exposed examples, and therefore their interpretation relies

heavily on comparisons with similar features described in the literature.
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3.4.2 Comparison with Other Ancient and Modern Systems

Studies of deep-water systems commonly describe a hierarchy of depositional units.
Despite a plethora of terms used to identify them, units can generally be termed, from largest to
smallest: fan, lobe complex, lobe, architectural (or stratal) element, bed. A comparison of lobe
dimensions from six depositional systems was compiled by Prélat et al. (2010), and a number of
studies compared architectural element dimensions and/or their distribution between different
systems (e.g. Sullivan et al. (2000) compared the Skoorsteenbergen and Ross formations with the
western Gulf of Mexico (GOM); Sinclair and Tomasso (2002) compared the Annot Sandstone
with the GOM; Pyles (2008) compared the Ross Formation with the GOM; Pyles et al. (2011)
compared the Lewis Shale, Ross Formation, Brushy Canyon Formation, Pab Formation, Annot
Sandstone, Skoorsteenbergen Formation and Ainsa Basin). This study compares stratal elements,
with the exception of SE 7, with similar elements in the literature (Table 1). Although SE 7
(debrite) is commonly observed in both seismic and outcrop (e.g. Johnson et al., 2001;
Posamentier and Kolla, 2003; Pyles, 2007; Arnott et al., 2011), it is not included in Table 1,
because in comparison to the other stratal elements observed in this study SE7 is rare. Moreover,
debrites do not strictly conform to the definition of an architectural element used in this paper,
because they are not building blocks of a lobe, but instead are laterally extensive sheet-like
deposits that are on the same hierarchical level as a lobe, and therefore are a fundamental

building block of a lobe complex.

With the exception of avulsion splays (SE 5) all the elements presented here have been described
and their dimensions reported from previous seismic studies. While a complete listing is beyond
the scope of this paper, notable examples are included in Table 1. In most cases, the stratal

elements described here are close to or below the resolution of typical industry seismic data.

86



Accordingly, their size and shape are well known but details of their internal stratigraphy and
lithological make up remain uncertain (e.g. see Jaegu et al., 2008). Outcrop analogues, on the
other hand, resolve well the bed to bed-set scale details of individual architectural elements, but
suffer from their limited dimensions, outcrop quality and inherent two-dimensional nature,
creating a recognized disconnect between outcrop and seismic datasets (Normark et al., 1979).
There has been a recent effort to bridge this gap (e.g. Carr and Gardner, 2000; Johnson et al.,
2001; Hodgson et al., 2006; Pyles, 2007; Prélat et al., 2009; this study). From Table 1 it is clear
that despite differences in sediment supply and tectonic setting, the overall dimensions of the
various architectural elements fall within a relatively narrow range. Also, in studies where
multiple elements are described from a single system, the comparative size of the elements is

similar to those reported here.

3.4.3 Wider Implications

This study describes the commonly sub-seismic scale stratal elements of basin floor
deposits in the WSG, and supports previous research (Sullivan et al., 2000; Sinclare and
Tomasso, 2002; Pyles, 2008; Pyles et al., 2011) that suggests the dimension and size ratio of
basin floor architectural elements is everywhere similar, irrespective of basin size or tectonic
setting. Each stratal element (with the exception of debrites) is interpreted to be the 2D
manifestation of a 3D architectural element, which is, in turn, a component in a larger scale

depositional feature that here is termed a lobe. In their proximal part lobes commonly comprise
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Table 1: Comparison of the dimensions
modern examples.

of architectural elements reported from this

study and other ancient and

Fan Reference Age Tectonic Main Lobe Isolated scours Feeder Distributary Terminal Avulsion Fine-grained
Setting grain size channel channel splay Splay sheets
WSG, Southern This study Neoproterozoic | Passive margin Mixed Several to 100-400 m >600 m (>1 Several 100s m >1 km to Several ~100 m to
Canadian Cordillera sand and several wide, 1-5m km?) wide, wide, upto5m several km 100s m >2 km
mud, 10s km deep 15 m deep deep wide, up to 10 | wide, (potentially
minor wide, few m thick few dm several 10’s
gravel m up to 50 to few m of km) wide,
m thick thick <l1to~35m
thick
Lower Brushy Canyon | Carr and Permian Intra cratonic Mixed 30-150 m wide, 200 m wide, 6 > several km
Formation, TX, USA Gardner passive margin sand and 1-3 m deep m thick wide, 2-3m
2000 mud thick
Golo fan system, Deptuck et Pleistocene Mixed 2-14 km Up to 7 m deep, 100 m wide, up Upto~10m
offshore Corsica, al. 2008; sand and long, 1to ~300 m wide to 10 m deep thick, several
France Gervais et mud, >10 km km wide
al. 2010 minor wide, 8-42
gravel m thick
Amazon fan, offshore | Jegou et al. Modern Passive Margin | Mixed 21-83 km 3-5m deep
Brazil, South Atlantic 2008 sand and long, 6-25
mud km wide
Tanqua area of the Johnson et Permian Foreland basin Mixed 300m-1km | Overall tabular Termed Up to >15
Karoo Basin, South al. 2001 sand and wide, up to sheet geometry | amalgamated km wide, 1
Africa mud 18 m deep that is to layered cm to>10 m
mappable over sheets, up to thick
several kms. ~10 m thick
Internally
lithologically
heterogeneous
with internal
scours and
minor
channelization
Umnak channel Kenyon and | Modern Mixed 2.5 km long, 2
mouth, Bering Sea, Millington sand and km wide, 5 m
AK, USA 1995 mud deep
Valencia Fan, Morris et al. | Modern Structure Mixed 300 m long, 80
Northwestern 1998 controlled sand and m wide, 8 m
Mediterranean Sea passive margin mud deep
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Fan Reference Age Tectonic Main Lobe Isolated scours Feeder Distributary Terminal Avulsion Fine-grained
Setting grain size channel channel splay Splay sheets
Navy Fan, California Normark et Modern Active margin Sand rich 350 m long, 500 Up to 0.5 km
Borderland, USA al. 1979 m wide 20 m wide, 5-15m
deep deep
Hueneme and Dume Piper et al. Quaternary Transpressive Mixed Termed shallow | Termed
fans, Califonia 1999 sand and channel-fill gently lensing
Borderland, USA mud subelement, subelement
100-700 m 1-2 km wide,
wide, “1 m <2 m thick
thick, <15 km
long
Skoorsteenbergen Prélat et al. Permian Foreland basin Mixed Several Termed lobe Several 10’s
Fm., Fan 3, South 2009 sand and 10s km elements, 1-3 of km wide,
Africa mud across, 3- m thick 0.2-2m
14 m thick thick
Ross Formation, Pyles 2007 Carboniferous Transtensional Mixed Termed Termed lobes >18 km
Ireland sand and channels (may 1900 m wide, wide, 1-2m
mud include feeder 2 m thick thick
channels), 170
m wide, 4 m
thick
Offshore East Saller et al. Pleistocene Complex Mixed 7.5 km 392 m wide, 161 m wide, 500-3000 m
Kalimantan, 2008 extensional sand and long, 3.5 13 m thick 12.6 m thick, 2.2 | long, 400-
Indonesia and mud km wide, km long 1200 m wide,
compressional 9-40 m 4-13 m thick
basin thick
Mississippi Fan, Gulf Twitchell et | Modern Passive margin Mixed 150 km 120 km long, | 20 km long,
of Mexico al. 1992 sand and long, 50 150-300 m <100 m wide, <2
mud km wide, wide, 8-10m | m relief; distal
10-40 m high levees channels <75 m
thick that diminish | wide, no
in height resolvable relief
downflow (identified by
low backscatter)
Agadir Fan, offshore Wynn et al. Modern Passive margin Mixed 500 m long,
NW Africa 2002 sand and 250-500 m
mud wide, 10.5m
deep; large

amalgamated
scours are up to
9 km wide
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Fan Reference Age Tectonic Main Lobe Isolated scours Feeder Distributary Terminal Avulsion Fine-grained
Setting grain size channel channel splay Splay sheets
Lisbon Canyon, Wynn et al. Modern Passive margin Mixed Axial part
offshore Portugal 2002 sand and consisting of
mud amalgamated
scours 6 km
long, 3 km
wide; off-axis
scours 1 km
long and 800 m
wide
Rhone Fan, Wynn et al. Modern Passive margin Mixed 1 km long, 500 Along down-
northwestern 2002 sand and m wide 20 m stream
Mediterranean mud deep transect
widens from
500 m to 800
m, shallows
from 80 m to
less than 10
m deep
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scours, scour fills and avulsion splays that herald the onset of local lobe deposition. Further
downflow these elements become rare and are replaced by a network of distributary channels
that progressively shallow and ultimately merge laterally, forming sheet-like terminal splays.
Along their distal and lateral margins, avulsion splays and terminal splays, and distributary
channels along their lateral margins, transition rapidly into thin-bedded, fine-grained turbidites.
The rare occurrence of feeder channels suggests that most lobes are fed directly by base-of-slope
leveed channels, and only rarely by erosional feeder channels that scour previous lobes.
Although this study focused on the detailed description of stratal elements in basin floor strata of
the WSG only, previous work has shown that they form the basal part of a several km-scale
thick, systematically upward-shoaling succession of sandstone-rich basin-floor lobe strata
(Meyer and Ross, 2007; this study) overlain progressively by base-of-slope and slope leveed-
channel complexes to mudstone-rich upper slope and outer shelf strata (Ross et al., 1995; Arnott,
2007; Navarro et al., 2007; Ross and Arnott, 2007; Arnott et al., 2011; Khan and Arnott, 2011).
This systematic change is interpreted to reflect a Waltherian stratigraphic progression formed by
the progradation of the Neoproterozoic continental margin of Laurentia (ancestral North
America) into the paleo-Pacific miogeocline (see Figure 1.2, Figure 1.5). Moreover, it is
important to note that certain elements are exclusive to different positions in the stratigraphic
pile, and by extension along a depositional transect. For example, depositional lobes and leveed

channels are documented only in basin floor and base-of-slope/slope strata, respectively.

Recently Pyles et al. (2011) reported that while the dimensions of the different
architectural elements may vary little between depositional systems, the distribution and
abundance of the various architectural elements in 4th-order stratigraphic units do and relates to

the “graded” or “out-of-grade” condition of the transport system. Under graded conditions the
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slope becomes the depocenter and accordingly progrades. In addition, along a depositional
transect there is a progressive upward change from mostly lobes to slope channels and levees.
During out-of-grade conditions, on the other hand, the slope becomes a zone of bypass causing
the depocenter to move onto the basin floor and the system to become highly aggradational. In
addition the stratigraphy becomes dominated by broad distributary channel-lobe systems. Strata
described here from the WSG are interpreted to be medial to proximal basin floor deposits, and
therefore comparable to medial and proximal submarine fan strata of Pyles et al. (2011). Basin
floor deposits of the passive margin WSG form a stratal package more than 3 km thick, which
presumably encompassed a number of 4th (and 3rd) order sedimentary cycles and also some
number of graded and out-of-grade stratal conditions. It is important to note that these latter
conditions have been reported from slope deposits of the Isaac Formation where mass transport
deposits, some up to 135 m thick and dominated by slump, slide and debris flow deposits,
episodically interrupt a much more thickly developed sedimentary succession dominated by
leveed slope channels formed under generally graded conditions (Arnott et al., 2011). Intuitively
these changes should be manifest also in the basin floor sedimentary record, and according to
Pyles et al. (2011), in the abundance of its composite architectural elements. To date no such
intercalation has been observed in rocks of the Kaza Group. Instead the sand-rich component of
basin floor strata show a consistent km-scale (vertical) change from almost exclusively terminal
splays deposited in the medial part of the lobe system to terminal splays with common
distributary channel deposits in the more proximal basin floor. The question, then, whether the
passive margin WSG, which is generally graded and only temporary out of grade, and therefore
different than the passive margin, out-of-grade Pab Sandstone (Pyles et al., 2011), is the rule or

the exception? Future (seismic) research is needed to describe the temporal and spatial evolution
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of large, passive margin depositional systems in order to document and link changes between

stratigraphic grade and sedimentation patterns on the slope and basin floor.

3.5 Conclusions

Basin-floor deposits are generally one of the least-well understood parts of the submarine
turbidite depositional system, especially at the small, architectural or stratal element scale. This
study of the middle and upper Kaza groups of the Windermere Supergroup turbidite system adds
to the global knowledge base by describing six distinct facies from basin-floor outcrops of the
middle and upper Kaza groups. These, then, populate seven stratal elements, which in turn
comprise lobes that make up the basin-floor stratigraphy of the middle and upper Kaza. Stratal
elements include sand-filled scours, avulsion splays comprising matrix-rich sandstone, small and
large channels with mixed sandstone and mudstone fills, sheet-like sandstones, sheet-like fine-
grained units and debrites. This study shows that, except for debrites, all elements comprise
similar facies, but that it is the overall shape and dimensions of these elements, and more
importantly, the internal organization of the constituent lithofacies that uniquely populate each of

the different stratal elements.

Comparison of stratal element dimensions between the WSG and architectural elements
in other systems reveals a similarity in scale across various fans. This suggests that the detailed
lithological data presented in this study can then be extrapolated to other basin-floor studies, and
therein provides a robust predictive tool for sediment type and distribution across similarly large,

graded, mixed sand-and-mud basin-floor fans, even where lithological data are limited.
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Chapter 4: Matrix-rich sandstones: indicators of local

sedimentation activation in slope and basin-floor strata

4.1 Introduction

In recent years matrix-rich strata have been increasingly recognized in the deep-marine
sedimentary record (Lowe and Guy, 2000; Lowe et al., 2003; Haughton et al., 2003, 2009;
Talling et al., 2004, 2007, 2012; Barker et al., 2008; Hodgson, 2009; Pyles and Jennette, 2009;
Kane and Pontén, 2012; Talling, 2013). These deposits bear little resemblance with either
classical turbidites (sensu Bouma, 1962; Lowe, 1982) or debrites, and are interpreted to have
been deposited by flows exhibiting a changing and/or transient flow state. Significantly, matrix-
rich beds have most commonly been reported from the distal parts of depositional systems
(Talling et al., 2012; Talling, 2013). Matrix-rich strata have been termed “slurry beds” by Lowe
and Guy (2000), Lowe et al. (2003), Sylvester and Lowe (2004), “linked debrites” by Haughton
et al. (2003), Amy and Talling (2006), Haughton et al. (2009), “co-genetic debrite-turbidite
beds” by Talling et al. (2004), “hybrid event beds” by Haughton et al. (2009), Hodgson (2009),
Pyles and Jennette (2009), and “transitional flow deposits” by Kane and Pontén (2012). Slurry
beds are typically several meters thick with common dewatering structures and (wispy)
lamination (Lowe and Guy, 2000; Lowe et al., 2003). Co-genetic debrite-turbidite beds, or
similarly hybrid event beds, are typically up to about 1 m thick, and made up of a lower,
structureless clean sandstone capped by an argillaceous sandstone or sandy mudstone, also

termed a linked debrite (Haughton et al., 2003, 2009; Talling et al., 2004; Barker et al., 2008;
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Hodgson, 2009), although Pyles and Jennette (2009) report multiple alternating turbidite and
debrite intervals. In these studies flow type is inferred from stratal characteristics and ranges
from hyperconcentrated and concentrated density (turbidity) flows with significantly suppressed
turbulence, and are termed slurry flows (Lowe and Guy, 2000; Lowe et al., 2003), transient
flows (Kane and Pontén, 2012), or flows that undergo a longitudinal and/or temporal evolution
from fully turbulent to a laminar and/or cohesive flow state and deposit composite turbidite-
debrite beds (Haughton et al., 2003, 2009; Talling et al., 2004; Barker et al., 2008; Pyles and
Jennette, 2009). Despite on-going efforts to develop an all-encompassing classification scheme
for density flows (e.g. Lowe, 1982; Mulder and Alexander, 2001; Talling et al., 2012)
interpretations based on observed characteristics in the ancient sedimentary record remain
problematic and often controversial, particularly in strata interpreted to have been deposited by
flows with abundant fine-grained suspended sediment (Baas et al., 2011; Talling et al., 2012;
Talling, 2013). Recent laboratory experiments (e.g. Best et al.., 2001; Baas and Best, 2002,
2008; Sumner et al., 2008, 2009; Baas et al., 2009, 2011) have provided important insight into
the physical behaviour of fine-grained, sediment-laden flows, and the complex make-up of their
matrix-rich deposits, which commonly consist of depositional textures and structures not
accounted for in traditional turbidite or debrite models. However the number of laboratory
studies to date is limited and many potentially important sedimentological parameters, for
example grain size, grain size distribution, grain sorting, rates of sedimentation and their effect(s)
on the transport and deposition from fine-sediment enriched flows remain largely unexplored and
hence poorly understood. For a comprehensive review of the current state of field and laboratory

research on fine-sediment-laden flows and their matrix-rich deposits see also Talling (2013).
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Matrix-rich sandstones in deep-water rocks of the Windermere Supergroup (WSG) have
been previously recognized and several general observations made (e.g. Leclair and Arnott,
2003; Arnott, 2007b): in the field they are easily identified by their anomalously dark colour,
which is a consequence of their high (30 to up to ~50%) fine-grained matrix content; form
relatively thin (up to several m thick) laterally continuous bedsets commonly overlain by coarse
sandstone; where present they commonly form units composed almost exclusively of matrix-rich
sandstone, although locally they are interbedded with upper division turbidites; occur in both
slope (Isaac Formation) and basin-floor (upper and middle Kaza groups) strata. In chapters 2.4.8
and 3.3.5 (see also Figure 2.11) matrix-rich strata were briefly introduced; in this chapter these
same matrix-rich strata are described further and subdivided into four sub-facies. Additionally, it
is shown that these strata often transition abruptly laterally into matrix-poor, coarse-grained
sandstones with common large sand- and mudstone clasts. The origin of these matrix-rich

sandstones and the basis for their lateral juxtaposition to matrix-poor sandstones is presented.

4.2 Matrix-rich strata in the Windermere Supergroup

Matrix-rich beds typically form units up to several meters thick and are observed
throughout the deep-water portion of the WSG. Commonly matrix-rich units transition rapidly
laterally into comparatively matrix-poor sandstone (see description below), or are erosionally

truncated by overlying beds (Figure 4.1). Each end-member is described in detail below.
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Figure 4.1: (A) A unit of matrix-rich sandstone beds sandwiched between a lower 60 cm
thick unit of fine-grained turbidites (dark-grey unit to the left of the backpack) and an overlying
up to 18 m thick unit of amalgamated, matrix-poor, coarse-grained sandstone (Fig. 4A coincides
with the far right side of the correlation panel in Fig. 9). The abrupt thinning of the matrix-rich
unit toward the top of the photo is the result of scour at the base of the matrix-poor sandstone.
Black lines indicate unit boundaries. Stratigraphic up is toward the left (arrow). The backpack
used for scale is at the top of another coarse-grained matrix-poor sandstone unit. (B) Close-up
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photograph of the matrix-rich sandstone unit taken near the top of the photograph in (A) where
the matrix-rich unit is thinnest. Black lines indicate unit boundaries. Tape measure is 50 cm long.
(C) Close-up photograph of the scour at the base of the sandstone unit. The scour is near-vertical
and stepped along bedding surfaces in the matrix-rich unit. Small injections of matrix-poor
sandstone into matrix-rich sandstone are visible locally. Tape measure is 25 cm long. (D)
Example of a matrix-rich sandstone unit overlain by a coarse-grained, matrix-poor sandstone unit
with a steep-walled scour at its base. Geologic hammer is ~50 cm long. (E) and (F)
Representative photomicrograph of matrix-rich sandstones in cross-polarized light. Both samples
were taken from the middle of a coarse-tail graded, structureless bed. All photos in Fig. 4 are
from strata in the upper Kaza.

4.2.1 Description — matrix-rich sandstone facies

All matrix-rich sandstones in deep-water rocks of the WSG are compositionally similar,
namely subarkosic sandstone with an abundant (30 to up to ~50%) chlorite and muscovite matrix

with minor silt (Figure 4.1). The matrix imparts a distinctive grey-green colour to these strata.

