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Abstract

Channelobe transition zones (CLTZs) represartitcal areas between the submarine
slope and basin floor systems, where sediment grdiatys transition from confined to
unconfined. In modersystems, this area is characterised by a distinctive assemblage of
erosional and depositional features. However, the transfer of the CLTZ into the

stratigraphic record is not well constrained.

By thedetailed study of various wetlonstrained exhumed basaf-slope systems within

the Tanqua and Laingsburg depocentres of the Karoo Basin, South Africa, the sedimentary
and stratigraphic record of CLTZs is investigated. The first detailed study of key
depaositional and erosional bedforms that characteraecientCLTZs, including sediment
waves and giant scodills, are presented. Their process record suggests complicated flow
bedform interactions, where both the preservation and sedimentary characterestecs
dependent on the evolution of the feeder channel and the lateral position to the channel
mouth. Within the basef-slope environments, juxtaposition of lobes and chaniiltd is
common. The lobes in these proximal fan environments are sandgiooree and differ in

facies and architectural characteristics to lobes downdip on the basin floor.

The sanerich nature and juxtaposition of elements in ancient CLTZs means that they are
considered attractive hydrocarbon reservoir targets in the subsurface ederyfinescale
reservoir modelling and streamline simulations suggests that the relatively limited sand
volume of channefills in comparison to lobe deposits in these environments can have a

negative impact on reservoir performance due to its effaeteservoir connectivity.

Overall, the stratigraphic record of CLTZs shows high diversity in architecture, facies
characteristics and volume, which can be related to three primary controls: a) spatial
variability, b) flow efficiency and c) channel evolutidinese three controls infer that CTLZs
are highly dynamic, migrating and changing in dimensions over time; this needs to be

considered when assessing h@ALTZs are recorded in the rock record.
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Figure 3.1Representative photographs from outcrop (left) and core (right)
of intraclast conglomerate facies. The Difdte image was taken from

Figure 3.1Represatative photographs from outcrop (left) and core (right)
of banded sandstone facies. The Dihde image was taken from core... 45

Figure 3.14Schematic showing noenclature used to describe different lobe
components and environments (from Prélat et al., 2009).................... 46

Figure 3.1Hierarchical scheme used to differentiate scaleghin
distributive lobe systems (Prélat et al., 2009).............cccoevmmmmmmnnnnnnnnnnnnns 47

Figure 3.16Variance in channel architectures and dimensions among base
of-slope settings (from Brunt et al., 2013a)...........cccevvreeiiiniiiiieeeereeennns 49

Figure 4.1 ocation map of the Laingsburg and Tanqua depocentres within
the Western Cape (South Africa) and schematic interpretations of the
Fan 3 and Unit A5 fan systems (based on Sixsmith et al.,2004) and
Hodgson et al.,2006). Whetdots indicate study locations, with KRF =
Kleine Riet Fontein and WH = Wilgerhout. Images taken from Google

Figure 4.2Stratigraphic column of the deeater deposits from the
Laingsburg depocentre and the Tanqua depocentre, based on Prélat et
al. (2009) and Flint et al. (2011). The fan systems discussed in this
chapter (Fan 3 and Unit A5) are highlighted...............cccccccoeeiiiiinn, 55

Figure 4.Detailed maps of case study areas with locations of sedimentary
logs, and outlines of Fan 3 (A) and Unit A5 (B). Solid line in A indicates
the main profile illustrated in Figure 4.6 and the dottdohes indicate
the additional profiles of Figure 4.8A. Palaeocurrents are indicated
and are taken from thinbeds underlying the erosion surfaces. Images
taken from Google Earth..............cccoooiiiiiiiiii e 56

Figure 4.4Representative photographs of main sedimentary facies in the
case study areas, with (A) structureless figeained sandstone with
floating siltstone clast (Falg Unit A5; (B) Intepreted photograph
showing upward steepening climbing rippleminated sandstone bed
passing into stosside preserved climbing ripples (Fa@)an 3 (C)