Beds are typically sharp based with flat, planar basal contacts. Nevertheless, locally
loaded and undulatory scoured contacts with scour depth of several centimeters are observed.
Scours are several 10s cm up to several 10s m long, and result in local bed amalgamation. Beds
are several centimeters to ~1 m thick and are massive or coarse-tail graded (measured by a suite
of petrographic thin sections taken at multiple ascending stratigraphic levels in the same bed,
supplemented with visual observations in the field) with grain size ranging from lower coarse to
lower medium sand, and uncommonly upper coarse sand. Typically the top of the bed grades to
an up to several cm thick, faintly planar laminated silt-mudstone cap (Figure 4.2). Where matrix-
rich strata are overlain and/or erosionally truncated by an overlying coarse sandstone unit (e.g.
channel or splay deposits) sandstone injections, flame structures and more rarely pseudonodules

are present locally (Figure 2.11d, Figure 4.2). Four sub-facies of matrix-rich sandstones have
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been identified, three of which add additional characteristics to this basic motif (see Figure 4.3

for summary sedimentary logs):

Subfacies 1: structureless beds as described above (Figure 4.3a and Figure 4.4a). This
subfacies represents ~30 % of all matrix-rich sandstones, and typically transitions laterally into

subfacies 3;

Subfacies 2: beds with wavy parallel- or planar-laminated fine-grained sandstone tops
(Figure 4.3b and Figure 4.4b). Near, or at the top of these beds is an up to several cm thick
planar-laminated layer, which in some beds is locally wavy. In addition, laminated strata are
comparatively much better sorted (10-20% matrix estimated by thin section analysis) and in
some cases carbonate cemented. The wavy parallel- or planar-laminated layer is then typically
draped by a several cm thick, faintly planar laminated, sandy mudstone cap. Subfacies 2

represents about 10% of all matrix-rich sandstones;

Subfacies 3: beds with dispersed mudstone clasts (Figure 4.3c, Figure 4.4c, Figure 4.4d).
Mudstone clasts are massive, black, rounded and elongated. Sheared and plastically deformed
clasts are common. Clasts are typically uniformly distributed throughout the bed, but
uncommonly are more abundant towards the top of the bed. Clasts range in size from several cm
thick and long to 15 cm thick and ~1 m long, although smaller clasts are more common. The
abundance of clasts varies laterally, and may range from abundant to absent over distances of
several 10s to 100s of meters. Beds are commonly sharply capped by a several cm thick silt-

mudstone cap. This subfacies is common, making up ~70% of all matrix-rich sandstones;
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Subfacies 4: beds marked by an abrupt upward change in matrix content (Figure 4.3d,
Figure 4.4e, f). These beds comprise a basal layer that is up to about half the bed thickness and
has a comparatively lower (30-40%) matrix content. Upward there is an abrupt increase in matrix

content (up to 50%) with little change in the size of the dispersed sand grains. Subfacies 4 is

relatively uncommon, comprising ~10% of all matrix-rich beds.

Figure 4.2: (A) Several matrix-rich sandstone beds capped by a thin layer of muddy
sandstone. Note the darker colour of the mud caps. Dashed lines highlight bed contacts and the
solid line shows the contact with the overlying coarse-grained sandstone terminal splay.
Photograph taken in the upper Kaza. Tape measure is 20 cm long. (B) Cross-polarized light
photomicrograph of a matrix-rich sandstone bed taken at the contact of the sandstone and its
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muddy sandstone cap. The apparent preferential alignment (imbrication) of grains is a
consequence of rotation into the plane of tectonic cleavage. (C) and (D) Matrix-rich beds
commonly terminate laterally due to scour and/or loading by overlying strata. Rip-up, injection
and flame structures are shown in these photographs. Rip-up clasts consisting of matrix-rich
sandstone are common in matrix-poor beds that have injections at their bases. Photographs taken
in the middle Kaza. Tape measure is 50 cm in both photographs.

E [ IMatrix-rich sst.
[ ILower matrix-content sst.

2— [ IMatrix-poor sst.
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Faint planar lamination.

Wavy/planar lamination.

o Meters

md f m c
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Figure 4.3: Idealized stratigraphic logs of matrix-rich and matrix-poor sandstones. (A)
Structureless matrix-rich sandstone (subfacies 1). (B) Matrix-rich sandstone capped by matrix-
poor, wavy parallel- or planar-laminated sandstone (subfacies 2). (C) Matrix-rich sandstone with
mudclasts (subfacies 3). (D) Matrix-rich sandstone with an abrupt increase in matrix content
(subfacies 4). Note that all four subfacies are capped by a thin sandy mudstone drape. (E)
Matrix-poor sandstone facies comprising upper very coarse sandstone and dispersed granules in
the lower part of the bed. Where present, raft size sand- and mudstone clasts typically occur in
the upper half of the bed. Due to common erosional bed contacts sandy mudstone caps are only
locally preserved.
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Figure 4.4: (A) Structureless, matrix-rich sandstone beds. Dashed lines highlight bed
contacts. The lower three beds have a thin sandy mudstone cap, which is absent in the upper
beds. Note the scoured and injected contact between the middle beds that has upturned (to the
right) the intruded mudstone layer, and the flame structure (bent to the right by tectonic
cleavage) at the uppermost contact. Tape measure is 20 cm long. (B) Matrix-rich sandstone beds
capped by wavy parallel and planar laminated sandstone. Black dashed lines highlight bed
contacts and white lines delineate the laminated part of the bed. The basal part of the beds
comprises an ~20 cm thick coarse-tail graded sandstone with dispersed and elongated mudclasts
(note the darker streaks in the photo). This, then, is overlain by an up to 10 cm thick parallel
laminated medium sandstone. The beds are capped by a several cm thick mudstone cap. Tape
measure is 20 cm long. (C) Close-up of a matrix-rich sandstone bed with small elongated

102



mudclasts. Dashed lines indicate bed contacts. Tape measure is 25 cm long. (D)
Photomicrograph of a thin mudclast in a matrix-rich sandstone bed taken in cross-polarized light.
(E) Close-up of a matrix-rich sandstone bed that displays an abrupt upward increase in matrix
content at about half the bed’s thickness. Black dashed lines highlight bed contacts and the white
dashed line marks the abrupt increase in matrix content. Note the lighter colour of the basal,
relatively matrix-poor (~40%) layer and the darker colour of the upper, more matrix-rich (up to
>50%) layer. Lens cap is 5 cm wide. (F) Cross-polarized photomicrograph at the point of matrix
increase. Note the darker, muddier matrix in the upper half of the photograph. All photographs
taken in the upper Kaza.

Note that matrix-rich beds can have characteristics of one or more subfacies; for example
some beds with mudclasts (subfacies 3) are capped with planar-laminated sandstone (subfacies
2). These beds are counted in both subfacies and thus the total sum of all subfacies is >100%.
Matrix-rich sandstone beds occur isolated or intercalated with other commonly sandstone-rich
strata (Figure 2.11a, Figure 4.5), but more commonly form laterally discontinuous, up to several
meter-thick bedsets that extend laterally for several 10s to 100s of meters with little change in
thickness (Figure 4.6). Rarely matrix-rich beds are observed to thin and transition laterally into
thin-bedded, fine-grained Bouma Ty and less commonly Taq turbidites. More commonly,
though, matrix-rich beds and/or units either transition laterally into the relatively matrix-poor
sandstone facies (see below), or are truncated laterally over distances of several to up to 100
meters by scours at the base of channel fills and terminal splays (Figure 3.1, Figure 3.2, Figure

4.5 and Figure 4.6).
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Figure 4.5: Correlation
panel shown at VE 1x and VE
7.5x of an ~20 m thick unit
comprising intercalated matrix-
rich  beds (green), clean
sandstones (yellow and orange)
and thin-bedded, fine-grained
turbidites (grey) in the upper
Kaza (for location see Fig. 2).
Red lines highlight major scour
surfaces. The lower ~7 m is
dominated by fine-grained
turbidites intercalated  with
medium-bedded, coarse-
grained sandstone beds. In this
lower part an ~2 m thick unit
comprising mostly matrix-rich
sandstones (right side of the
panel) is laterally adjacent to
medium- and thick-bedded,
coarse-grained sandstones that
have shallow scoured bases
locally. The upper ~10 m of the
panel comprises intercalated
coarse-grained clean sandstones
and matrix-rich sandstone beds
(right side of the panel), which
are laterally adjacent to coarse-
grained clean sandstones that
fill several meter-deep scours
(left side of the panel). Other,
shallower scours are also
highlighted in the correlation
panel. The section is then
erosively overlain by an up to
35 m thick  sandstone
dominated lobe comprising four
amalgamated terminal splays.
The correlation panel is
interpreted to be at a high angle
to flow direction.
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Figure 4.6:
Correlation panel shown at
VE 1x and VE 32x of an ~7
m thick unit in the upper
Kaza (for location see Fig.
2). The unit is divided by a
laterally continuous coarse-
grained clean sandstone
(yellow) bed into a lower
and upper sub-unit. In the
lower sub-unit matrix-rich
beds (green) form an up to
35 m thick package
comprising  mostly  non-
erosive, laterally continuous
beds. These beds, then, are
scoured towards the left. The
scour reaches a maximum
depth of 3 m over ~150 m
laterally, and is filled by
amalgamated, coarse-grained
clean sandstones. Near the
margin of the scour matrix-
rich and matrix-poor beds
are intercalated and matrix-
poor beds contain
anomalously large, dispersed
sand- and mudstone clasts.
The upper sub-unit is more
heterogeneous with
relatively  shallow local
scours filled by thin-bedded,
fine-grained turbidites
(grey), clean sandstones and
matrix-rich beds. The top of
the unit is scoured to a depth
of up to 5 m on both sides of
the correlation panel. These
scours are filled with coarse-
grained, amalgamated clean
sandstones of the overlying
terminal splay, which is part
of an up to 18 m thick
coarse-grained, amalgamated
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sandstone dominated lobe deposit. The correlation panel is interpreted to be at a high angle to
flow direction.

4.2.2 Description — matrix-poor sandstone facies

Matrix-poor beds comprise massive to coarse-tail graded subarkose sandstone with 20-
30% muscovite-chlorite-silt matrix (Figure 4.7). Grain size typically grades upward from lower
very coarse or upper coarse sandstone (1-2 mm) to upper medium or lower medium sandstone
(250-500 pm). Within a single bed multiple upward-fining, laterally discontinuous intervals
separated by subtle, locally wavy bases can be discerned (Figure 4.7). Rare sub-angular quartz
granules are observed also near the base of beds. Beds range from ~10 cm to ~2 m thick. Basal
contacts are commonly erosive, with scours up to several dm deep and from several 10s cm to
many 10s m wide. Bed tops are only locally preserved and consist of medium-grained
structureless or faintly planar laminated sandstone with a thin (up to several cm thick) fine-
grained sandstone and siltstone cap. Where beds are amalgamated due to post-depositional
erosion, bed contacts are marked by an abrupt increase in grain size and particularly by the

presence of quartz granules and can be traced for at least several meters laterally.

Matrix-poor sandstones that are associated laterally with matrix-rich sandstones have
similar mineralogical and textural characteristics to coarse-grained sandstones that form terminal
splays and channel fills elsewhere in the Windermere Supergroup, but uniquely contain large,
tabular sandstone and mudstone clasts (Figure 4.7). Sandstone clasts comprise fragments of
matrix-poor, and significantly, matrix-rich sandstone. Mudstone clasts are typically made up of
laminated thin-bedded turbidites that commonly are sheared and deformed, although internal

structures (e.g. ripple cross-lamination) remain identifiable. Clasts range from several cm thick
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Figure 4.7: (A) Cross-polarized photomicrograph of a matrix-poor sandstone bed.
Sample was taken from a bed infilling the 3.5 m deep scour on the left side of Figure 9. (B)
Matrix-poor sandstone bed (CS) at the base of the 3.5 m deep scour on the left side of Figure 9.
The rust-stained beds at the bottom of the photo (TT) are thin-bedded, fine-grained turbidites
(grey in Fig. 9). These turbidites are overlain by two matrix-rich beds (MR), in turn overlain
abruptly by the matrix-poor sandstone bed. Note the overall lighter colour of the bed, the erosive
base and the large matrix-rich sandstone and mudstone clasts (SC and MC respectively). The bed
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is capped by a large internally stratified clast (TC) comprising thin-bedded turbidites that extends
beyond the edges of the photograph. Tape measure is 30 cm long. (C) Matrix-poor sandstone bed
(base and top indicated by solid lines) sandwiched between matrix-rich sandstone beds. Note the
large mud- and sandstone clasts in the matrix-poor sandstone bed. Tape measure is 50 cm. (D)
Loading and scouring at the base of a matrix-poor bed (contact and scale indicated by the
hammer). Note the large flame structure at the top of the underlying matrix-rich bed. Deformed
clasts in the matrix-poor bed comprise matrix-rich sandstone from the underlying bed. Photos A-
C from the upper Kaza, photo D from the middle Kaza. (E) Line diagram of intercalated matrix-
poor and matrix-rich beds illustrating major lithological features shown also in (B), (C) and (D)
(see Fig. 6 for legend). Bed contacts are shown by solid lines. The base of matrix-poor beds is
locally erosive and is overlain by coarse-grained sandstone with dispersed granules. Strata then
grade typically upward to lower coarse sandstone, but locally grain size increases abruptly within
a bed (dotted lines) indicating episodic erosion and subsequent deposition by high-energy
turbulent pulses. Anomalously large, dispersed sand- and mudstone clasts, which commonly are
internally strtatified, occur locally. Where preserved, beds are then capped by a few-cm-thick
sandy mudstone. Matrix-rich beds, on the other hand, comprise medium-grained sandstone
capped often by a discontinuous sandy mudstone. Locally matrix-rich beds are steeply eroded,;
loading and injections are locally present. Three conceptual stratigraphic logs are shown that
indicate bed boundaries and grain size changes within beds; vertical scale is in meters, the lateral
distance between logs is several 10s of meters.

and long, up to ~15 cm thick and ~1 m long, but uncommon larger sandstone clasts up to several
dm thick and several meters long occur also. Along the erosive base of many matrix-poor
sandstone beds sandstone sills have intruded locally into older strata and formed what are termed
“incipient-clasts” that up to several 10s cm thick, several m long and attached at one end to the

parent (Figure 4.2and Figure 4.7). See Figure 4.3for summary sedimentary log.

Matrix-poor sandstones form amalgamated units of comparable thickness to the laterally
adjacent matrix-rich unit. Matrix-rich and matrix-poor sandstones are typically intercalated

laterally forming a gradual facies transition between adjacent units (Figure 4.5and Figure 4.6).
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4.2.3  Stratigraphic occurrence of matrix-rich sandstone units

Matrix-rich sandstones occur, in varying abundance, throughout basin-floor and base-of-
slope deposits of the WSG in the study areas. At Mount Quanstrom medial basin-floor deposits
of the middle Kaza Group comprise a more than one km thick stack of laterally extensive coarse-
sandstone lobe and fine-grained inter-lobe deposits. Here matrix-rich strata are uncommon and
only make up <4% of the stratigraphic section, and occur exclusively at the base of terminal
splay deposits. They are most common at the base of lobe units, and therefore at the base of the
first terminal splay in a larger-scale (up to several 10 m thick) lobe. Also, they occur as up to 1.5
m thick units typically comprising 2-3 beds at the base of individual terminal splays (Figure 3.2).
Units of matrix-rich sandstone are commonly eroded by the overlying coarse-grained sandstone
splay over distances of several meters to several 10s of meters, and typically have no laterally
equivalent matrix-poor sandstones as described above.

In more proximal basin floor strata of the upper Kaza Group at Castle Creek matrix-rich
sandstones are more common and make up ~6% of the section. Here too they occur at the base of
terminal splays, but also beneath distributary channel fills, and much less commonly are
intercalated with fine-grained, thin bedded turbidite deposits and/or individual sandstone beds
(see also results of Markov-chain analysis in Section 5.4.2). It is also in the upper Kaza where
they are observed to grade laterally into laterally correlative matrix-poor sandstone beds (Figure
4.5, Figure 4.6).

In the base-of-slope channel-levee setting of the Isaac Formation (e.g. Leclair and Arnott,
2003; Arnott, 20073, b; Khan and Arnott, 2011; Navarro et al., 2007; O’Byrne, 2007; Schwarz
and Arnott, 2007) matrix-rich strata are much less common, comprising less than 1% of the
stratigraphy. Here they form single and less commonly stacked units up to several m thick that

change little in thickness and facies over the width of the outcrop (few 100s m). Moreover, these

109



units are then overlain abruptly by upper medium and coarse-grained sandstone filled channels

(Arnott, 2007b).

4.2.4 Interpretation of matrix-rich sandstone facies in the WSG

The maximum grain size observed in matrix-rich beds is lower coarse sand, which can be
suspended solely by fluid turbulence (Mulder and Alexander, 2001). High matrix content,
however, suggests that cohesive forces, in addition to grain-to-grain interaction, hindered settling
and buoyancy most probably also played an important role in grain suspension, in addition to
affecting flow behaviour (Mulder and Alexander, 2001; Baas et al., 2009, 2011). The general
planar nature of bed bases, scours being uncommon and restricted to a small number of local,
few-cm-deep features, suggests turbulence suppression. Coarse-tail grading, on the other hand,
indicates that flows were sufficiently dilute and at least minimally turbulent to allow differential
grain settling. Alternatively, coarser grains may have settled after deposition through the low-
yield strength (fluid saturated) substrate that makes up the bed, resulting in coarse-tail grading.
The common mudclasts and abundant matrix in beds suggests that deposition was capacity
driven from flows undergoing high rates of sediment fallout (Hiscott, 1994; Leclair and Arnott,
2003). Moreover, the paucity of angular bed forms can also be explained by a high fallout rate
that resulted in the rapid burial of incipient bed defects (Arnott and Hand, 1989; Leclair and
Arnott, 2005; Sumner et al., 2008, Talling et al., 2012). Alternatively, these characteristics may
be a consequence of high near-bed sediment concentration that inhibited particle settling,
including tabular, low-density mudclasts, and also suppressed the initiation and/or amplification
of bed surface defects that otherwise would have formed angular bed forms (Arnott, 2012). The

presence of wavy parallel and planar lamination at the top of some matrix-rich beds, and
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composed of sand of similar size to that in the underlying, matrix-rich part of the bed, but
lacking the high matrix content, suggests that the lamination developed from sediment reworked
from the underlying bed during the latter stages of the same sedimentation event. Mudclasts in
matrix-rich sandstones comprise relatively small, rounded, massive mudstone. These clasts
resemble the silt-mud caps (Tq. divisions) of fine-grained turbidites that occur throughout the
deep-water Windermere Supergroup sedimentary pile, and were sourced upflow from erosion of
previously deposited and at least partly consolidated fine-grained sediment. Shearing within the
flow was sufficient to deform the clasts, and their even distribution throughout the thickness of
the bed indicates that the flows were poorly density or longitudinally stratified, at least in their
lower part. Matrix-rich sandstone beds showing no upward change in matrix content (Subfacies
1-3) are interpreted to have been deposited by flows analogous to “quasi-laminar plug flows”
(QLPFs) sensu Baas et al. (2011) or “hyperconcentrated density flows” sensu Mulder and
Alexander (2001). Conversely, matrix-rich strata with a vertical change in matrix content
(Subfacies 4) are interpreted to have been deposited by flows analogous to “upper-transitional
plug flows” (UTPFs) or low-concentration QLPFs sensu Baas et al. (2011), or “concentrated
density flows” sensu Mulder and Alexander (2001). These flows experience reduced turbulence
due to high fine-grained sediment concentration, but even in QLPFs remain turbulent near the
bed (Baas et al., 2011). Nevertheless, Baas et al. strongly emphasize the limitations of direct
extrapolation from small-scale laboratory flows with a small number of highly controlled
variables to natural flows. The dominant sediment support mechanism in flows that deposited
matrix-rich strata described here is interpreted to be hindered settling and not matrix strength,
and as a consequence these deposits are not considered debrites sensu Middleton and Hampton

(1976), Mulder and Alexander (2001), Haughton et al. (2009) and Talling et al. (2012). The
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lateral thinning of matrix-rich beds followed by facies change to thin-bedded, fine-grained
Tayedee) turbidites with ripple cross-stratification implies a downflow and/or lateral flow evolution
that culminated in low-density, low concentration flows analogous to low-density turbidity

currents.

4.2.5 Interpretation of matrix-poor sandstone facies in the WSG

Matrix-poor sandstone with grain sizes up to upper very coarse sandstone with rare
granules indicate sediment support by a variety of mechanisms, including flow turbulence, grain-
to-grain interaction, hindered settling and buoyancy (Mulder and Alexander, 2001). Localized
scours along bed contacts indicate that prior to deposition flows were initially energetic and at
least locally highly turbulent. Poorly-developed grading, abundance of clasts throughout the bed
thickness and absence of traction transport structures indicate that flows were well-mixed
vertically and longitudinally, and conditions in the flow changed little during deposition as grains
lost to deposition were replenished from higher in the flow (Arnott and Hand, 1989; Kneller and
Branney, 1995; Stow and Johansson, 2000; Sumner et al., 2008). These deposits are interpreted
to have been emplaced by flows analogous to Lowe (1982) S3 units. Additionally, abrupt
intrabed grain size changes and wavy surfaces (Figure 4.7) indicate that during deposition flows
became locally erosive and/or non-depositional, which most likely reflects the episodic passage
of high- and low-energy turbulent pulses within the flow. The large raft-sized mudstone and
sandstone clasts in these beds are distinctly different from clasts elsewhere in Windermere
Supergroup stratigraphy; their large size, tabular shape and angularity suggest reduced transport
in these energetic flows, and thus are interpreted to have been sourced locally. This is affirmed

by the occurrence of “incipient clasts” that are bounded by sandstone injections but remain
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attached, at least on one end, to the parent strata (Figure 4.2, Figure 4.7). Flows likely “plucked”
semi-consolidated blocks of sediment from the seafloor and then deposited them rapidly before
they could disintegrate. This “plucking” is interpreted to be related to intense pressure
fluctuations within an energetic submerged hydraulic jump that extracted large fragments of the

seabed.

4.3 Comparison of matrix-rich strata

Matrix-rich strata described here are distinctly different from debrites described in base-
of-slope and basin-floor strata in the Windermere Supergoup (for a comprehensive description
and interpretation of debrites in the Windermere Supergroup see Arnott et al., 2011). In the study
area debrites are commonly massive, matrix-supported conglomerate that are ~1 m to up several
10s m thick and at least 100s-1000s m wide. Clasts are dispersed in a matrix of silty mudstone
and comprise up to several m thick and long, sheared and folded sandstone, mudstone and
carbonate fragments and common quartz granules. Matrix-rich sandstones, on the other hand, are
notably thinner and much less laterally continuous, and consist typically of medium-grained
sandstone with a pervasive matrix of clay (altered to chlorite and muscovite) and minor silt. In
addition, clasts are typically smaller and predominantly mudstone (massive or interstratified with
siltstone) that resembles local fine-grained strata. Collectively these observations suggest that
matrix-rich strata in the study area have a decidedly different origin than their farther-travelled
debrite counterparts.

Matrix-rich strata in the Windermere Supergroup superficially resemble “linked
debrites”, and the upper debrite part of “co-genetic turbidite-debrite beds” and “hybrid event

beds” (e.g. Haughton et al., 2003, 2009; Talling et al., 2004; 2007; 2012; Amy and Talling, 2006;
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Hodgson, 2009; Pyles and Jennette, 2009; Talling, 2013) or “slurry beds” and “transitional flow
deposits” (Lowe and Guy, 2000; Lowe et al., 2003; Sylvester and Lowe, 2004; Kane and Pontén,
2012), however a number of important differences are noted. A fully developed hybrid event bed
has a clean, graded or ungraded, structureless sandstone base (H1 division), followed upward by
alternating bands of matrix-rich and matrix-poor sandstone (H2 division), matrix-rich sandstone
with mudstone clasts, granules and shear fabrics (H3 division, also termed a linked debrite),
parallel- and ripple cross-laminated sandstone (H4 division) and massive mudstone (H5
division). Haughton et al. (2003, 2009) interpreted these divisions to have been deposited from a
single flow that underwent a longitudinal transformation from fully turbulent flow with
progressive sediment aggradation (H1 division), to transitional flow with intermittent turbulence
suppression (H2 division), to laminar flow and en masse freezing of sediment (H3 division), and
finally back to turbulent flow (H4 and H5 divisions). Co-genetic debrite-turbidite beds show a
similar stratal division with a lower turbidite unit overlain by a debrite (Talling et al., 2004;
Hodgson, 2009), although Pyles and Jennette (2009) described co-genetic turbidite-debrite beds
in the Ross Formation comprising alternating units of turbidite and debrite during a single
depositional event. Transitional flow deposits (Kane and Pontén, 2012) comprise 7 sub-facies, of
which “type IV”, “type V” and “type VI” also comprise a lower clean sandstone interval overlain
by an argillaceous sandstone interval, but both are interpreted to have been deposited from
turbulent and transitional flows. While some matrix-rich beds in the Windermere Supergroup do
show an abrupt upward increase in matrix content (see sub-facies 4 above), the basal part of
these beds still contains significantly more matrix (30-40%) than ‘“clean” sandstones (up to
~20%) observed elsewhere in deep-water deposits of the Windermere Supergroup (Figure 4.4

and Figure 4.7)., and therefore are unlike sandstones in the H1 division. Moreover, where
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interbedded (Figure 4.5 and Figure 4.6), matrix-rich and matrix-poor sandstones are commonly
separated, except where post-depositionally eroded, by a thin sandy mudstone indicating two
discrete episodes of sedimentation (Figure 4.7). The H2 division has not been observed in
Windermere Supergroup matrix-rich beds. Subfacies 1, 3 and 4 most closely resemble the H3
division, but in contrast are typically coarse-tail graded (although Haughton et al. (2009) point
out that the H3 division may show vertical fractionation of mudclasts, outsized grains and
carbonaceous matter), and interpreted to have been deposited, albeit rapidly, grain by grain from
turbulent flows that allowed differential grain settling. This, then, differs from the H3 division,
which is interpreted to have been deposited from laminar flows and en masse freezing. High-
angle ripple cross-stratification (analogous to the H4 division) is not observed at the top of
Windermere Supergroup matrix-rich beds, however, the common mud caps are analogous to the
H5 division.

Slurry beds are interpreted to have been deposited from turbulent, mud-rich flows that
were transitional in character (Lowe and Guy, 2000; Lowe et al., 2003). Distinctive features of
slurry beds include abundant dewatering structures and “wispy” lamination (Lowe and Guy,
2000); similar features are also described in Kane and Pontén’s (2012) “type I”, “type II” and
“type I1I” beds. Both features are absent in the matrix-rich bed of the Windermere Supergroup.
Moreover, slurry beds described by Lowe and Guy (2000) are >1 m up to about 15 m thick, and
“type I” beds described by Kane and Ponén (2009) are up to 3 m thick. Matrix-rich beds in the
Windermere Supergroup, on the other hand, are up to 1 m thick, but generally are centimeters to
a few decimeters thick.

In addition to differences in their stratal make-up, the paleogeographic occurrence of

matrix-rich beds in the Windermere Supergroup differs also from matrix-rich beds elsewhere.
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Linked debrite beds are typically observed “in the lateral and or distal edges of systems
otherwise dominated by turbulent flow processes” (Haughton et al., 2009). Pyles and Jennette
(2009) describe hybrid beds in basin-margin strata; Hodgson (2009) and Kane and Pontén (2012)
also described hybrid event beds and transitional flow deposits to be concentrated near the edges
of lobes. Talling et al. (2012) report that low-strength cohesive debrites (Dm-1 in their
classification) “are consistently absent in the more proximal parts of systems”, although Talling
et al. (2007) report debrite beds on the proximal basin plain in the Agadir Basin. The debrite in
the Agadir Basin is, however, much thicker and especially more laterally extensive than typical
matrix-rich beds in the Windermere Supergroup, and is probably a better analogue for the
debrites described by Arnott et al. (2011). In contrast, matrix-rich sandstones in the Windermere
Supergroup are especially common in proximal basin floor strata, but present also in medial
basin floor and base-of-slope deposits where they underlie slope channel fills (Arnott, 2007b;
O’Byrne et al., 2007). This indicates that matrix-rich sandstones described here typically form in
more proximal settings compared to previously reported matrix-rich beds, which typically form
along the periphery of depositional systems. Moreover, most matrix-rich beds (or matrix-rich
parts of beds) have been interpreted to be deposited from flows undergoing a longitudinal change
to more cohesive behaviour, whereas matrix-rich beds in the Windermere Supergroup indicate
deposition from flows that evolved toward more dilute and fully turbulent conditions at their

lateral and/or distal run-out limit.
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4.4 Depositional model of matrix-rich strata in the WSG

4.4.1 Summary of observations

Before interpreting the origin of matrix-rich sandstones and explaining their spatial
association with matrix-poor sandstones in the Windermere Supergroup, a summary of key

observations of matrix-rich strata is presented first:

. consist of massive or coarse-tail graded, medium- to fine-grained sandstone with 30-50%

matrix, and capped typically by a few to several cm thick sandy mudstone;

. typically form several meter thick units composed of multiple matrix-rich beds. Less

commonly intercalated with coarse-grained sandstones and/or fine-grained turbidites;

. compositionally, texturally and architecturally different from farther-travelled debrites in

the Windermere Supergroup;

. matrix-rich sandstone units are commonly adjacent to units of similarly thick but matrix-

poor sandstone -- the lateral transition occurring over several 10s to 100s m;

. where interbedded, matrix-rich and matrix-poor sandstones are separated by a typically

laterally discontinuous layer of sandy mudstone;

. beds transition laterally over several 10s to 100s meters to fine-grained Tacd and more

typically Tcd turbidites;

. matrix-poor sandstones that commonly occur adjacent to matrix-rich sandstones are
compositionally similar to coarse-grained sandstone beds that form terminal splay and

channel-fill deposits elsewhere in the Windermere Supergroup, but uniquely contain
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4.4.2

large sandstone and mudstone clasts. In addition, incipient clasts related to sand injection

along the base of beds is common;

units of matrix-rich sandstone and associated matrix-poor sandstones occur throughout
the Middle and upper Kaza (medial and proximal basin-floor fan, respectively) and Isaac
Formation (base-of-slope channel-levee systems), but are most common in the upper

Kaza (proximal basin-floor setting);

matrix-rich units typically underlie terminal splays in the middle Kaza, but terminal

splays, distributary channels and fine-grained turbidite units in the upper Kaza;

in the Isaac Formation matrix-rich sandstones underlie slope channels.

Timing of matrix-rich sandstone deposition
Similar to Haughton et al. (2009)’s “Type 2” system scale distribution of linked debrites

in the Ross Formation (see also their Figure 13B) and Kane and Pontén (2012)’s distribution of

transitional flow deposits, matrix-rich beds in the WSG are typically observed at the base of

thick coarse-grained sandstone units, and therefore suggestive of the initiation of the local

sedimentary system. Haughton et al. postulated that these matrix-rich units may be the result of

carly flows that entered the basin and traveled over “out-0f-grade” slopes, which in turn caused

erosion and incorporation of fine-grained sediment into the flow. This, then, profoundly

modified the rheology and character of the flow, ultimately damping turbulence within the flow.

Alternatively, flows with high concentrations of fine-grained sediment may have originated “due

to lateral slope failures and/or periods of fan channel incision”, which similarly resulted in
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deposits containing high matrix-content and linked debrites (Haughton et al., 2009). A major
difference between the distribution of linked debrites in the Ross Formation and matrix-rich
strata in the WSG is that in the Ross Formation linked debrites generally only underlie the first
major fan deposit. In contrast, matrix-rich beds in the WSG are much more common and are
observed throughout the stratigraphy. Here they commonly underlie individual basin floor
terminal splays and distributary channels, and base-of-slope sandstone-filled channels. In the
WSG, like in the Ross Formation, the abrupt occurrence of matrix-rich strata indicate the large-
scale activation of the sedimentary system, but in the WSG also the more common (re-)

activation of the smaller-scale, local sedimentary system.

4.4.3 Spatial relation to jet flows and/or hydraulic jumps

From the discussion above it is evident that deposition of matrix-rich beds in the
Windermere Supergroup is related to the (local) activation of the sedimentary system, likely due
to an upstream avulsion, which implies that flows that deposited these strata underwent a change
from relatively confined conditions to unconfined plane-wall jet flow. Direct observation or
measurement of natural unconfined turbidity currents on the deep-marine basin floor have to date
not been made, but experiments on both submerged and shallow-water unconfined plane-wall jet
flows entering a stillwater basin indicate that they can retain their initial speed longitudinally for
up to 4 to 6 outlet widths (termed the “zone of flow establishment”, see Rowland et al., 2009 and
references within). These flows may or may not be supercritical initially, but can evolve
downflow from subcritical to supercritical if, for instance, they were to flow over a locally
oversteepened slope (e.g. the margin of a pre-existing lobe). In the zone of flow establishment

these super- or subcritical avulsion flows likely scoured the pristine, mud-rich seabed, causing
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the flow to become rapidly and locally charged with fine-grained sediment (Figure 4.8 and
Figure 4.9). Grains that settled through the intensely turbulent sediment dispersion were
generally limited to lower coarse sand up to granules and built up a unit of matrix-poor, coarse-
grained sandstone immediately adjacent to the high-energy axis of the jet (Figure 4.8 and Figure
4.9). Finer sediment, which consisted of medium sand to clay particles, in addition to rounded
mudstone clasts that were unable to settle through the dense sediment suspension, became
suspended well above the sea bed and subsequently moved obliquely outward toward the
margins of the jet, and it is here that massive or coarse-tail graded, matrix-rich sandstones with
common rounded mudclasts accumulated (Figure 4.8 and Figure 4.9). At the same time
extensive mixing of ambient fluid within the rapidly expanding current caused it to evolve
laterally into a low-concentration turbidity current that then deposited most commonly upper
division turbidites (Figure 4.8 and Figure 4.9). Eventually local avulsion related jet flow
sedimentation was succeeded by more typical styles of basin-floor sedimentation and the
formation, for example, of terminal splay or distributary channels that then buried the avulsion
splays.

In the case of supercritical flows that transitioned abruptly downflow to subcritical
conditions, intense erosion under the attendant hydraulic jump created the observed several-
meter-deep scour (see Figs. Figure 4.5, Figure 4.6, Figure 4.8), and similarly charged the flow
with abundant fine-grained sediment. In addition, intense velocity and pressure fluctuations
within the jump may have deeply disaggregated the local seabed and allowed large (meters
scale), intact fragments of the seabed to be dislodged (Figure 4.8 and Figure 4.9). These large

clasts, along with matrix-poor lower coarse sand and coarser sediment, accumulated along the
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Flow direction

D Matrix-rich sandstone facies l:l Matrix-poor sandstone facies
] Fine-grained, thin-bedded === Sand- and mudstone rafts
turbidites

Figure 4.8: Cartoon model of proximal basin-floor matrix-rich bed deposition. Following
avulsion plane-wall jets flow over the seabed. Immediately downflow of the avulsion node the
flow expands little up to a distance of about 4-6 times the width of the outlet. Here seabed
erosion is limited to shallow scours and deposition of matrix-poor sandstone beds that lack large
sandstone or mudstone clasts. Matrix-rich beds are deposited further laterally, and then over a
distance of several 100 meters laterally transition into thin-bedded, fine-grained turbidites.

If the incoming jet flow is supercritical and undergoes an abrupt flow transition with an
associated submerged hydraulic jump, the now rapidly expanding flow deeply scours (up to
several m) the seabed and locally excavates meter-scale sand- and mudstone clasts that
subsequently accumulate along the margins of the scour. At the same time matrix-rich
sandstones formed of sand, but more importantly mud eroded from the central scour, mixed with
sediment in the parent flow and deposit along the periphery and possibly downflow of the
expanding current. Further laterally these beds thin and transition rapidly into thin-bedded, fine-
grained turbidites. Scours are later filled with amalgamated coarse-grained sandstone, which are
lithologically similar to those that make-up terminal splays. Additionally, scours and matrix-rich
units are commonly overlain by terminal splays. It is therefore likely that after a number of initial
avulsion flows more typical basin-floor lobe sedimentation commenced at that location.
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margins of the jump. Moreover, the abrupt grain size changes and wavy surfaces within
individual matrix-poor beds might represent low-angle scours that formed in a water-saturated by
the episodic passage of high and low energy turbulent pulses possibly associated with intense
turbulence formed in the jump. Further laterally, like in a simple jet flow, the flow escaping the
jump evolved rapidly and deposited matrix-rich sandstones and then fine-grained turbidites. At
the same time, but in the jump, the scour remained opened and later became filled during the

onset of more typical basin-floor lobe sedimentation.

4.4.4 On the stratigraphic distribution of matrix-rich beds in the WSG
The proposed model of matrix-rich bed deposition as a result of an upflow avulsion, rapid

flow expansion and seabed erosion predicts that matrix-rich beds can be deposited anywhere
along the transport pathway of a turbidity current, provided there is an upstream avulsion node.
Notwithstanding, matrix-rich strata are most common in a proximal basin-floor setting (i.e. the
upper Kaza Group in the WSG, Ross and Arnott, 2007), or equivalently channel-lobe transition
zone (CLTZ, Wynn et al., 2002). Here, flow avulsions result in the lateral shifting of the entire
depositional system as lobes switch laterally, and presumably it is here where jet flows and/or
hydraulic jJumps are most energetic. Accordingly, it is here, that matrix-rich sandstones are most
common in deep-marine strata of the WSG, and also where they are clearly associated with large
erosive features on the basin-floor. The process of flow avulsion and subsequent flow expansion
is, however, not restricted to the CLTZ, and may occur elsewhere in the system. In a base-of-
slope channel-levee system, for example, local avulsions might occur at levee breaches, and form

downflow crevasse splay deposits adjacent to the parent channel. In the Isaac Formation up to
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Figure 4.9: lllustration showing the lateral evolution of flow concentration across and
lateral to a plane-wall jet and its deposit. In the axial area (left side of the diagram) flow
concentration is highest near the bed and rapidly diminishes upward (moderately stratified flow).
Intense turbulence at the bed results in local seafloor erosion, which typically is dominated by
mud-rich sediment, and the continued transport of coarse-grained sediment. Along the margins
of the jet, flow energy rapidly diminishes and the increased sediment concentration in the near-
bed region dampens turbulence. This, then, results in rapid deposition of coarse-grained, matrix-
poor sandstone, and, if present, large mud- and sandstone clasts. Further laterally the flow
becomes rapidly depleted in coarse-grained sediment, especially coarse sand and coarser, and
relatively enriched in fine-grained sediment. The flow now becomes plug-like with a
significantly reduced vertical sediment concentration gradient. It is under these conditions that
matrix-rich sandstones are deposited. Still further laterally, the loss of sediment by earlier
deposition, in addition to the continuous entrainment of ambient fluid, causes the now low
sediment concentration flow to become fully turbulent, and accordingly, the deposition of fine-
grained, thin-bedded turbidites.

several-meter-thick matrix-rich units overlain by sandstone-filled channels in the Isaac
Formation have been interpreted to be crevasse splays (Arnott, 2007b; O’Byrne et al., 2007) that
according to Arnott (2007b) are equivalent to seismically-resolved stratal features termed “high

amplitude reflection packages”, or HARPs. In a more distal basin-floor setting setting dominated

123



by terminal splay deposition upflow avulsion results in deposition of matrix-rich units that are

significantly thinner and less common than in more proximal settings.