Banded sandstone (Fa&)Unit A5; (D) Lateral discontinuous thin
bedded siltstones and sandstones widmallscale erosive markg
UnitA5 (Fa42). Difference in scale between pictures has been notified59
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Figure 4.5A) Representative facies photographs from tharf3 feature.
(Al) Thinbedded sandstones and siltstones deposits showing the
difference in the character below (Fal) and above (Fa2) the basal
erosion surface. (A2) Internal truncation within mediutredded
banded sandstone. (A3) Truncation surfacetop of thin-bedded fine
grained deposits with structured (rippled) sandstone on top with
mudstone clast conglomerate at the base. (A4) Undulating basal
erosion surface truncating thifbedded deposits. (A5) Photopanel of
the steep stepped southern margin thi the locations of A1 & A2
indicated. (B) Representative facies photographs of Unit A5 feature
indicated in Fig.4.11C with (B1) THoedded siltstones interbedded
with occasional thin coarsgrained sandstone. Individual siltstone
beds show thicknesses3em (Fa42). (B2) Small scale se$ediment
deformed sandstones (Fa6). (B3) Composite erosion surface with initial
mudstone clast conglomerate and banded sandstones, with laminae
parallel to the erosion surface, on top. (B4) Pinchout of sandstone bed
within siltstone thinbeds of the western margin indicated by the
WHITE [INE. . e e e 61

Figure 4.6 Facies correlation panel of main section (solid line in Fig. 4.3A) of
the erosional feature at Kleine Riet Fontein in Fan 3 with

LI £ S2O0dzNNBYyGad aK26yX S6AGK y T ydzYo SN
LI € FS2Ft26 YR ° T adGlyRIFENR RSOAFGAZY

boundaries. The fill is divided into a lower (LP) and upper pack@gje)

and a total of seven infill elements as indicated in the bottom right
cartoon. The boundary between the lower and upper package is
indicated by a light blue dashed line. Facies association 1 (Fal) has
been subdivided into structureless and banded andfplanar

laminated facies; Facies association 2 (Fa2) has been subdivided into
ripple and planar laminated facies............cccccceeivieiiiiiii e, 65

Figure 4.7 Palaeocurrent distribution witlin the Kleine Riet Fontein area
(Fan 3) subdivided into underlying, fill and overlying deposits. The
asterisk shows the more detailed stratigraphic change in palaeoflow
direction as also indicated in the main correlation panel of Fig. 4.6
(K7). Backgroundmage taken from Google Earth............ccccccveeeenee. 67

Figure 4.8 (A) Fence diagram showing the 3D architecture of the Kleine Riet
Fontein (Fan 3) erosional feature. Palaeoflow of thederlying thin
bedded deposits is indicated (average = 336°). The infill taosboth
in the eastward and southward directions. See Figure 4.3A for log
locations. (B) Detailed log of the fill (K8, see Figs. 4.2,4.6 for location)
showing the division innfill elements. Element 3 pinches out at K8...... 69

Figure 4.9(A)Panoramic view of infill element 3, with (B) Abrupt bed piAch
out in the northern direction, and@) Truncation of elements in
southern direction. Location of (A) is indicated in Figure 4.10............. 70
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Figure 4.10Panoramic photopanels and division of infill elemest
displaying the internal architecture within the Kleine Riet Fontein
erosional feature (Fan 3). The seven elements have a complicated bed
geometry and stacking patterns with abrupt pinebuts southwards
and northwards. Element 4 (Inset A) and 5 (InsetiB}h show stacked
bedsets with depositional dips in an overall southern (updip) direction.
The boxes show the locations of inset A, B and Figure 4.9................. 71