4.4.5 On the paucity of matrix-rich beds in more distal settings (middle Kaza Group) in
the WSG

To date all studies that describe matrix-rich sandstones have shown them to occur in lobe,
fan, or basin fringes, and most attribute their formation to flow transformation from turbulent to
transitional or laminar flow (e.g. Haughton et al., 2009; Pyles and Jennette, 2009; Kane and
Pontén, 2012), although Talling et al. (2007; 2010; 2012) describe debrites that originated on the
continental slope and are far-traveled. In contrast matrix-rich sandstones, while present in more
distal deposits in the Windermere Supergroup (middle Kaza Group), are most common in
proximal basin-floor deposits (upper Kaza Group). This disparity in spatial occurrence begs the
question whether the most distal fringes of the deep-water fan and/or lobes of the Windermere
Supergroup are not exposed (or not yet studied), or there is a different explanation for their

paucity in more distal settings.

The middle Kaza Group has been interpreted to represent a medial basin-floor setting,
and is to date the most distal part of the Windermere Supergroup that has been studied in detail.
This means that the most distal part of the fan has indeed not been studied, and that matrix-rich
beds could theoretically be more abundant in fan-fringe settings. However, several instances of
lobe fringes are exposed in both the middle and upper Kaza, and do not contain matrix-rich beds,
but rather consist of matrix-poor sandstone transitioning rapidly laterally into thin-bedded, fine-

grained, upper division turbidites. This, then, implies that flows on the basin floor in the
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Windermere Supergroup did not transform into transitional or laminar type flows on their lateral
or distal run-out margins, and that matrix-rich beds in the Windermere Supergroup generally
formed downflow of an avulsion node. Here an alternative explanation for the paucity of matrix-

rich beds is proposed.

As stated above, long-traveled mud-rich flows or debrites are unlikely the origin of
matrix-rich beds described in this study; the debrites described by Arnott et al. (2007) are
probably long traveled debrites. In many models proposed for the origin of matrix-rich sandstone
beds (including this study) formative flows were initially sandy turbidity currents with relatively
low mud content. The mud component, then, was sourced locally by erosion of either the lower
slope or basin floor (e.g. Haughton et al., 2009, Pyles and Jennette, 2009). This implies a pre-
condition for the formation of matrix-rich beds: the local presence of erodible mud on the
seafloor. In the Windermere Supergroup this condition was met following avulsion, which
shifted the path of turbidity currents to flow over previously off-axis (fine-grained) deposits.
Downflow of the avulsion node, however, sandstone-dominated architectural elements
(distributary channels and terminal splays) blanketed the fine-grained strata rapidly. In the
Windermere Supergroup these elements comprise very coarse sandstone and locally granular
conglomerate beds up to several meters thick (Meyer and Ross, 2007), which would have
protected the underlying fine-grained strata from erosion by subsequent flows. Most flows that
reached the medial basin-floor, then, lacked access to an erodible muddy substrate, and as a
consequence lacked the requisite mud for matrix-rich sandstone deposition. Previous studies that
described matrix-rich sandstones on the margins of fans or lobes are relatively finer-grained (fine
to medium sand) systems: e.g. the Britannia Sandstone (Lowe and Guy, 2000), Brae-Miller and

Magnus fans (Haughton, 2003), Ross Formation (Pyles and Jennette, 2009), Tanqua depocentre,
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Karoo Basin (Hodgson, 2009). This, then, raises the question: is the distribution of matrix-rich
beds in Windermere Supergroup unique among the published examples because of the
comparatively coarse-grained nature of the depositional system? Future research will no doubt
describe matrix-rich sandstones in many more depositional systems and thereby provide further

insight into the origin of these enigmatic deposits.

4.5 Conclusions

Matrix-rich sandstones in the deep-water deposits of the WSG comprise massive to
coarse-tail graded sandstones with 30% to up to ~50% matrix content, rarely matrix content
increases abruptly in the upper half of the bed. Beds commonly contain small, rounded mudstone
clasts and rarely are capped by ripple cross-stratified sandstone. Although seemingly similar to
“slurry beds” (e.g. Lowe and Guy, 2000), “linked debrites” (e.g. Haughton et al., 2009), “hybrid
beds” (e.g. Hodgson, 2009) and “co-genetic debrite-turbidites” (e.g. Talling et al., 2004), a

number of important differences are noted.

Matrix-rich strata are related directly with their lateral equivalent deposits, which include
erosive coarse-grained sandstone beds that contain large, tabular mudstone and sandstone clasts
and interfinger with matrix-rich beds, and up to several meter deep coarse-sandstone filled
scours. Based on these observations it is inferred that matrix-rich strata in the WSG were
deposited as a direct result of upflow avulsion. In some cases the resulting plane-wall jet
underwent a hydraulic jump some distance from the avulsion node that locally enhanced seabed
erosion and supercharged the flow with fine-grained sediment. Within the jump the flow rapidly
mixed its sediment load and then downflow and laterally collapsed rapidly. Along the proximal
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margins of the jet flow and hydraulic jJump coarse-grained, matrix-poor sandstones containing
large sand- and mudstone rafts were deposited. Further downflow energy was dissipated by rapid
deposition of matrix-rich beds, which then transition rapidly into fine-grained thin-bedded upper

division turbidites.

Matrix-rich beds are most common in proximal basin-floor strata (channel-lobe
transition zone). Here avulsions result in energetic plane-wall jets and/or hydraulic jumps, and
accordingly matrix-rich strata are observed most commonly lateral to coarse-grained sandstones
that filled jet or hydraulic jump scours. Matrix-rich beds are also observed in more distal basin-
floor strata underlying terminal splays and distributary channels, indicating that smaller-scale
avulsions of feeder and distributary channels result also in seafloor erosion of fine-grained
sediment. In base-of-slope channel-levee settings matrix-rich sandstone units are adjacent to
slope channels, and are interpreted to be crevasse splays. This, therefore, indicates that matrix-
rich strata are not location specific, but instead are the result of a suite of sedimentological

conditions commonly associated with channel avulsion.
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Chapter 5: Spatial organization and temporal evolution of the
stratal elements that make-up deep-marine, basin-floor lobes and
fans — insights from the Neoproterozoic Kaza Group,

Windermere Supergroup, southern Canadian Cordillera.

5.1 Introduction

Chapters two, three and four in this thesis described and interpreted the sedimentary
facies (small scale) and stratal elements (meso scale) in deep-water, basin-floor strata of the
Winderemere Supergroup. This chapter begins with a brief overview of the largest scale

depositional systems on the basin floor, namely submarine lobes and fans, and then:

1. populates basin-floor lobes with their composite meso-scale stratal elements based on
their spatial and stratigraphic relationships, and then proposes an evolutionary
depositional model that forms basin-floor lobes;

2. populates the composite basin-floor fan with the component lobes;

3. describes the long-term evolution of the basin-floor fan system in the WSG based on
changes in the vertical and lateral stacking of stratal elements in the large, km scale
stratigraphy;

4. creates realistic artificial 1D stratigraphic logs of proximal basin-floor strata using

Microsoft Excel™.,
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5.2 Submarine fans and lobes

5.2.1 History of submarine fan models

Submarine gravity flows are the principal mechanisms that transport coarse-grained
sediment from the continental shelf and slope onto the deep marine basin floor (Menard, 1955;
Mutti and Normark, 1987, 1991; Shanmugam et al., 1994). These flows derive their energy from
gravity that acts on suspended sediment, propelling them down the continental slope, and in
many cases onto the basin floor (Shanmugam et al,, 1994). There, a dramatic reduction in slope
causes flows to become depletive and deposit much of their sediment load in large-scale
depositional features termed submarine fans (Menard, 1955; Mutti and Normark, 1987, 1991,
Posamentier and Kolla, 2003; Posamentier and Walker, 2007; Mulder and Etienne, 2010). In the
modern oceans submarine fans exhibit a variety of shapes and sizes, with a length and width
ranging from a few tens to more than a thousand kilometers (Figure 5.1). As a consequence, even
the smallest examples are typically much larger than even the largest single outcrop analogue, an
important dimensional disparity that has been recognized for the past several decades (e.g.
Normark, 1978; Walker, 1992). Furthermore, fans can form deposits that range up to many
kilometers thick, especially in actively subsiding basins. Accordingly, the study of these large
depositional systems has typically been conducted using geophysical (mainly seismic) methods,
with most early stratigraphic models were based on geophysical data (e.g. Normark, 1970; Vail
et al., 1977; Bouma et al.., 1985; Posamentier et al., 1988, 1991; Reading and Richards, 1994).
In early works it was recognized that several factors, including sediment supply, tectonic regime
and sea level, played a major role in the delivery of sediment into the deep ocean, and in turn
controlled the characteristics of the submarine fan (Vail et al., 1977; Bouma et al.., 1985;

Posamentier et al., 1988, 1991; Reading and Richards, 1994; Reading, 1996). Interactions of
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these factors are complex, and a single fan model or classification scheme is unable to capture
the myriad depositional scenarios in a satisfying manner. Notwithstanding, general fan models
are a useful tool for communicating key process-response relationships and predicting the large-

scale morphology of basin-floor fans (e.g. Reading and Richards, 1994).

BENGAL WINDERMERE

TURBIDITE “FAN”"

Figure 5.1: Comparison of fan sizes in modern (black text) and ancient (red text)
turbidite systems. Palinspastic restoration of the Neoproterozoic Windermere turbidite system is
included for dimensional comparison (redrawn by Khan (2012), inset map of the WSG from
Ross, 2001, modified from Barnes and Normark, 1985).
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The first submarine fan model was proposed by Normark (1970) and in a down-flow
direction consisted of an upper fan, mid- or suprafan and lower fan (Figure 5.2). The upper fan
was characterized by large leveed fan-valleys that down-flow formed a network of smaller
distributary channels on the suprafan, and ultimately sheet deposits in the lower fan region
(Normark, 1970). Since this original publication submarine fan models have used the same, or
similar terminology to describe the various parts of a fan beyond the slope-break (e.g. Mutti and
Ghibaudo, 1972; Damuth and Kumar, 1975; Moore et al., 1978; Walker, 1978; Mutti, 1985).
These early models, however, did not address several key variables that subsequently have been
shown to profoundly influence fan morphology, including sea-level fluctuation, tectonics and
sediment calibre (Reading and Richards, 1994; Stow and Mayall, 2000). Since then, scientific
and maybe more profoundly economic interest in these systems has grown significantly, and

accordingly, various workers have proposed more refined and complete models.

£y
R
Continental c,"’g«{:ope

~Leveed valley on /

= upperfan
9
" Distributary &/
: channels - sz?"
2 " Area of suprafan -
—p
10 km

Figure 5.2: Fan growth model of Normark (1970) comprising an upper-, middle- (supra-)
and lower fan. The upper fan is characterized by a leveed channel valley, the middle fan contains
many smaller distributary channels, which are absent from the sheet-like morphology of the
lower fan (redrawn from Normark, 1970).
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Mutti (1985) proposed a model that took into account the volume of the input gravity
currents; Shanmugam and Moiola (1988) focused on models that described fan morphology from
various tectonic settings; Mutti and Normark (1987, 1991) introduced for the first time a
hierarchical system where smaller scale architectural elements populate larger composite
sedimentary bodies, in total forming five scale orders. To date, however, arguably the most
comprehensive classification scheme for submarine fans was proposed by Reading and Richards
(1994), which subsequently was updated by Stow and Mayall (2000) (Figure 5.3). This
classification categorizes submarine fans based on their input sediment calibre (mud-, sand- and
gravel-rich systems) and nature of the input source (point source, multiple source ramps and
slope apron linear source). In virtually all submarine fan models, including Stow and Mayall’s,
the most distal part of the depositional system consists of unconfined, lobate features termed
depositional lobes, and it is these features that are of particular interest in this study of the middle

and upper Kaza Group, and are examined in more detail below.

5.2.2 Depositional lobes

The term “lobe” is commonly used to describe a morphological unit in deep-water
turbidite systems with an ovoid planform shape and positive topography. However, the term
“lobe” has been used variously to describe a variety of depositional structures or features since
its introduction by Normark (1970), and accordingly resulted in considerable confusion and a

need to define how the term is used in each context. For example, Bouma (1985) used the term
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Figure 5.3 (previous page): Classification of deep-water systems based on grain size
and nature of sediment supply: single point (submarine fan), multiple sources (ramp), or linear
source (slope apron) (from Stow and Mayall, 2000; after Reading and Richards, 1994).

“fan lobe” to describe the most recent channel-levee complex of the Mississippi turbidite
system. However, many authors use the term “lobe” or “depositional lobe” to refer to the distal,
unconfined and unchannelized part of an active or abandoned channel-levee system (Mutti and
Ricci Lucci 1972; Normark, 1978; Mutti and Normark, 1987). The most recent definition of a
“depositional lobe” describes a sedimentary body with low positive topography and lobate shape
that forms on the distal end of channel-levee systems (Mulder and Etienne, 2010). In this study
the definition is expanded to include all stratal elements that were created by flows sourced from

a single upstream leveed-channel complex between major avulsion events.

Lobes at the ends of channel-levee systems are either attached or detached. In systems
with a high sand/clay ratio (e.g. Valencia Fan, Morris et al., 1998; Laurentian Fan, Normark et
al., 1983) lobes are detached from the channel mouth. The intervening zone is termed the
Channel-Lobe Transition Zone (CLTZ) and characterized by by-pass and/or erosion (Wynn et
al., 2002). In systems with low sand/clay ratio (e.g. Zaire Fan, Savoye et al., 2000; Mississippi
Fan, Twitchell et al., 1992), however, the CLTZ is absent. High-resolution seismic has shown
also that lobes can be connected to the main channel-levee system by smaller feeder channels
that lack levees (Saller et al., 2008). Several lobes that are associated with the same main leveed
channel form lobe complexes of the order of several tens of km long/wide, and several 10s of m

thick. Three main styles of lobe stacking are recognized: aggradational, shingled or
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compensational (Bouma, 2000). These complexes, in turn, stack to form the distal part of a

submarine fan.

The planform shape of lobes varies based on sediment input (Reading and Richards,
1994; Stow and Mayall, 2000) and spatial confinement (Jegou, 2008; Jegou et al., 2008). Lobes
have a typical length and width of 10-20 km and are typically 5-40 m thick (Jegou, 2008; Prélat
et al., 2010). In cross-section lobes typically have a flat planar upper surface with steeper slopes
along the sides (Mulder and Etienne, 2010). Due to the preferential loss of a significant part of
the fine sediment fraction during transport through the channel-levee system, flows entering the
basin-floor sedimentary system are typically relatively enriched in sand, and lobes therefore
comprise typically sand-rich deposits, although the initial sediment input can remain little
changed in short (length) systems (Mulder and Etienne, 2010). With more recent advances in
high-resolution seismic and detailed outcrop studies it has been increasingly recognized that
lobes are composed of smaller scale elements with a length and width of few 100 m to few km
and several m thick (termed lobe elements by Saller et al., 2008; Prélat et al. 2009; Mulder and
Etienne 2010, lobe units by Gervais, 2002; Gervais et al., 2006; Deptuck et al., 2008; stratal
elements in this study; see also section 3.2). Stratal elements, in turn, are composed of beds (i.e.
single event beds). The internal architecture of lobes, and by extension the composite submarine

fan, is more complex than that proposed in the early stratigraphic models.

This study adopts the following stratigraphic hierarchy, from smallest to largest: event
bed, stratal element, lobe, lobe complex (not observed in the stratigraphy at the scale of the
outcrops) and submarine fan. Chapter 1 focuses on event bed scale description and interpretation,
which then are used to populate and aid in interpreting the formative processes of stratal

elements in Chapters 2 and 3. The following sections (Section 5.3 and 5.4) describe the
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distribution of these stratal elements in the middle and upper Kaza Group and build a model for
internal lobe architecture (Section 5.5). The large (km) scale stratigraphy of the WSG has been
interpreted to represent a prograding continental margin wedge (Ross and Arnott, 2007), and by
extension the long-term stratigraphic trends in the middle and upper Kaza provide insight into

the WSG’s prograding submarine fan architecture (Section 5.5.1).

5.3 Stratal element distribution in the middle and upper Kaza Group

The middle and upper Kaza Group comprise seven stratal elements: isolated scours,
avulsion splays, feeder channels, distributary channels, terminal splays, fine-grained turbidite
deposits and debrites. The shapes, sizes and internal facies arrangement of these elements were
described in chapters three and four and are summarized in Table 1. Here, these same elements
are assembled into a larger spatial and stratigraphic context. First, in sections 5.3.1 and 5.3.2,
general observations are presented that describe the lateral and vertical relationships between
stratal elements, followed by a Markov Chain analysis (section 5.4 ) on the lower ~100 m thick
part of the upper Kaza outcrop that quantitatively describes the natural vertical relationships
between stratal elements. These data, then, are used in conjunction with existing basin-floor lobe
models to propose a model for internal lobe architecture, and ultimately a model for the

prograding basin floor fan of the WSG (see section 5.5).
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Figure 5.4:
Correlation panel of the
middle Kaza outcrop at
Mt. Quanstrom. Note the
simple stratal architecture
composed almost
exclusiverly of terminal
splays and fine-grained
turbidite units. Avulsion
splays form laterally
discontinuous units
commonly <1 m thick,
and because of their
thinnes are not shown in
this diagram. Thin black
lines delineate the
accessible and mapped
outcrops.
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5.3.1 Stratal element distribution in the middle Kaza Group

At Mt. Quanstrom the middle Kaza comprises four stratal elements: terminal splays,
isolated scours, avulsion splays and fine-grained turbidite units (Figure 5.4). Terminal splays are
comprised of 75-100% amalgamated coarse-grained sandstone, and are up to ~10 m thick. These
stratal elements most commonly stack vertically to form amalgamated sandstone units up to
several Dm thick (Figure 5.4) that typically are continuous across the two km wide outcrop
without significant lateral change in the sandstone to mudstone ratio. Stacked terminal splays are
typically amalgamated, which commonly makes it difficult or impossible to discern bounding
surfaces within the larger-scale sandstone units. As a result their stacking arrangement
(aggradational, shingled or compensational) cannot be determined. Terminal splays are rarely
observed adjacent to other stratal elements, which is interpreted to reflect their large lateral
extent that greatly exceeds the width of the outcrop. In the middle Kaza, terminal splays are
uncommonly terminated laterally by isolated scours, or transition gradually, although rapidly
(over several 10s to 100s of meters) into coarse-grained, medium-bedded sandstone interbeded

with fine-grained turbidites.

Only two isolated scours are identified in the middle Kaza, and both are only partly
exposed (Figure 5.4), therefore their lateral extent is not known. They occur near the base of two
several Dm thick sandstone units. Scours are up to 5 m deep and truncate coarse-grained
sandstone beds of a terminal splay (Figure 3.2 and Figure 5.5). The fill of the upper scour
comprises amalgamated coarse-grained sandstone that drapes the basal surface (Figure 5.5),
whereas beds near the base of the lower scour onlap the erosional surface (Figure 3.2), but
towards the top progressively follow the contour of the scour and are continuous outside the

scour, where they form the base of the overlying terminal splay.
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Figure 5.5: Detailed bed-

scale map of the upper isolated

scour in the middle Kaza.
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Avulsion splays typically form up to ~1 m thick units made up of 1-5 beds and generally
occur at the base of coarse-grained sandstone units (i.e. the base of the lowermost terminal splay
in Dm thick sandstone units comprising multiple stacked terminal splays), but occur also
between terminal splays (Figure 3.2 and Appendix A). Avulsion splays in the middle Kaza
typically are truncated laterally over 10s of meters by overlying coarse-grained sandstone of
terminal splays, and here pseudonodules, flame structures and injections are common (Figure

2.11d).

Stratal elements comprising fine-grained turbidites with 0-50% sandstone interbeds are
<1 m to up to 35 m thick and form laterally continuous units that change little in thickness or
lithological character across the Mt. Quanstrom outcrop. In a small number of cases, however,

fine-grained turbidite units transition laterally into terminal splays (Figure 5.4).

The intercalataion of amalgamated terminal splays and fine-grained turbidites dominate
the stratigraphy in the middle Kaza, collectively making up >95% of the outcrop at Mt.
Quanstrom. These two stratal elements, at least at the scale of the outcrop, form a relatively
simple “layer cake” stratigraphy (Figure 5.4), that is observed also in middle Kaza strata at Eagle
Valley, located ~ 25 km north- northwest (i.e. slightly oblique to depositional dip) of Mt.

Quanstrom (Appendix D).

5.3.2 Stratal element distribution in the upper Kaza Group

The upper Kaza outcrop at Castle Creek comprises seven stratal elements: isolated scours,

avulsion splays, feeder channels, distributary channels, terminal splays, fine-grained turbidite
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units and debrites. Not only is there a more diverse assemblage of different stratal elements in
the upper Kaza, but their arrangement is more complex than in the middle Kaza (Figure 5.6 and

Figure 5.7).

Compared to the middle Kaza, isolated scours and avulsions splays are significantly more
abundant, and commonly laterally adjacent to one other in the upper Kaza (see discussion in
chapters 3 and 4). Nevertheless, compared to the other stratal elements, isolated scours are rare in
the upper Kaza, and are typically up to several 100 m wide and have a coarse-grained,
amalgamated sandstone fill. Avulsion splays typically comprise several matrix-rich sandstone
beds that form units up to several m thick. Laterally, avulsion splays are associated with matrix-
poor sandstones containing uncommon, but anomalously large sandstone and mudstone clasts
(see chapters 3 and 4). Isolated scours and avulsions splays are predominantly overlain by

terminal splays and/or distributary channels, and less commonly fine-grained turbidite units.

Two feeder channels are partially exposed near the stratigraphic top of the upper Kaza at
Castle Creek (Figure 5.6). Both channels have a complex, terraced basal scour surface that
truncates underlying terminal splays, and comprises a multi-stage fill made-up of coarse-grained
sandstones and mudstones (Figure 3.3). The upper part of the fill consists mostly of thin- and
medium-bedded turbidites suggesting local abandonment of the channel (see also Chapter 3), and
the channels are overlain by avulsion and terminal splays. Neither channel has a recognizable

levee.

Distributary channels are commonly overlain by terminal splays, and typically transition

laterally into fine-grained turbidites. Clustering of distributary channels is common in the upper
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Figure 5.6: Correlation
panel of the upper Kaza at the
Castle Creek outcrop at Castle
Creek. The basal ~120 m of the
outcrop was mapped in high
detail (see also Figure 5.7). The
colours represent the locally
dominant stratal element in the
stratigraphy.
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’ ‘ Figure 5.7: Detailed correlation diagram of
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Kaza: typically several distributary channels are stacked vertically (Figure 3.4, Figure 5.7), and
in few instances laterally adjacent distributary channels are separated by a fine-grained turbidite

unit (Figure 5.7).

In contrast to the middle Kaza, where terminal splays typically stack to form several Dm
thick amalgamated sandstone units (Figure 5.4), terminal splays in the upper Kaza more
commonly occur as single stratal elements that are much thinner, generally of the order of few
meters, up to ~5 m thick and are often intercalated with other stratal elements (Figure 5.6 and
Figure 5.7). Nevertheless, uncommon examples of a few Dm-thick stacked terminal splay units
do occur in the upper Kaza (Figure 5.6 and Figure 5.7, see also Figure 3.5). However, in spite of
their thinner, non-amalgamated nature, terminal splays in the upper Kaza, like in the middle
Kaza, are the most common stratal element (>50% of stratal elements, see also section 5.4.2),
resulting in a high overall sandstone to mudstone ratio (75:25) in the upper Kaza. Similar to the
middle Kaza, in the upper Kaza a small number of terminal splays transition rapidly laterally into
fine-grained turbidite units, but more commonly are laterally continuous across the outcrop with

little change in thickness or facies.

Fine-grained units in the upper Kaza are thinner and less laterally extensive (Figure 5.6
and Figure 5.7) than in the middle Kaza. In addition, fine-grained units more commonly
transition laterally into sandstone-rich stratal elements (terminal splays, avulsion splays and
distributary channels), and more often are erosionally truncated along the base of channels and
isolated scours (see for example Figure 4.5). An important result of their comparative thinness
and partial to complete erosion by younger sandstone-rich stratal elements, is that these latter

elements commonly amalgamate locally, generally improving vertical sandstone connectivity.
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Debrites are absent in the lower ~200 m thick part of the upper Kaza outcrop, but become
more abundant and thicker stratigraphically upward, where they form several-meter-thick beds
that extend across the width of the upper Kaza outcrop (Figure 5.6, see also Figure 4 in Meyer
and Ross, 2007). Moreover, debrites, but also slides and slumps, become increasingly more
common further upward in the transition zone and base-of-slope deposits of the Isaac Formation

(Meyer, 2004, Meyer and Ross, 2007; Arnott et al., 2011; Navarro, pers. comm.).

5.4 Markov chain analysis in the upper Kaza

5.4.1 Introduction to Markov chain analysis

A Markov chain is a mathematical model that describes the sequential change of a system
between discrete states (Everitt and Skrondal, 2010). This model assumes that a finite number
of states exists, and that the change from one state to the next depends only on the current state
of the system (memoryless system, termed also a first-order Markov chain, Everitt and Skrondal,
2010). Each state is assumed to be discrete (either in time, space or any other discrete
measurement). The change from one state to another in the system is termed a transition. The
probabilities associated with various state-changes are called transition probabilities (Everitt and

Skrondal, 2010).

The system is assumed to change randomly from one state to another based on the
transition probabilities between states. Therefore it is impossible to predict with certainty the
state of a Markov chain at a given point in the future. The transition matrix describes the

transition probabilities from one state to another, with which the statistical properties of the
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system can be predicted. For example the steady state of the system can be calculated, which

describes the statistical distribution of states in a theoretical infinite Markov chain.

In sedimentological and stratigraphic studies Markov chains are commonly used to
describe the vertical succession of facies types, stratal elements and/or stratigraphic sequences
(e.g. Kane and Pontén, 2012), and statistical analysis of Markov chains is used to test if the
vertical succession of these discrete elements within a stratigraphic section exhibits non-random
behaviour (e.g. Gingerich, 1969; Krumbein and Dacey, 1969; Carr, 1982; Powers and Easterling,

1982; Davis, 1986; Lehrmann and Goldhammer, 1999).

5.4.2 Results

The upper Kaza was selected for Markov chain analysis because it has a more complex
stratigraphy compared to the middle Kaza, and a more rigorous numerical description of this part
of the system is likely to benefit from statistical modeling. The lower ~90 m thick part of the
upper Kaza (Figure 5.7) was selected because this section was logged and mapped in the most
detail, and thus provides the most accurate input data for analysis. The input for the Markov
chain consisted of the vertical stacking of stratal elements observed in each of the ~ 90 m long
stratigraphic logs (K1 — K10), in total comprising 369 observations (i.e. individual occurrences
of the stratal elements in the logs). This part of the outcrop comprises five stratal element types
(in the Markov chain referred to as states), namely isolated scours, avulsion splays, terminal
splays, distributary channels and fine-grained deposits (Figure 5.7). First a transition counts
matrix was compiled from the observations, from which the transition probability matrix and

steady state distribution of stratal elements was calculated (Figure 5.8). These data, then, were
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converted into a graphical state diagram (Figure 5.8). The transition matrix and state diagram
support the general observations described in Section 5.3.2 regarding the vertical stratal stacking
patterns in the upper Kaza, but also show trends not readily identified in the field or upon visual

inspection of the correlation diagrams.

Isolated scours are rare, comprising only 2% of the stratal elements in the measured
sections, which is indicated also by the low percentage of transition probabilities toward isolated
scours. The Markov chain indicates that scours are most commonly overlain by fine-grained

turbidites, and less commonly terminal splays and rarely avulsion splays.

Avulsion splays comprise 11% of the total number of stratal elements and most
commonly overlie terminal splays, less commonly distributary channels, isolated scours and
fine-grained turbidites. In turn, avulsion splays are most commonly overlain by terminal splays,

less so by fine-grained turbidites and distributary channels, and rarely by isolated scours.

Distributary channels comprise 7% of the stratal elements. Distributary channels are one
of two stratal elements that cluster vertically: 14% of the time one distributary channels overlies
another. Distributary channels also overlie avulsion splays and less commonly terminal splays
and rarely fine-grained turbidites. In turn, distributary channels are often overlain by terminal

splays, and less so by fine-grained turbidites and avulsion splays.

Terminal splays are the most common stratal element, comprising 53% of all

observations. Terminal splays typically overlie fine-grained deposits and avulsion splays, and
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Figure 5.8 (previous page): Results of Markov chain analysis in the lower 90 m of the
upper Kaza exposed at Castle Creek. The input data is derived from ten ~90 m long stratigraphic
logs. In total 369 stratal elements are included in the analysis. A) Transition counts matrix; sc =
isolated scours, as = avulsion splays, dc = distributary channels, ts = terminal splays, f = fine-
grained turbidites. B) Transition probability matrix and steady state of the system. C) State
diagram, higher transition probabilities are indicated by thicker arrows.

less commonly distributary channels and isolated scours. Terminal splays stack to form
amalgamated sandstone units, and also are overlain commonly by fine-grained turbidites and

avulsion splays. More rarely terminal splays are overlain by distributary channels and scours.

Fine-grained turbidites comprise 27% of the stratal elements and predominantly overlie
isolated scours and less commonly terminal splays, distributary channels and avulsion splays. In
turn, fine-grained turbidites are most commonly overlain by terminal splays, less commonly by

isolated scours and avulsion splays, and rarely by distributary channels.

5.5 Interpretation

The stratigraphy of the Middle and upper Kaza groups exhibit obvious and significant
differences, which most likely is a result of their different location on the basin floor with respect
to the distance from the channel-lobe transition zone. The middle Kaza is dominated by laterally
extensive, non-channelized, sheet-like terminal splay and fine-grained deposits that change little
in character over the width of the outcrop at Mt. Quanstrom (>2 km). Moreover, observations in
time-equivalent strata ~25 km slightly oblique to depositional dip at Eagle Valley show similar
stratigraphyic characteristics (see also Appendix D), indicating that the length/width scale of the

depositional system was at least on the order of 10s of kms. Erosion in the middle Kaza is

149



restricted to rare several meter deep scours and minor erosion at bed bases; channels and debrites
are absent. The middle Kaza is interpreted to represent deposition in an unconfined mid- to lower
fan setting. The common several Dm thick sandstone units consisting of one or more
amalgamated terminal splays are interpreted to be the distal parts of depositional lobes and the
equally thick fine-grained units are interpreted to be off-axis and distal fine-grained strata
deposited following an avulsion and lateral shift of the sand-rich depositional axis. Similar
observations and interpretation were reported by Saller et al. (2008) from a relatively small deep-
marine basin in offshore southeast Indonesia, where lateral avulsive displacement of the
depocenter was measured in the order of 10s of kms. Upstream avulsion results in the alternating
activation/deactivation of the sedimentary system downflow, and combined with the observed
general lack of significant erosion in these distal settings, results in the observed “layer cake”
stacking pattern of thick sedimentary units. Avulsion splays and isolated scours, although rare,
are observed in the middle Kaza, and are interpreted to be the result of either anomalously
energetic flows that eroded the seafloor in more distal locations, or represent local progradation

of lobes.

The upper Kaza consists of a more diverse assemblage of stratal elements compared to
the middle Kaza. In addition, erosional features (isolated scours and channels) are common and
debrites are present, suggesting a more proximal depositional setting. Isolated scours and
avulsion splays are interpreted to form immediately downflow of an avulsion node and at the
onset of local sedimentation (see also Chapter 4). These features are most common in the upper
Kaza, and together with the observed distributary channels in the upper Kaza, collectively
indicate a mid-fan position. The overall high sandstone to mudstone ratio in the upper Kaza

indicates that the main input location of coarse-grained sediment and the axis of sedimentation
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was always relatively close, which is likely the result of a fixed location of the upflow canyon
and/or leveed-channel complex. Terminal splays and fine-grained turbidite units are generally
thin in the upper Kaza and additionally less likely stack vertically, indicating an avulsion
dominated depositional system. Feeder channels, although rare, erode underlying terminal
splays. These large channels are interpreted to be the result of erosion by a (locally) out-of-grade
system, which after an upstream avulsion adjusts to its new base level by eroding and back-
cutting through the pre-existing seafloor. Collectively these observations indicate a proximal
basin-floor (middle fan to “distal” upper fan) location of the upper Kaza. Sediment was likely
sourced from a relatively fixed sediment input location (point source type input, see Figure 5.3)
resulting in rapid avulsion in response to the filling of local accommodation, and temporary out-

of-grade conditions.

5.5.1 Ildealized basin-floor lobe and fan model

5.5.1.1 Idealized 2D cross-sections

In this study a lobe is defined as a three-dimensional sedimentary body with a generally
lobate planform shape that includes all stratal elements formed downflow of the channel-levee
complex between major avulsion events (avulsions at the mouth of the channel-levee system or
of the feeder channel). Note, however, that the Mt. Quanstrom and Castle Creek outcrops only
provide a 2D cross-sectional view of basin-floor strata. Figure 5.9 shows idealized 2D stacking

patterns of stratal elements and stratigraphic cross sections, which are based on descriptions of
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Figure 5.9 (previous page): ldealized stracking pattern and transverse cross-sections of
stratal elements. A-D follow observations from the top of the upper Kaza to the middle Kaza
(corresponding to a proximal to distal transect) A) Cross-section of a feeder channel based on
Figure 3.3. Feeder channels are observed only in the most proximal (upper) part of the upper
Kaza (Figure 5.6). These relatively long-lived channels have a terraced erosional scour base that
terminates terminal splays and a complex, multi-stage fill (see section 3.3.2). B) Isolated scours
are most common in the proximal part of the upper Kaza. Here they are latearlly associated with
avulsion splays (see Figure 4.5 and Figure 4.6). Units comprising isolated scours and avulsion
splays are commonly overlain by terminal splays. C) Throughout the stratigraphy of the upper
Kaza avulsion splays are commonly overlain by distributary channels and terminal splays.
Distributary channels, in turn, commonly overlie one another (Figure 3.4). D) In the middle Kaza
terminal splays are typically thicker and stack to form several Dm thick sandstone units (Figure
5.4, Figure 3.2 and Appendix A). Similar stacking of terminal splays is less common, but
observed also in the upper Kaza (Figure 3.5). E) Idealized stratigraphic and scintillometer logs.
Numbers indicate the location of the logs in figures A-D; dotted lines show correlations between
adjacent logs.

stratal element stacking in sections 5.3 and 5.4 and facies distribution within stratal elements in
Chapter 3. Applying Walther’s Law these cross-sections, then, are used to populate an idealized

3D lobe (see section 5.5.1.2).

5.5.1.2 Idealized lobe

An ideal lobe starts its development at the time of an avulsion and spatially immediately
downflow of the avulsion node (Figure 5.10). First unconfined jet flows erode the muddy
seafloor and create isolated scours. At the same time sand containing large mud- and sandstone
clasts accumulates along the margins of the jet. Deposition laterally and downflow of the jet
consists of avulsion splays and/or coarse-grained sandstone, which further laterally and distally
fine and thin rapidly into thin-bedded, fine-grained turbidites (Figure 5.10). If avulsion events
have a short recurrence interval, then flows will be redirected elsewhere on the fan and isolated

scours and avulsions splays will be blanketed with off-axis fine-grained turbidites. Conversely, if
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1 Feeder channels BN Avulsion splays (matrix-rich beds)

I Distributary channels [ Scour fills

[ 1 Terminal splays B Fine-grained sand- and siltstone beds

Figure 5.10: Idealized evolution of a depositional lobe. t1) The lobe is initiated by an
upstream avulsion event at the avulsion node (A.N.). Immediately downflow the initial
unconfined jet flows erode the sea floor creating scours and depositing sandstones and avulsion
splays. t2) Later flows organize themselves into a network of discrete distributary channels that
downflow merge laterally into a terminal splay. At the same time, but further upflow, erosion
creates a feeder channel. t3) During the lifetime of a lobe multiple distributary channel avulsions
result in the vertical stacking of distributary channels and terminal splays. The fence diagram
shows the conceptual internal stratigraphy of a lobe. Lobe length and width dimensions are of the
order of 10s to 100s of km.
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the system becomes stabilized in a single location, then after some time flows become focused
through channels. Pre-existing topography of the seafloor determines the creation of feeder
channels: if the initial slope of the seabed is out-of-grade in relation to general transport
conditions, then an incised feeder channel develops. The feeder channel, in turn, bifurcates
downflow and a distributive network of shallow channels is created (Figure 5.10). If a feeder
channel does not develop, then the distributary channels are attached directly to the upflow
channel-levee system. Shallow distributary channels are relatively short-lived features that
avulse shortly after their formation and commonly stack vertically. Distributary channels become
progressively shallower and wider downflow, until they finally merge laterally at their distal
ends to form a non-channelized sheet-like terminal splay (Figure 5.10). If the system is stable
for a prolonged period of time, then terminal splays stack to form amalgamated sand units up to
several Dm thick (Figure 5.10). Finally, after local accommodation is filled the depositional

system avulses and lobe creation repeats, but elsewhere.

5.5.1.3 Idealized fan

Multiple episodes of avulsion followed by lobe deposition results in the formation of lobe
complexes, and ultimately the submarine fan (Figure 5.11). Basin-floor fan deposits of the
middle and upper Kaza Group form an up to ~2 km thick sedimentary succession (Figure 1.5).
The upward changing sedimentary trend in the Kaza Group, namely a “layer cake” arrangement
of terminal splays and fine-grained turbidites (middle Kaza) to a more complex arrangement of a

larger variety of elements (upper Kaza), is interpreted to represent the progradation of the basin-
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Figure 5.11: Schematic of an ideallized submarine fan complex and its constituent
components — note the progressive change in horizontal scale from lobe to fan complex. At the
smallest scale an individual lobe is created by the process outlined in section 5.5.1.2 and Figure
5.10. Avulsion of the feeder channel results in spatial shifting of the depositional axis, and a new
lobe forms on the seafloor. Several lobes fed by the same channel-levee, but different feeder
channels, then, form a lobe complex. Avulsion of the channel-levee system results in shifts in the
position of lobe complexes, which, in turn stack to form the submarine fan. Avulsion of the
upflow canyon results in the deposition of fan complexes, each fan fed by a different canyon.
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floor fan; an idealized block diagram of the fan is shown in Figure 5.12 with the locations of the
middle and upper Kaza outcrops indicated by red rectangles. The middle Kaza outcrop at Mt.
Quanstrom exposes a more distal location, where upstream avulsions cause large lateral lobe
shifts, resulting in @ monotonous stratigraphy of alternating coarse-grained distal lobe (terminal
splay) and off-axis fine-grained units (Figure 5.12). The overlying upper Kaza outcrop at Castle
Creek, on the other hand, exposes a more proximal location that is close to the mouth of the
channel-levee complex. Here flows are more energetic and form a wider variety of stratal
elements. A relatively fixed input point and more frequent avulsions results in comparatively
thinner stratal elements, yet a higher overall sandstone to mudstone ratio with much more local

sandstone amalgamation (Figure 5.12).

Alternatively, differences in the stratigraphy and architecture between the middle and
upper Kaza Group could be the result of upflow canyon avulsion and deposition in two different
submarine fans, collectively forming a fan complex (Figure 5.11). Due to the size of the
depositional system and structural deformation related to later Mesozoic orogenesis, basin-floor
strata of the WSG in the Cariboo Mountains cannot be linked directly to the feeder canyons
located in the Lake Louise area, a distance of several 100 kms. It is, therefore, not possible to

confirm whether the deposits formed in a single or multiple fans.