Figure 411. (A) Panoramic view of the Unit A5 case study showing the
undulating western (updip) margin. (B) Facies correlation panel of the
Unit A5 feature and W15 sedimentary log of sceililt showing a
coarsening and thickeningupward pattern within the infilland a
fining- and thinningupward trend above the fill. (C) Zoomed
section of the western margin. Locations of the Unit A5 facies photos
within Figure 4.5 are indicated. ... 74

Figure 4.12Streamlines based on Allen (1971) and possible linkage to
lateral and stratigraphic variance observed at K7, K8 and K9 with n =
ydzYo SN 2F YSI &adz2NBYSyGazx > I YSIy
deviation. These streamlines accoumtrfan idealised megaflute
morphology with an orientation of 336° (based on underlying
deposits). See Figure 4.6 for log location and exact stratigraphic
INEEIVAIS. ...t 78

Figure 4.13Interpretation of the Kleine Riet Fontein (Fan 3) erosional
feature based on the infill elements. It is unknown how far the
deposits of element 1, 2 and 3 extended on the southern margin as the
basal surface of element 5 modified the prieus infill. The
palaeocurrent distribution of the underlying thhibeds is orientated to
the NNW (336°). It must be noted that this section includes a
significant change in orientation around log K6 from 345° (almost
parallel to the underlying palaeoflowjo 030° (transverse to the
underlying palaeoflow), indicated within the map at the bottom right.
Image taken from Google Earth.............ccccceeiiiiiiiiiiiii e, 79

Figure 4.14Cross plot of widh and depth data of scours and megaflutes
from ancient (outcrop) and modern systems. Scour data from
Macdonald (2011a). Channel trendline is based on Clark and Pickering
(1996)... ittt e e aaaaaaa s 82
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Figure 4.15Conceptual model to explain different mechanism of lehged
composite scours preservation from the initial formation (T1) to final
depositional configuration (T2) depending on the character of the
infill: coarsening andhickening upward (A) or fining and thinning
upward(B). Two scenarios are proposed for coarsenigd
thickeningupward infills (A): Alg Scour preservation due to a position
adjacent to an erosional channel during propagation with increased
overbank depsition; A2¢ Scour preservation at the maximum extent
of channel propagation followed by infill by lobe retrogradation with
decreased overbank deposition. Two scenarios are proposed for
finning- and thinningupward infills (B): BX, Scour preservation dut
a position adjacent to a leveed channel during propagation; 83cour
preservation due to channel avulsion and successive infill of scour by
lobe fringe materials.............ccoviiiiiiiii 83

Figure 5.1A) A planform view of crescerghaped sediment waves on the
Monterey Canyon floor from autonomous underwater vehiele
collected multibeam data. Modified from Paull et al. 2011. B) High
resolution seismigeflection profile collected acrss the Var Sediment
Ridge in the Var Turbidite System showing kilomeseale sediment
wave architectures. Modified from Migeon et al. 2012........................ 87

Figure 5.2Sedimentwave dimensions (crest height versus wavelength) from
modern and ancient systems grouped on the basis of type of dataset
(A), setting (B) and grain size (C). Data taken from Normark and
Dickson (1976); Winn and Dott (1977); Damuth (1979); Lonsdale and
Hollister (1979); Piper et al. (1985); Malinverno et al. (1988); Praeg
and Schafer (1989); Piper and Kontopoulos (1994); Vicente Bravo and
Robles (1995); Howe (1996); Kidd et al. (1998); Morris ef1#198);
Nakajima et al. (1998); McHugh and Ryan (2000)gktn et al.