5.6 Modelling 1D stratigraphic logs

Depletion of shallow water reservoirs has increasingly shifted the focus of oil companies

towards ultra-deep offshore prospects (e.g. Mulder and Etienne, 2010). In these deep-water
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Figure 5.12: Depositional model of basin-floor fan strata of the Kaza Group. The middle
Kaza comprises laterally extensive distal sheet-like lobe deposits, which in outcrop form
alternating Dm thick sandstone rich terminal splay and fine-grained turbidite units. The upper
Kaza comprises more proximal deposits, plus a wider variety and more complex stacking of
stratal elements. The middle and upper Kaza are stratigraphically separated by the regionally
extensive Old Fort Point marker unit (see Chapter 1.2). Collectively these strata are interpreted to
be the deposits of a prograding basin-floor fan. General flow direction in the diagram is from left
to right; the cut in the middle indicates the location of the outcrops with relation to the channel-
levee system, the left block shows more proximal deposits and the right side shows coeval but
more distal strata.
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settings oil companies rely heavily on relatively low resolution seismic imagery to determine the
architecture of target reservoirs. These data may in some cases resolve the large-scale
architecture of fans and lobes, but only poorly their internal stratigraphy. Reservoir geometry
predictions are, then, commonly assessed by modelling of strata based on spatially sparse core
data and statistical models. Another method is to create synthetic core data that can be used as
input for reservoir models. In this section the results of the Markov Chain analysis (section 5.4)
and the widely available Microsoft Excel™ spreadsheet program are used to propose a technique
for creating 1D stratigraphic logs. The proposed technique comprises two parts: a freeware
Markov  Chain  simulator add-in for Microsoft Excel™ (see section 5.6.1)
developed by Dr. Paul A. Jensen (University of Texas, downloadable at:
http://www.me.utexas.edu/~jensen/ORMM/excel/markov.html), and a spreadsheet that
automatically calculates a thickness for each stratal element in the series output by the Markov

Chain simulator (see section 5.6.2).

5.6.1 Markov Chain simulator add-in

The input of the Markov Chain simulator add-in for Excel consists of the probability
matrix calculated in section 5.4.2 (Figure 5.8b). In addition, the operator needs to specify the
initial “state” of the system (i.e., which stratal element the program uses as a starting point) and
how many steps to calculate (i.e. total number of stratal elements in the simulated stratigraphic
column). Based on the input matrix and the specified variables the add-in automatically

calculates a new series of stratal elements (Figure 5.13). Additionally, the add-in automatically
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Figure 5.13 (previous page): Screenshot of the Markov chain simulator Excel
spreadsheet. The input for the simulator is a probability matrix. The user has to specify an initial
state and the number of consecutive states to calculate. The simulator automatically calculates
the steady state and probability matrix of the simulated sequence for easy comparison with the
input matrix.

calculates the probability matrix and theoretical steady state of the output series, which are useful
data for comparing the output with the input data (Figure 5.13). A new simulation can be started

simply with a push of the “start” button, each time producing a new series of stratal elements.

5.6.2 Creating stratigraphic logs

The output of the Markov Chain simulator is a series of stratal elements based on the
probability matrix. However, these elements cannot be converted directly to a stratigraphic log
because the stratal elements lack thickness. In order to determine their thickness, it is first
assumed that the thickness of each stratal element in the upper Kaza is normally distributed
about the mean thickness of that element in the outcrop (Figure 5.14). In order to create the most
realistic simulated stratigraphic logs an Excel™ spreadsheet is used, which takes the input from
the Markov Chain simulator and outputs thickness values for each stratal element reflecting the

observed thickness data.

The spreadsheet that calculates a thickness value for stratal elements comprises several
columns (Figure 5.15). Column A reads the output series form the Markov Chain simulator
(Figure 5.13). Column D creates random thickness values for each stratal element based on the
element type in Colum A using Excels “NORM.INV” and “RAND” functions. The formula used
in the Excel™ software follows an “IF” type statement, which first determines which stratal

element is present in Column A. Then, the program looks up the mean thickness and standard
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deviation of the thickness for that element (Figure 5.14), and calculates a thickness for the stratal

element in Column A with function: NORM.INV(RAND(), u, o). This function returns the

thickness value based on probability RAND() (a random number between 0 and 1), mean

thickness of the given stratal element (1) and standard deviation of the thickness (o). These

values are based on a normal distribution, and therefore nonrealistic thickness values are

occasionally calculated (i.e. values of 0 or less). Unrealistic values, then, are set to 0.1 (0.1 m is

the cutoff value of stratal element thickness), and all values are rounded to one decimal in

Column B. Column C calculates a cumulative thickness for the stratigraphic column.
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Figure 5.14: Thickness distribution of stratal elements in the upper Kaza. Observation
counts are represented by the blue histogram and the calculated normal distribution is shown by
the green curve. Because a negative thickness is unrealistic the normal distribution is forced to be

0 for a theoretical thickness of O or less.

162



A B C D
Random thickness
Element Thickness Cumulative thickness values

sC 1.9 1.9 1.913094898
f 0.4 2.3 Create random 0.431293492
ts 4.2 6.5 numbers 4.15983555
ts 6.6 13.1 6.564978678
ts 6.6 19.7 6.616184626
ts 4.5 24.2 4.538689411
as 1.0 25.2 0.987905956
ts 4.4 29.6 4.362839306
as 0.1 29.7 -0.145910119

Figure 5.15: Example of the spreadsheet that calculates thicknesses for the simulated
series of stratal elements.

The final output of this Excel spreadsheet technique is a series of stratal elements that is
based on the input probability matrix, and each stratal element has a unique thickness value that
is based on the normal distribution of thickness of stratal elements observed in the upper Kaza.
These data, then, are plotted in order to visually inspect the output and compare the simulated
stratigraphic logs to the upper Kaza stratigraphic logs. Four simulated logs are shown in Figure
5.16 and show a remarkable visual similarity in both distribution and thickness of stratal
elements to the measured section from the upper Kaza at Castle Creek. Such artificial logs could
potentially be useful input for more sophisticated geologic software that create geocellular,

reservoir and synthetic seismic models.
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Figure 5.16 (Previous page): Comparison of a log of stratal elements in the upper Kaza
and four simulated logs. Visually the simulated logs appear to represent the input data well.

5.7 Conclusion

In this chapter the stratigraphic distribution of stratal elements in the middle and upper
Kaza were described. The middle Kaza has a relatively monotonous stratigraphy consisting of
alternating Dm thick coarse-grained sandstone and fine-grained turbidite units. These strata are
interpreted to be distal lobe deposits corresponding to the middle and lower fan. The layer-cake
stratigraphy is interpreted to be the result of upstream avulsion and the lateral shifting on lobes
over distances of several 10s of km, and accordingly activates or deactivates the local

sedimentary system.

The upper Kaza comprises a wider variety and more complex arrangement of stratal
elements. Debrites and common erosional features suggest a proximal location. The high
sandstone to mudstone ratio and relatively thin stratal elements indicate that the sediment source
was close by and that the system was avulsion dominated. Markov chain analysis is used to
quantify the vertical transitions between stratal elements, the result of which confirm the visual
and field observations. These strata are interpreted to be more proximal deposits corresponding

to the upper and middle fan.

These data are then used to propose an evolutionary development of a depositional lobe.
Lobes are initiated by an upstream avulsion event. Scours, avulsion splays and sandstones
containing large rip-up clasts comprise the first stratal element of a lobe. Subsequent flows create

a distributary network, which downflow transition into terminal splays. However in cases where
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following avulsion the seafloor is initially out-of-grade, extensive scouring forms an incised
feeder channel that downflow transitions successively into distributary channels and then
terminal splays. This feeder channel, then, is active for the lifetime of the lobe, while the
downflow distributary channels and terminal splays avulse, creating stacked units of these stratal

elements.

In the last section of this chapter a process is proposed for creating artificial sedimentary
logs. This method consists of two parts: simulating a sequence of stratal elements based on the
observed transition matrix, and calculating a thickness for each stratal element. The output
stratigraphic logs based on this method show a good fit with the input stratigraphic logs of the

upper Kaza.
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Chapter 6: Thesis conclusions, contribution and areas for

future research

6.1 Conclusion

The final repository of coarse-grained clastic sediment is the deep-water basin-floor fan.
These sedimentary systems are, despite their large size, one of the least understood on Earth.
Submarine fans on and under the modern seafloor are typically investigated with seismic, sonar
and core, which typically lack the vertical and lateral resolution, respectively, to effectively
identify and characterize small-scale stratal elements that make-up submarine fans. Outcrops of
ancient submarine fans, on the other hand, are typically hampered by lateral and/or vertical
exposure limitations, and worldwide only a small number of exceptional outcrops provide the
crucial link between the mm- and meter scale (lamina to bed) observations and cm to km-scale
(lobe to fan) elements. One such system is the deep-water turbidite system of the Windermere
Supergroup. In this thesis two well-exposed occurrences of the more proximal upper Kaza Group
and more distal middle Kaza Group are described and interpreted to document, at various scales,
submarine fan deposits of the Windermere turbidite system. The narrative of the thesis follows a
logical scalar progression, starting with the description and interpretation of strata at the lamina
to bed scale, then stratal element scale and finally the lobe and fan scale. Each scale forms part of
a stratigraphical hierarchy, where smaller scale features populate the sedimentary bodies of

progressively larger scale features.

At the lowest hierarchical level seven sedimentary facies make up the stratigraphy of the

middle and upper Kaza Group, including:
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. Coarse-grained massive and graded sandstone deposited by concentrated and

hyperconcentrated turbidity currents;

. Coarse-grained graded sandstone capped by dune cross-stratified and/or planar

stratified sandstone. The basal part of the bed was deposited by concentrated and

hyperconcentrated turbidity currents; the tails of the currents reworked the underlying

bed to create dunes and/or upper stage plane bed;

. Coarse-grained graded sandstone with finer grained Bouma turbidite (Ty,.g) tops. The

basal part of the bed was deposited by concentrated turbidity currents; the upper part

of the bed was deposited by the dilute tail part of flows;

Medium- to coarse-grained, massive to coarse-tail graded, matrix-rich sandstone

capped by a sandy silt-mud layer deposited rapidly by “transitional” flows containing

a high concentration of fine-grained sediment;

4.1. Like Facies 4, but with ripple cross-stratification between the featureless basal
part of the bed and the sandy silt-mud cap;

4.2. Like Facies 4, but containing small, elongated and commonly sheared mudstone
clasts.

4.3. Beds with an abrupt upward increase in matrix content;

. Coarse-grained massive and graded sandstone containing anomalously large sand-

and mudstone clasts deposited by concentrated and hypercontentrated turbidity

currents. The sand- and mudstone clasts are interpreted to have been sourced locally

and deposited rapidly;

Fine-grained, thin-bedded turbidites deposited by dilute turbidity currents;
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7.

Chaotic fine-grained deposits containing abundant deformed sandstone and mudstone

clasts interpreted to be debrites.

Collectively these seven facies make up larger, meso-scale stratal elements in the middle

and upper Kaza Group, including:

1.

2.

Isolated scours comprising scours up to several 100 m wide and few m deep with
sharp erosive bases and typically a coarse-grained sandstone fill. Beds of the fill are
amalgamated and near the base onlap the basal scour surface, beds near the top of
the scour are continuous across and beyond the scour margins;

Auvulsion splays consisting of matrix-rich sandstones and matrix-poor sandstones
that contain large sand- and mudstone clasts. Avulsion splays form units up to
several m thick and several 100 m wide. Laterally and distally matrix-rich beds
typically thin and fine;

Feeder channels that have an up to 15 m deep terraced erosional basal surface and a
complex, multi-stage channel fill comprising amalgamated coarse-grained sandstone
in the channel axis and stratified sandstone and fine-grained turbidites towards the
margins. The upper part of the channel fill comprises abandonment facies (thin-
bedded, fine-grained turbidites);

Distributary channels are up to few meters deep and several 100 m wide. The low
aspect basal scour surface is overlain by amalgamated coarse-grained sandstone near
the channel axis, which fine and thin both upward and laterally. Beds of the channel
fill drape the basal scour surface and in many cases are continuous from the

channel’s axis onto its margins;
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5. Terminal splays comprise typically >90% amalgamated coarse-grained sandstone
bodies that are up to 10 m thick and typically are laterally extensive showing little
change in facies or thickness across the outcrops;

6. Fine-grained turbidite units are up to 35 m thick and comprise thin-bedded, fine-
grained Ty turbidites with coarse-grained sandstone interbeds. These units are

typically laterally extensive, but in the upper Kaza are locally eroded.

These stratal elements are systematically and predictably arranged, both spatially (along a
single depositional transect) and temporally (stratigraphically upward) and form the sedimentary
bodies of depositional lobes. Lobes typically became initiated by channel avulsion, and hence
deactivation of an older lobe. In the proximal part of the system scours up to several meters deep
and several tens to hundreds of meters wide are interpreted to have formed by erosion within a
hydraulic jump downflow of an avulsion node. Erosion also formed the common large, tabular
mudstone clasts, some up to 9 m long and 40 cm thick, and charged the flow with fine-grained
sediment. Laterally and further downflow rapid expansion and consequent deposition from
successive flows built-up dm- to several meter-thick units consisting of distinctively matrix- and
mudstone-clast-rich beds, termed avulsion splays. Avulsion splays are significantly more
common in the proximal basin floor, and commonly are observed beneath distributary channel

and terminal splay deposits, and indicate activation of sedimentation, at least locally.

Successive flows then exploited the basin-floor topography and on the proximal basin-
floor carved an up to 15 m-deep feeder channel. It then expanded and bifurcated downflow
forming a network of shallow (several m deep) distributary channels, which eventually terminate
in sandstone-rich terminal splays, each a few up to about 10 m thick. Both these elements

commonly overlie the earlier deposited matrix-rich beds of an avulsion splay. During the lifetime
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of a single lobe the feeder channel remains fixed, but the downflow distributary channel network
and its associated terminal splays wander, causing them to stack vertically. Eventually an
upstream avulsion shuts off local sediment supply, causing a new lobe to be initiated elsewhere

on the fan, and the processes outlined above repeats.

Stacking of lobes, in turn, builds the largest scale sedimentary body, the basin-floor fan.
The architecture of the fan is inferred from the long-term (km-scale) trends in stratigraphy. In the
more distal middle Kaza, alternating Dm-thick sandstone and fine-grained units are interpreted to
be the distal parts of sandy lobes and inter-lobe deposits, respectively. The sheet-like
arrangement of these units and their thickness indicates that upstream avulsions resulted in
significant lateral displacement of lobes in this distal location, which in turn activated and
deactiveated the local sedimentary system for long periods of time. In the upper Kaza, on the
other hand, its more complex stratigraphy, more common erosional features and higher overall
sandstone to mudstone ratio indicates that a point-source input located not too far upflow fed the
system, and compared to the middle Kaza was much more avulsive in response to the more rapid

filling of local accommodation space.

Modelling 1D stratigraphic logs is a potential first step towards 2D and 3D basin-floor
fan models, including geocellular, reservoir and seismic models. In this thesis a method to create
synthetic 1D stratigraphic logs is presented, which is based entirely on the universally available
Microsoft Excel™ program. The only input needed for this modelling is the original measured
stratigraphic logs, which are then used in a Markov chain analysis to calculate the transition
matrix between stratal elements and basic statistics of their thicknesses. The final output of the
model consists of simulated logs, which upon visual inspection show good similarity with the

original (field measured) input logs.
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6.2 Contributions

Motivation to study basin-floor fan deposits is both academic and economic. These

deposits house some of the largest hydrocarbon reserves in the world, and a detailed knowledge

of their internal stratigraphy aids in the assessment of drilling risk and help to improve overall

hydrocarbon recovery. Petroleum companies rely heavily on models to predict the value of

hydrocarbon assets, and commonly use forward modelling based on limited datasets.

Collectively the observations in this thesis support existing lobe and fan models, but also provide

some conceptual refinement and some important new sedimentological insights. Main

contributions of this thesis include:

The WSG is, to date, the only ancient continental scale passive margin system with a
mixed grainsize distribution that has been described in detail. As such, the basic facies
descriptions and interpretations provide valuable information about how these systems
are formed and the flows that create them.

With the advance of high-resolution seismic some architectural (stratal) elements have
been identified in the subsurface, and outcrop studies have also contributed significantly
to our knowledge of these meso-scale elements. In subsurface studies, however, the
internal facies and facies distribution are inferred from seismic reflectors or widely
spaced drill cores, and as a result are generally not well known. Outcrop studies,
therefore, provide the key information to fill the knowledge gap between these datasets
and seismic. This study contributes by describing the internal stratigraphy of all stratal

elements in the WSG.
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Matrix-rich sandstones have been described from various other modern and ancient
systems, but only on the margins of the sedimentary system. In the WSG units of matrix-
rich sandstone are, in contrast, most common on the proximal basin floor. Here these
deposits are termed avulsion splays, and a novel model for their emplacement is
proposed.

Based on the spatial arrangement of stratal elements in the upper and Kaza groups a
model for lobe evolution is proposed. Although this model follows existing models that
describe the spatial arrangement of stratal elements closely, it adds to them by proposing
a complete evolutionary model of lobe deposition from initiation by an upstream avulsion
to shut-down. Additionally, existing lobe models typically include distributary channels,
terminal splays and fine-grained deposits only, and rarely feeder channels. The lobe

model proposed here also includes isolated scours and avulsion splays.

6.3 Areas for future research

6.3.1 General

This study focused on the middle and upper Kaza Group, which are interpreted to be
middle and upper fan deposits, respectively. Previous studies have interpreted the lower
Kaza to be distal (lower) fan deposits, but to date no detailed work has been conducted to
document its sedimentology or stratigraphy. This work is essential in order to complete
the basin-floor fan model of the WSG.

Observations at a regional scale indicate that the general stratigraphy of the middle Kaza

is similar to that described here, at least on a scale of 10s of kilometers. A more detailed
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6.3.2

6.3.3

regional study of the middle Kaza, including several known outcrops, would provide a
better overall picture of the large-scale stratigraphy and spatial changes in the more distal

but still sand-rich part of the WSG basin-floor fans.

Chapter 2

Petrographic analysis in this study consisted principally of visual inspection of the rocks
in the field, supplemented by thin section analysis of representative samples of each
sedimentary facies. A more systematic petrographic thin section analysis that consistently
samples individual beds both vertically and along strike would provide further insight
into flow characteristics at the time of deposition.

Investigating in detail the post-depositional diagenetic and metamorphic processes that
have affected these rocks was beyond the scope of this thesis, but a more detailed
petrographic and geochemical study may reveal interesting clues regarding these post-
depositional processes. This additional study would be helpful in better understanding,
for example, if fine-grained and coarse-grained strata were affected unevenly by
deformational (tectonic) stress, and whether observations reported here need to be

adjusted in any way to better interpret primary depositional conditions.

Chapter 3

Most stratal elements were walked out in the field to aid stratigraphic correlation and
allow general observations to be made regarding facies and bedding trends. However,
only two sand units were mapped in bed-by-bed detail in the middle Kaza (Figure 3.2 and

Appendix A). Such high-resolution mapping provides valuable information regarding the
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6.3.4

internal bed-scale architecture of stratal elements that cannot be captured even by closely
spaced logs. In the best exposed areas of the upper Kaza outcrop at Castle Creek several
stratal elements could be mapped in similar detail to provide more information of their

internal make-up.

Chapter 4

In this chapter matrix-rich sandstones were subdivided into four subfacies. Future
research (ongoing in 2013 as part of Natasa Povovic’s M.Sc. thesis work) will map the
lateral trends and changes of subfacies in matrix-rich beds. Of particular interest is the
lateral extent of ripples that cap some beds and their spatial relationship to the matrix-
poor sandstone facies. These observations, then, will provide additional insight into the
spatial evolution of fine-grain sediment laden flows.

This study described what is interpreted to be a lateral progression of deposits in and
adjacent to a plane wall jet flow with or without a hydraulic jump. Natasa Popovic’s
thesis work includes several additional units comprising matrix-rich sandstones.
Preliminary work in 2012 indicates that at least one section includes a more longitudinal
or oblique profile, which will add to the depositional model proposed in this thesis.
Similar to the point made regarding Chapter 2, additional detailed petrography of matrix-
rich sandstones would add valuable data and aid in the interpretation of the formative

depositional flows of these strata.
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6.3.5 Chapter5
e In this study only the lower ~120 m of the upper Kaza at Castle Creek was mapped in

detail (Figure 5.7). A similarly detailed map of the upper part of the upper Kaza exposure
would provide not only a more complete picture of these deposits, but also provide
additional raw data as input for statistical analysis and modelling.

e The Markov chain analysis in this study can be expanded with statistical testing to verify
whether the observed transition matrix can be explained by a random process, or if the
vertical trend of stratal element succession is guided by some underlying process.

e Modelling of the proximal basin floor is restricted to 1D stratigraphic logs in this study.
Future work may include 2D and 3D stratigraphic modelling, including geocellular,

synthetic seismic and reservoir models.
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Appendix B: Description and interpretation of the six facies

identified in basin-floor strata of the Windermere Supergroup.

Description Interpretation
Sediment Depositional process Type of flow
n . Stratigraphic support and
'§ Lithology attributes transport
= mechanism
Massive to normally coarse- Beds range from Near the bed Structureless massive or graded beds Poorly stratified
tail graded, upper very coarse several and front of indicate deposition from the base of concentrated density
to lower very coarse sub- decimeters to >3 the sediment- | the flow by gradual although rapid flows sensu Mulder
arkose sandstone with locally m thick. Basal charged aggradation (Arnott and Hand 1989; and Alexander 2001 or
dispersed sub-angular contacts turbidity Stow and Johansson 2000, Sumner et high density turbidity
granules and pebbles up to 8 commonly current grain- | al. 2008). Here sediment concentration | current sensu Lowe
mm in diameter Matrix undulate with to-grain exceeded flow capacity (Allen 1991) 1982.
content is ~20-30% and scours up to 30-40 | interaction and sediment was deposited rapidly The presence of
consists of silt with minor cm deep. Beds are | and hindered | from collapsing laminar sheared layers, | dewatering and
chlorite and muscovite. commonly settling are preventing the initiation of traction loading structures in
Rounded to sub-angular amalgamated. probably the current bed forms (Arnott and Hand coarse sandstone
mudclasts are present locally. Pipe, dish, ball- primary 1989, Kneller and Branney 1995; indicates rapid
Scintillometer measurements and-pillow and support Sumner et al. 2008). Sediment was deposition of sand and
are between 40-60 counts per | flame structures mechanisms, replenished by downward settling short recurrence
second (cps). are abundant but near the from areas higher in the flow (Kneller interval between
1 locally. top and and Branney 1995; Stow and depositional events
towards the Johansson 2000; Sumner et al. 2008). (Lowe 1975; Stow and
tail where the | Mudclasts may have been transported Johansson 2000).
flow is less in such flows along a density interface
dense and separating the lower, dense part of the
grain size current from the upper, more dilute
smaller, part (Postma et al. 1988).
turbulence
most
probably
dominates
(Bagnold
1954, 1962;
Middleton
and Hampton
1973; Jaeger
et al. 1996).
Coarse-tail graded sandstone. Beds are typically Similar to Basal graded part of bed is similar to Type of flow
Matrix is generally absent in ~1-2 m thick; Facies 1. deposition of Facies 1. depositing the basal
the upper part of the bed and bases are Medium- and large-scale cross- part of the bed is
pores are filled with ferroan commonly stratification at the tops of beds are similar to Facies 1.
calcite cement. Scintillometer erosional with interpreted to be dunes whereas The presence of dunes
measurements range from 30- | shallow (<20 cm planar stratified sandstone is indicates that the
50 cps in the lower, graded deep) scours. interpreted to represent plane bed formative flows were
2 sandstone part of the bed, Beds are capped transport in high or low concentration sufficiently dilute to
and decrease to 20-30 cps in commonly with flows. Both formed of sediment permit the initiation,
the well-sorted layer at the medium- to large- reworked from the underlying amplification and
top. scale (5 cm to >1 structureless part of the bed. development of dune
meter) cross- bed forms (Arnott
stratified or 2012; Talling et al.
planar-laminated 2012), whereas, if
sandstone. flows were faster
and/or the sediment

197




concentration too
high, traction-
transported sediment
formed plane bed
(Arnott 2012).

The basal part of the bed
comprises coarse-tail graded
sandstone similar to Facies 1.
This, then, is overlain abruptly
by distinctly darker grey-
coloured, fine and very fine
sandstone. Small, rounded
mudclasts are typically
concentrated near abrupt
grain size change within the
bed. Scintillometer
measurements range from 40-
60 cps in the lower, graded
sandstone part of the bed,
and increase to 60-75 cps in
the well-sorted layer at the
top.

Bedsare ~1m
thick. Grain-size
change is abrupt
between the
lower and upper
part of the bed.
The upper part
comprises
common planar
and ripple cross-
lamination,
capped locally by
a thin layer of
siltstone.

The sediment
support
mechanism
for the lower
part of the
bed is similar
to Facies 1.
The upper
fine-grained
part of the
bed most
probably
indicate fully
turbulent
conditions in
alow
concentration

Depositional process of the graded
basal part of beds is similar to Facies 1.
In the upper part of the bed, high
matrix content in the planar-laminated
sandstone indicates capacity driven
deposition that prevented formation
of angular bed forms (Leclair and
Arnott 2005; Sumner et al. 2008;
Arnott 2012; Talling et al. 2012). The
overlying unit of single-set, non-
climbing ripple cross-stratification is
analogous to the Bouma Tc division
(Bouma 1962) formed under low rates
of sediment fallout (Khan and Arnott
2010). The uppermost siltstone drape
indicates deposition from the low
energy tail part of flows and is

The type of flow
depositing the basal
part of the bed is
similar to Facies 1. The
upper part of the bed
was deposited from a
decelerating and
longitudinally
stratified flow with a
high-concentration
body depositing the
relatively matrix-rich
planar laminated unit,
followed by a dilute
tail that formed the
ripple cross-stratified
and then silt layers.

flow (Mulder analogous to the Bouma Td division

and (Bouma 1962).

Alexander

2001; Talling

et al. 2012).
Massive to coarse-tail graded Basal contacts are | The grainsize | Distinctively poorly-sorted, matrix-rich, | The poorly-sorted,
subarkose sandstone with a typically non- and high massive to subtly graded beds with matrix-rich nature of
grain size ranging from lower erosive. Bed matrix abundant mudclasts represent beds and the even
medium to lower coarse sand, | thickness ranges content capacity-driven deposition from flows distribution of

and commonly with abundant
(30-50%) chlorite and
muscovite matrix with minor
silt, giving the rocks a
distinctive dark grey-green
colour. Rounded and
elongated sandstone and
mudstone clasts are locally
common, and are typically
sheared and highly plastically
deformed; their abundance
varies laterally over 10’s to
100’s of meters, but are
vertically uniformly
distributed within the bed.
Scintillometer readings range
from 50-70 cps.

from10cmto 1
m. Small-scale
(<5cm thick)
cross-stratification
(i.e. ripple) is rare,
but where present
occurs at the top
of the bed and
contains notably
less matrix.

indicate that
turbulence,
grain-to-grain
interaction,
buoyancy and
hindered
settling
played
important
roles in
suspending
sediment
(Mulder and
Alexander
2001).

undergoing extreme rates of sediment
fallout (Hiscott 1994; Leclair and
Arnott 2005). Such high rates of fallout
completely suppressed the
development of tractional bed forms
(Arnott and Hand 1989; Leclair and
Arnott 2005; Sumner et al. 2008). The
ripple cross-stratified layer at the top
of some beds is notably better sorted
and finer grained, indicating deposition
of new sediment sourced from the low
energy, dilute tail part of flows
(analogous to the Bouma Tc division;
Bouma (1962)).

dispersed mudclasts
indicates that these
flows were likely
poorly stratified, and
may have been
transitional in nature
between cohesive and
non-cohesive flow
(Talling et al. 2004,
2012; Baas and Best
2002, 2008). However
most beds are coarse-
tail graded suggesting
that grain mobility was
not entirely restricted
and that some
differential grain
settling occurred.

Graded fine-grained
sandstone to siltstone and
mudstone. Scintillometer
readings range from 60-65 cps
in sandier intervals to over
120 cps in mud rich intervals.

Beds range from 1
cm to 20 cm thick.
Beds typically
composed of a
thin structureless
unit overlain by
planar and/or
cross-laminated
sandstone, and
topped by a thin
silty cap.

Sediment was
fully
supported by
fluid
turbulence.

These beds are analogous to Bouma
Tabcd(e) turbidites (Bouma 1962).

Relatively dilute, well
stratified and fully
turbulent flows.

Matrix-supported, ungraded
conglomerate composed of a
mud-rich matrix and
chaotically dispersed sand-
and mudstone clasts.
Dispersed quartz pebbles are

Beds are ~1 to
several 10’s of m
thick. Clasts are
typically sheared
and deformed,
but commonly

Matrix
strength
provides the
main
sediment
support.

Deformed clasts indicate that they
were consolidated but not lithified at
the time of transport. The occurrence
of large meter-scale clasts indicates
that turbulence, which most likely
would disintegrate unlithified clasts,

Cohesive debris flow
with high (up to >90%)
sediment
concentration (Leeder
1982).
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present also and locally
abundant. Scintillometer
readings tend to be highly
variable, but generally are of
the order of 50-70 cps.

preserve original
stratification.

was damped (Postma et al. 1988). The

flow deposited by “en-masse” freezing
(Mulder and Alexander 2001; Talling et
al. 2012).
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Appendix C: Location of cross-sections in the Upper Kaza.

Image showing the location

of figures in chapters 3 and 4.

1000 m

and siltstone beds

I Distributary
channels

I Avuision splays

I Fine-grained sand-

I Feeder channels
Terminal splays

B scour fills

200



Appendix D: Stratigraphic correlation of the Middle Kaza at the
Eagle Valley outcrop.

~ Inset image shows

location of the Eagle Valley

outcrop. Background images
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Appendix E: Combining aerial photogrammetry and terrestrial

lidar for reservoir analog modeling
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Combining Aerial Photogrammetry and
Terrestrial Lidar for Reservoir
Analog Modeling

Simon ). Buckley, Emesto Schwarz, Viktor Terlaky, John A. Howell, and R.W. (Bill}) Amott

Abstract

i ution aerial photography was captured covening o
'E-:Lnloym]‘ o at Costle Creek, Britizh Columbin,

ada. Here, for the of hydmcarbon anal

maodeling. the mwmppmmrmuuﬂﬁ be accuntely I:lssu.r
veyed, so that key stratigrophic surfoces could be m up
three dimensions. Because the ontcrop strofo wens
origntated, Lhﬁesulj’ncesmﬂdbehud’edmumdem
however, to provide a tue reconstruction of the geology. it
WIS I to also model locolized vertical :.'Igﬂs id-
ing a cross-section through theshuhp‘a'{TMMur
wos utilized to cover these cliff sections which were poorly
represented in the 250 oeral doto. The integrated ooterop
surfoce wos textured with metric seral and ternestrial
LIJ'H!F providing a photerealistic model that could be nsed
Jor Ifgr.|'lp-.|'.=.-it1'.1'.‘.n:mH %m.msfmmedﬂremfw
building a geuc‘ei.hh.r I af Lheg:-]nl‘ngrmﬂ volume, witich
was used fo assist in the umd'emtan_wdg of subsurface
reservoirs where daota are often limi

Introduction
The use of digital spatial data collection techniques is
hecoming common within the geology Ii'ISEIE];.I]E In partico-
lar, studies of hydrocarbon outcrop analogs have recently
begun to embrace technigues a'u.t:h as digital photogramme-
bal positio (crs), and laser i
Hﬁﬂeﬂ" ol 5004; Bellan f al, 7005 Lebel o a. 2007
Buckley et ol., 2008). Outcrop anzlogs give geologists first-
hand experience of the d itional environments and
geomatric configurations of subsurface odl and gas producing
resarvoirs, and aguifers. Because the subsurface is normally
inaccassible for study, except for disparate drilled well bores
and geophysical measurements, |:| analogs are used to
improve the statistical mode: lanning an
extraction str for hydr |i1.1|::tum:| tBnng]
et al, 2006). Typically, a geme]]ul.a: model is wsed to
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volume. Such a
. and gealogical
fzation of the

represent the resarvoir or reservoir anal
model integrates geometrical, gauphd'ra
interpretation into a ::umputer -based reali
subsurface. The logical features (for example,
stratigraphic Esau.dfa i5) constrains the model in
spa.ce HI:IJJE grid cells (voxels) are assigned properties
relating to the geology, porosity, penmeability, and fuid
saturations. Fluid flow simulation can then be used to assess
the production potential of the geological volume and the
impact of different heterogeneities and well distributions
upon the recovery from the oil fisld. In recent years,
geocellular models of reservoir analogs have been generated
combining geometrical configurations and sadimentological
attributes extracted from o data and petrophysics from
resarvoirs (e.g. et al, 2007). The contribution of
HiCs iques within this scenario is by providing

resolution and accurate geometry for constraining the
g,ﬂ.ot:a]lula: maodel. In addition, the creation of virtual
outcrop models gives a thres-dimensional environment for
imt tion, analysis and education which, combined with
traditional field data, is of extreme valus for the geol Dﬁ]
(Lebeal and Da Roza, 1999; Banerjee and Mitra, 2004). Higher
resolution spatial data allows more detailed studies to be
carried out at a variety of scales, and in a more gquantitative
manner Ihaneromble using traditional field technigues
alona al.

Entem. for outcrop selection are based on the similarity
of the analog processes and geology within the subsurface
Tesarvoir, the of exposure, and the "three-dimension-
ality” of the owtcrop, as well as more ical issues, such
as vegetation cover and accessibility. The amount of three-
dimensional ex is critical for being abls to recreate
the geological wolume (Bryant ef al., 2000; B et al.,
2004; Enge ef al, 2007), and the must have surfaces
exposing the geology along the dip direction [(Groshong,
1900 thumit u;':iu.ul b-eppnaaihle to determine the
wﬂq of key stratigraphic surfaces behind the owtcrop

increasing uncertainty in the resultant model. For
subsurface reservoirs, where ap ssismic data are available,
surfaces may be tracked owver large distances in all direc-
tioms; however, for ouicrop data where surfaces di.na.pﬁar
below, or are eroded above, the , recreating
geometry is more challenging. In this cass, the available

Ph}ﬂmﬂlﬂlﬂﬂm Engineering & Remote Sensing
ol. 7&, No. 8, August 2010, pp. 863063,
D088-1112f1VTE0E—D963/$3.00/0
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three-dimensionality is used to constrain the modelad
geological volume, using lines sJ:ll:lEmm |:||:Lﬂ:|.=.-
outcrop to act as guides for mﬂ

the outcrop faces. Coupl Hl:lwl'rJ:L manemmvenunnep—
tual geological model of the system, developed

traditional fieldwork, which is used to assist with surface
recraation.

The introduction of terrestrial laser scanning (lidar) has
had a large impact on the stody of outcrops, as the rapid,
precise data acquisition of the active laser sensor allows
wpuaraphy to be captured without the relatively complex

processing workflow of closs-range
di,git.al photogrammetry. The associated uncertainties in
antomated temrain extraction, caused by a complicated
surface or low image texture, are also removed, making the
procedure attractive for non-specialists. This has been seen
in the recent growth of applications and literature ralated to

laser scanning in geclogy (Bellian of al, 2005; Sagy of al.,
2007; Buckley ef al., 2008).
This paper ra on research two tech-
nigues, m%‘ aenial phot and terrestrial laser
m‘eatmg a -resolution photo-realistic modal

larg at Castle Creek, past-central
Iumhua [‘anad.a.%‘hﬂnltem:hanctmdhj
warticall; layers, a result of compression and uplift
during the building of the mountzin balt within the south-
ern Canadian Cordillera, where the study area is located.
The integration of the two methods was therefore required:
aerial phot to model the overall outcrop surface,
and terrestrial lidar to develop the thirtd dimension at
localized cliff sections pn:rvil:ll:ng a cross-section through the

siratigraphy. The model was then used as the basis for
imt on and digitization of jcal surfaces, allow-
ing recreation of the geology within a geocellular model.

Background to the Castle Creek Study Area
The Castle Creek study area is situated in the Cariboo
Mountains, east-central British Columbiz, Canada. These
mountains form of the southern Canadian Cordillera, an
axtensive oragenic belt that borders the western of
Canada and was built mainly during the Mesozoic
et al., 1985]. At Castle Creek, a 2 km-thick succession of
sandstones and mudstones belonging to the Neoproteroeoic
Windermere Supergronp crops out 1). The present
day strata d.lfl near-vertically, as th ve been rotated
approximately 85° during up]J.'Il from the near-horizontal
satting in which they were originally deposited (Ross and
Amott, 2008). Additionally, due to the ralatively recent
retreat of the Castle Creek glacier, the outcrop surface is

polished and largely free etation. This allows geolo-
gﬂ to track key stratigraphic surfaces and bed

erally for hu::ﬂl‘ed.a of maters, while the stratigraphy can
b followed up uninterrupted for over two kilometers

1). This is in comtrast io many analog studies,

which may be limited in terns of stratigraphic thickness by
the height of cliffs or depth of quarrying, as well as areal

axtension provided by o EXPOSLTE.
The succession exposed at Castle Creek is i to
resant deep-marine sediments deposited mainly

turbidity cuments in a

ive [continental) margin, and is
collactively known as

Windermera Turhidite System [Ross

Ross, 1991).

Figure 1. Aenal photograph mosaic of Castle Creek, British Columbia, Canada, showing extents of
the geclogical area, the stratigraphic units of the Windermere Turbidite System and the location of
the Isaec Channel 3 section. Also shown is the coverage of the oem created from the stereo aerial
photography (dashed-dotted line) and the location of cliff sections scanned using terrestrial lidar
{dashed lines). Insat: location map showing the extent of the Windermere Turbidite System [after

B4 Aopure 2070
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Figure 2. CIiff section exposing channel bodies of the Isaac Formation, as photographed from the
ground (cliff height: approximately 90 m). The Isaac Channel 3 study area is highlighted.

and Amott, 2008). The Kaza Group at the bottom of the
saction is com of sandstone-dominated, sheet-like to
Hgg:]y—dlanne ized depasits interpreted to represent a basin
setting (Ross and Amott, 2008). The overlying Isaac

Formation comprises six major, laterally extensive (kilometer-
scale), sandstone-rich units surrounded by thin-bedded,
mudstone-rich strata and debris-flow/slide complexes,
interpreted to represent slope deposition (Schwarz and
Amott, 2007; Ross and Amott, 2008). These deep-marine

osits are relevant because of current h explo-
ration and development being conducted in similar continen-
tal- in basins, such as ore Brazil, West Africa and the
Gulf of Mexico (Schwarz and Amott, 2007).

This particular study focused on a detailed subset of the
Castle Creek area, with aim of modeling of a single

channel body as a geocellular volume. This area

(marked on Figure 1; Figure 2) was termed Isaac Channel 3
and represents one of six major sandstone-rich channel units
present within the Isaac Formation at Castle Creek (Navarro
et al., 2008). This unit provides geologists with the opportu-
nity to study well-exposed channelized deposits and
laterally adjacent levee and overbank deposits, as well as
acting as an analog for modern turbidite settings (Navarro
et al., 2008). The size of the Isaac Channel 3 area was
approximately 1,100 m by 100 m and, like the Castle Creek
area as a whole, consisted of a well-exposed 2D section. For
this study, it was aimed to be able to map the relative
position of key geological surfaces with a precision of
around 0.3 m over the outcrop extent.

Technique Selection

The near-vertical orientation of the layers means that the
outcrop stratigraphy is exposed effectively as a two-dimen-
sional cross-section. Because of the lack of vegetation on
the outcrop surface, a method such as digital aerial

PHOTOGRAMMETRIC ENGINEERING & FEMOTE SENSING

photogrammetry or airbarne laser scanning would have been

suitable for acquiring topographic data. However, the
relatively smooth outcro . and the requirement for
high-resolution image geological mz;:rmg meant that
agerial stereo- hotogn;{ method for

cE was the preferre

terrain modeling. In addition, as part of earlier work on the
Castle Creek outcrop, high-resolution aerial photography had
already been captured and was available for photogrammetric

processulxg' (Schwarz and Amott, 2007}
For the Isaac Channel 3 study area, a certain amount of

three-dimensionality was present in the topographic undula-
tion of the outcrop surface. However, near-vertical cliffs

{up to 100 m high) occurring in the Castle Creek area, and
across the study section (ﬁg\il.re 2), offered the opportunity
to model more detailed profiles through the outcrop.
Although the aerial p! rammetric data gave excellent
coverage of the outcrop surface, little ap information was
present for the modeling of the volume. Vertical aerial
photography allows onlf' a 2.5D representation of the terrain,
which was insufficient for this study, where extra detail in
the cliffs was required. Therefore, a terrestrial laser scanner
equif:uped with a digital camera was used to ire higher
resolution terrain data covering selected cliffs, which
allowed the continuation of the geological surfaces in the
dip direction into the outcrop (Figure 3) to be retrieved. In
this way, the two techniques were complementary, with the
aerial data giving more zp coverage of the whole area where
less accuracy was required in mapping the various layers,
and the laser data gave increased accuracy and allowed the
interpretation of more subtle details of the ap geometry.

Data Collection Methodology

Aerial pl phy had been flown in summer 2001 using a
calibrated Zeiss RmMx TOP30 camera equipped with a 300 mm
lens (calibrated f = 304.953 mm). With a flying height of

Avgazt I010 955
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Stke
direclivn

Truz dip
drectar

Figure 3. Diagram showing the reguirement for three-dimensional exposure when
attempting to model a geoclogical outcrop: (&) Terrain surface with low relief, and
(b} Additional relief creates a cross section through the geology in the dip direction,

allowing the orientation of layers to be measured.

around 3,300 m (10,627 ft) as. and an average ground
height of 2,000 m [,562 ft] amT, this tom resulted
in a photo scale of approximately 1:4000. overla
hetween adjacent photographs was 70 percent and si E]a? of
10 percent. The area hi ted in 1 was chosen for
digital elevation model [Dew)] extraction, equivalent to the
main geological study area in Castle Craek th (approx.
2.2 km x 2.3 km). Within this area were two cliffs where
EH}].IE!LH‘ carried out detziled sedimentological feldwork,
Le., the Kaxa section at the base of the stratigraphy and the
Isaac section that contained the Isaac Channel 3 area. The
DEM extraction area was coversd 12 5 in thres
strips. Prints of the aerial phutngt;ih Mﬂ%ﬂﬂr heen
used by ists for assisting with field corelation and
mapping of the varions layers across the outcrop [Schwarz
anm 2007; Navarrure! al., 2008]. On mmguennemem
of this of the project. the set of photogra was
a'.'a.'l:ln.edﬂ:feln pm EEF"BI:IllJ.ﬁM, EHBUJEDE ina BI‘I:IPI:]J;‘ﬂ. pixel
spacing of anﬂrmdm.atelg 0.1 m

Temestrial laser scanning was carried out in Angust
2006, for collection of hic: dats covering the Kara
and Isaac cliff sections. IME-Z420i laser scanner
was used for this work (Riegl, 2008). With a maximum
(based on the reflectance of natural rock targets) of anound
G50 m, quoted point accuracy of 0001 m, and point acquisi-
tion rate of wp to 12,000 points per second, this scanner was
ideal for capturing the Castle Creek cliff sections. The Isaac
section (contzining four large sandstone-dominated channel
units, including Isaac Channal 3) was %00 m long, 200 m
deep, and up to 80 m high (Figure ). The smaller Kaza cliff
saction was 450 m long, 170 m deep and up to 50 m high. A
calibrated Nikon D100 six—ma,pgjml camera was mounted
on the laser scanmer, providing high-resolution digital
imagges that were registered 1o the scanner coordinate systam
by means of a calibrated rigid mounting transformation

& Aopure 2070

(Jansa et al., 2004). Nikkor 85 mm and 50 mm lensas were
used for the Isaac and Kaza sections respectivaly.

The Isaac ssction r:%l:l.imdsix umnﬁ';u'uus to cover
the 1 of the cliff, while the shorter section

ired four, including at least 20 parcent overlap batwaen
adjoining scans. The average point spacing was 0.1 m for
both areas. At each position, imagery was also taken with
the digital camera for use later on for building a textured an
model of the outcrop, and for assistance with geological
interpretation. The camera was also operated handheld so
that es could be taken from an optimal to the
cliff, as results for the texturing were obtained when the
camera orientation was closest to normal to the outcrop
(e.g., Debevec ef al., 1996). These images were registered to
the project coordinate system by space resection, using
manually identified tis-points between mrrea_FEu:lﬂmg
natural features in the image and laser data. The ave
standard deviation for the resection was around 1.5 pixels.

The terrestrial scan data were registered with crs using
an antenna mounted on top of the laser scanner recording
data for the duration of the scan position sstup. Data were
post-processed relative to a base station oper. within tha
confines of the study area. The hase station inates were
determined usi i int positioning from three da
of observation. Tmmm%ded the Unilrg:
sal Transverse Mercator [uTw) Zone 10 positions of the
scanner centers, with standard deviations of the processed
baselines better than 0.1 m in the horizontal and vertical

Surtace Modeling and Data Repistration

A limited number of natural control points (cors)
had been previously collected using real-time kinematic crs,
tho because of 515 remoteness of the field area and

pr with accessibility caused by the difficult terrain,
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the number and distribution was not optimal for

an accurate aerial tri ation for the whole block of

12 photos (Wolf and Dewitt, 2000). An alternati E'ap

to integrating the two datasets was therefore adopt

the coPs 1o give an initial block orentation, which was m.an

refined using a surface matching approach. This initial

orientation resulted in the comect relative orientation, but

with an emor in the external orientation cormresponding to

the limited quality of the photo-control points. Compari

between the initial asrial pem position and the lidar data

revealed up to 5 m of differance in areas of overlap come-
nding to the cliff sections. A triangular iregular network

;Elura] e was extracted from the orientatad luﬁgjgdat.a with

additional breaklines ma::lual_f_{lemﬂmd along sharp

changes in surface dient. pn:u::essad photogrammetric

nmmnsmadofu]usatud&l}.m EE.'ll'iﬂ:Ia.I:I.a

point spacing of 3 m, which was sufficient to represent the

relatively smooth cutcrop surface.

The raw lidar p|:|u:|1 clonds were ered using a
surfacs mat in the Pol ntk.n' software by
InnovMetric a:e Inc. Overlap between the scans was
minimized in a least adjustment to recover the
transformations relative to & fixed scan in the center of the
cliff section [see HEH:I.EBEEI and McKay, 1892, for details on
surface mat main advan of this approach owver
the more Dm:llranuunal use of control points sited on the
outcrop face is the reduction of expensive field tims.
Additional advantages are found in the redundancy of using
all availzble data, especially on this ootcrop where there

was almost no tation; and the ahili
mismatch between the overlap areas, indic the success
of the solution (Buckley and Mitchell, 2004). Cnce all scans

were matched to a common coordinate system, the scan
centers were transformed to the v coordinate

ing the cFs scanner center positions and 2o conformal
transformation (with Root Mean Square Error of 0.060 m).

The raw point clouds were merged and filtered to
reduce the t density in overlap areas (Buckley and
Mitchell, 2004). However, further reduction was nacessary
bejore a triangle mesh could be created, as with 3.5 million
points, this was still too many to be easily meshed and

pamall.m{ hardware. An advantage of
is the collection of point clouds that may be
of a hlgher density than required by the current application,
but may be useful for posterity to allow the data to be
revisited for further, unanticipated IJI_lHﬁE‘B The meq;ed
onint clouds were reducad by ; mﬂal.mig

IH[“II'EIEI:IE\BE]:I]}I:II.I:Il.tﬂapl ormed by the
neigh points, where a distance lower than a tolarance
of 0.05 m signaled insignificant contribution to the topogra-
phy. The flagged points were eliminated and the remainder
triangulated to form ap meshes. The resulting meshes
contained 1.1 million triangles for the Isaac section and
500,000 triangles for the Kaza section, with average point

ing of 0.4 m.

Once triangle surfaces had besn defined for both the
aprial and ground-based datasets, surface matching was again
emplo dﬁumumaumﬁmmmunthﬂwnuldmum
the differences between the two datasets. The two meshes
derived from the laser scanning data (Iszac and Kaza sec-
tions) were used as large control patches, held fixed while
the aerial mewm was allowed to move. ments for a
successful solution are for gradients to exist in different
directions on conj mﬁuaﬂdlﬂrthmmbeﬂmqh
similarity betwean the surfaces to ensure good correspon-
dence, even when removing outliers (Besl and McKay, 1902)
Too much noise or difference between the datasats would
strongly influence the least squares procedure, resulting in
poor solutions being found. In this case, surface gradients

PHOTOGRAMMETRIC EMGINEERING & REMOTE SEMANG

were provided by the ralief in the genaral oulcrop topogra-
phy, espec : 5]:1{'- the steaper ::llEE:tmm Becanss of the
mu—m surface, little difference in sampling
H:LE aarial and ground-based terrain models was
icular, only small amounts of localized
t:haugewuu] have ocourmed, despite the five year
batween the two datasets being Pl mﬁasipum-
pated to have hamhmtedm differences in 're-Eela'I:Lou:l
and distribution of snow patches. The surface
problem is ill-posed (Besl and McKay, 1992]; therefone
reasonably close initial ap[gmnm.a’ tions are a requirement for
the mluuuu to converge. In this case the exterior orientation
the cors was

of the ammetric block provided by
mﬁ:ﬁ% i act as an initial approdmation.

A entizl blem in matching may have arisen duos
tor the different sampling strategies of the two measurement
systems. Bacause the aerial phot measured a
250 surface, flat areas would be wall covered and cliff
sactions p-nur?ere:urded; in contrast, the temestrial laser
scanner recorded cliff sections well, but was limited in
COVETage uct' the a'u:mund;.;_g[ nﬁph due to the deflec-
tion horizontal BCES t about by the low
field E"ll' of the instrument. Howevar, axamination of
the terrestrial models showed that a suffident amount of
data was present below and above the cliff faces in the two
areas (e.g., Figure 4a).

Convergence of the matching algorithm was achieved,
with the resolved transformation ers improving the
integration of the two datasats. rences hetween the two

were found ing the normal distance
hatwaen each tri centre in the lidar o to the aerial
oem (Figure 4b). This revealad a mean ermor of — 0.6 m
and a standard devization of 0.3919 m, with errors following
a normal distribntion. This was around the level of error

. &s the more sparsel d! sampled amal surface was
rone to mterpulan.m:l Ermor u.'m:l& |::|:||:u with the
E.da.r surface, espacially in areas ographic

where some larger ermors existed. In a U|:||:|..
featuras too small to ba sampled by the asrial oes (less than
the point density), but of significance in the lidar model,
such as surface debris, are apparent in the difference map
(Figure 4b). Although the distribution of the two mu:ll:l.'ol
patches relative to the whole oew was relativel
compared to conventional s, the results of the matcl:l.mg
showed good agreemsnt between the two models. Results
the Isaac section are shown in Figure 4, with similar results
obtained for the Kaza section.

Texture Mapping

Omea surface matching was
models could be directly in a single coordinate
systam. However, for being able to visualize, interpret and
perform guantitative analysis on the geology, it was neces-
sary to first integrate the oem data with the sarial and
tarrestrial imagery (e.g., Forkoo and King, 2004). Because of

the glacier-pol d rock surface, the outrop surface
cun'Emed u]:u:hggologj that conld not be dgsl.mg.uahadhy
Eﬁn:gm Hence, texture mapping was per-
forl:ued o a ngll:: information to the dataset. The
m.udals[mmﬂmlnaanau.d](mmwue \l'iH:L
the aerial Dem to create a single an mesh, with the
lidar triangles replacing the aerial data in areas |:|l
overlap. Rectification of the aerial and
was carried oot to remove the effects of lens dmumun |:|r
tor texture mapping. Because the camera orientation an
sition was for each i B, I:n.angje vertices could
projected into the i ll:ﬁfem image coordi-
natas of the texture patches [Wolf and Dewitt, 2000). Where
multiple images were available for a single triangle, parame-

ed, the aerial and lidar
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Figure 4. Post-registration differences between the terrestrial lidar and serial
photogrammetric surfaces for the Isaac cliff section: (a) Textured lidar model,
(b) Lidar model colored with difference map, (c) Oblique view of aeral
photogrammetric pem, showing the low triangle resolution in steep areas of
the cliff {corresponding areas are marked in (a), (b) and (c)). Height of
section is approximately 90 m, and (d) Histogram of differences.

mbuadot:ememyedml;uwmmet:ihemahmﬁgme
a area in

“’“8“ thecmnn’hgg:ma umgemmm
salenthemcstmﬂnblemagamuse[[)abwecetal 1996;
El-Hakim ef al, 1988). A second adjustment of the triangle-

mapwasthenperl’urmedtoenmmthztwhexe

possibleadpmm mxg the same
image (e.g., El-Hakim et al, 1 n(mrpmmim.nxs
distracting to have regions of single or few triangles mapped

B8 Asgus 2010

with different images, as radiometric and geometric
distortions can detract from the geology.
Bemuseufthed:ﬁmmnewdxmomofﬂmmaland
parameters described
abovemn;rn? mznglasunu:gechﬂ'iemmswm
from the ground, while the remainder
oflhemged was textured the aerial photos,
The result was a si model of the Castle Creek
comprising the two collection methods (Figure 5).
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photographs.

Figure 5. Final outcrop model of part of the Isaac cliff section comprising merged
photogrammetric and lidar temain data, and texture-mapped with aenal and temestrial

15aac

Channel 3

use of lidar and close-range imagery adds hlg,h resolution to
the cliff sections, enabling more detailed study of the outcrop
in the depth direction, as it enters the subsurface. This result,
combined with the extensive aerial coverage of the zn
outcrop stratigraphy, enhanced geological interpretation.

Geological Modeling of the Isaac Channel 3 Section
The virtual outcrop model for the Castle Creek area
gmvided a base for integration of project data, including

eld measurements and sedimentary logs, i.e., cross-sections
through the outcrop where the geologist records rock
attributes bed-by-bed along a measured line. Particularly
important was that it was possible for dgeolomsls to visualize
the data using 3o viewing software and a stereo display,
allowing new angles of view, and an appreciation ot’ the area

as a whole, ie., interpretations not possible in the feld or
with aerial photo prints. In addition, the combined model
could be simultaneously viewed at various scales: the aerial
data used for the wider area, while more details could be
gained in the cliff sections (where much conventional
geological fieldwork had been carried out) by zooming-in to
these areas. Using this virtual outcrop model, a geo-model
was built for the Isaac Channel 3 detailed study area using
the methodology outlined in Enge et al. (2007).

First, the area of interest was cut out of the overall
model, to save on computer hardware resources during
visualization. Then, ap lines corresponding to the key
bounding stratigraphic surfaces from the deep-manne
channel fill and overbank/levee units were interpreted and
digitized directly on the virtual outcrop model (Figure 6).

Figure 6. Plan view showing selected lines interpreted and digitized onto the virtual outcrop model.
Dashed lines are locations of the sadimentary logs where rock attributes are measured bed-by-bed in
the field. Note the cross-sectional channel shapes (marked by thicker lines). D-1 to D4 indicate four
main depositional stages from oldest overbank deposits to youngest channelfill deposits.
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These lines formed the spatial constraints for the geulng]r.‘al
volume, which were ed with the
tual model [Mavarro ef al., 2008) for extrapolating Fulng:l::a]
surfaces. Geo-models from o data are typically used to
axaming the effects of different geological heterogeneities on
mumerically simulated fluid flow. These heterogeneities may
include the lateral and vertical stacking of deep marine
channels, in which the material in the channel-fill deposits
ically permeable while the clays that were d ited
outside the channel are tj‘pi:‘al:z not, and provide barriers to
hydrocarbons moving & resenrou' In most reser-
voir cases the beds are sub- h‘“?mu;’ tilted;
howaver as the Castle Cresk outcrops been uplifted
during mountain building it was necessary to rEll:ul:llrE the tilt
of the oo . A simple rotation of 95° around an axis
parallel to the strike of strata was applied using structural
restoration software [30Move; Midland Valley Exploration).
The structurally-restored lines were imported to a
resarvoir modeling package (Irap RMS; Roxar ASA), software
which is nsed primarily by the leum industry for
modeling subsurface reservoirs, using data such as seismic
and well cores, and planning strategies for hydrocarbon
axtraction. The software allows the integration of many
forms of spatially-referenced geological data in a common
environment. The lines were usad as guides to assist in the
creaum:l of z.50 grid surfaces representing the key geological

a b-spline anj:lnﬂ:Lm to extrapolate the data
av.ray ﬁmﬁm

al:maJ outcrop face 7). There is
tential this procedure for large amounts of armor to
introduced, from the choice of extrapolation

e, as well s the limited amount of input data used.
This is whﬂeoﬁm]ugil:al uni ing is critical, zs wall ==
the acoura the spatial data. In this case, lines mapped
using the \ru'rual outcrop data were of high enough accoracy
to recxeate the subtle dips between the layers. Quahtg
conirol of the generated surfaces was carned |:|ut1:| BITICV-
ing the structural rotation to the surfaces and
them nlmu]lanauus]:.r with the an textured mod Figuna BL
In this way, the intersaction of the surfaces with the
1:|1.Ed lines on the outcrop model revealed the success of the
qﬂ ding, at least where an exact match shoold have
axisted. [n addition, the owarall trend of the surfaces away
fn:u:u Ihe- outcrop face coold be checked.
surfaces define the Bgo]l:gm wolume that
t channel and leves units wil the model.
T]:lelﬂmu'.ed. composite surfaces at the base of the channel-fill
units [Figures & and 7) would have been very difficult to
recreate without the aid of the an data. Tha betwaen
two surfaces represented modeling zones, which were gridded
in ap and ted with a stochastic representation of the
lithofacies (Figure 8). Faces modeling was heavily constrained
by sadime log data i as “walls” in the geomodel.
Such a geocallular model may be examined statistically to
delarmmecunu.ecﬁntgbﬂtwean }w:tag;,aa wa]lanhg'
fow simulation
geocallular model based I:II:I. dala can asaat 5t5"
understanding of the processas EIH:']I:llﬁlﬂ:ue
TESETWOIT and nmliﬂ i and input variables
e L
deep-marine nntﬁ.diﬁe—dma'tad TasErvVoirs.

Figure 7. Key stratigraphic surfaces in reservoir modeling environment, with structural restoration
applied: (a) Example surface created from digitized lines and geclogical knowledge. (b} Side view
showing relative position of surfaces defining the modeling volume. Size of model is approximately
1200 m » 1,000 m, and the vertical exaggeration is 2:1.

2w 21
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viewed as if structural rotation existed.

Figure 8. Digital surfaces representing geological layers created in reservoir modeling software from
digitized lines, and with structural rotation removed so that they can be visualized simultaneously with
the textured outcrop model (surfaces visualized with 50 parcent transparency): (a) Plan view showing
selected surfaces: a relatively flat basal surface (Surface 1) and a channel-cut surface (Surface 4).
Compare with lines in Figure 6 (Outcrop section approximately 1,100 m x 100 m); (b) Perspactive view
(from west to east) of outcrop with same surfaces intersecting; insat shows outcrop section in structurally-
restored view, and (c) Detailed view showing intersection of surfaces with outcrop and sedimentary log,

gg:lannalfm'd.l talspanaldancol]ammtedqumsw

te to and enhance geological EJ)
mamhxshlgh.andhasbeanthmmstra! mthl:cﬂa
using an integrated data collection approach for modeling a
large outcrop at Castle Creek, Canada. Because of the limited
three-dimensionality of the outcrop, terrestrial laser scanning
was used to a pem derived from aerial photogram-
metry, 50 that geological layers could be interpreted with
high enough precision to extend the outcrop surfaces in the
dip direction within a reservoir modeling package. The
study shows that the presence of a high-resolution digital
outcrop model serves as a framework for detailed interpreta-
tion and geol field data i ation within a project,
and is a valuable teaching asset. For the Castle Creek
outcrop, this enabled a new appreciation of the spatial
mlauunsh:ps between the channel bodies to be gained. The
employment of geomatics techniques offers a more quantita-
tive approach to outu'up geology, an area that is anticipated
to grow in the
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