(2001); Wynn et al. 2002a; 2002b; Normark et &002); Ito and Saito
(2006); Heinio and Davies (2009); Ito (2010); Campion et al. (2011); Ito
et al. (2014); Ponce and Carmona (2018)orris et al. (2014b); Postma

EL AL (2014) e 89

Figure 5.3A ¢ Location map of the Laingsburg depocentre within the
Western Cape. The transparent overlay with black lining indicates the
total exposed area of Unit B. Imptant outcrop areas are highlighted,
including the sections studied in this chapter: Doornkloof and Old
Railway. B¢ Zoomedin maps of the two sections including
palaeocurrent distributions. The outcrop outlines are indicated by solid
lines. Red line indidas Section | (Figure 5.4), blue line on-Dikit B2
represents Section Il (FIgure 5.6).........coeeeiiieeeiiiieiiiiiiii e, 92
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Figure 5.4Complete stratigraphic panel of the Doornkloof sectishowing
the subunit subdivision and the location of the two detailed
sedimentary sections (I, Il) indicated and the position of the DKO1 core.
The TSsilt (Brunt et al. 2013a) between the AB interfan and subunit
B1 has been used as a stratigraphic datuihe middle correlation
panel shows section | of Unit B1; the position of Bedform a and the
palaeoflow patterns have been indicated. The bottom correlation
panel shows the detailed facies distribution within Bedform a and its
internal truncation surfaces. Gtcrop photograph locations shown in
Figure 5.5 ( ¥4 on the lowermost suipanel) and Figure 5.6A have
been indicated as well as location of correlation panel in Figure 5.6B. 96

Figure 5.3Representative outcrop photographs from Section | and Il and
descriptive DKO1 core log of Unit B1, with 1) Bedform a with ripgap
morphology on top of a local mudstone clast conglomerate deposit; 2)
Internal truncation surfacgdotted line) in banded division within
Bedform a; 3) Mudstone clast conglomerate layer below Bedform a ;
4) Mudstone clastich banded section of Bedform a. 5) Lower section
of westward orientated truncation surface in Bedform b; 6) Upper
section of westvard orientated truncation surface in Bedform b; 7)
Banded sandstone division in Bedform b; 8) WAsting truncation
surface in Bedform c. See Figure 5.4 and Figure 5.6 for locations.
Interpreted position of Bedform a is indicated within the DKO1 core
oo PSR 100

Figure 5.6A - Mudstone clast conglomerate patch at the bottom of Bedform
a, with clean truescale photopanel (top) and interpreted vertical
exaggerated (Ve= 1.8) photopanel (bottom). It shows a basal erosion
surface overlyingthim SRRSR al yRadG2ySas Ydz GALX S
sandstone patches, upstream orientated pinciut and downstream
orientated amalgamation. Location of photograph is shown in the
lowest panelof Figure 5.4. B, Facies correlation panel of local swell in
Unit B.1. Bedform a is located at the base of the sandstone package.
See middle panel of Figure 5.4 for location and lower panel of Figure

5.4 for symbol explanations...........ccccooiiieiiiiiiiiiiiii e 102

Figure 5.7A ¢ Panoramic view of the base of subunit B.2 at the -Béction.
B ¢ Facies correlation of the-Bection with Bedform b and c. The top
panel shows the thickness variabilityf these beds and the
surrounding stratigraphy; the lower panel shows the internal facies
distribution of Bedform b and c. Rose diagrams show palaeoflow
measurements around Section Il. Internal truncation surfaces and
location of the facies photos shown figure 5.5 (5 to 8) and Figure 5.8
have been indicated. See Figure 5.4 for meaning of log symbals...... 104
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Figure 5.8Examples of Internal bed structure and faciesaciges within Unit
B2 (Doornkloof), with one example from Bedform c (A), two from
Bedform b (C and D) (see Figure 5.4 and Figure 5.7 for locations) and
one (B) from a structured bed at the top of the Doornkloof section
within log 24 (see Figure 5.3 for lotian). All these examples show
vertical internal facies changes, which include pladamination,
wavy-lamination/banding and ripplelamination. ........................ooo. 107

Figure 5.Bedset architecture within the main Unit B2 outcrop face at the
Doornkloof area. Key bounding surfaces have been defined based on
successive bed pinebut (set boundaries) withmultiple (3-4)
downstreamorientated stacked and weakly amalgamated bedforms.
While the internal bed configuration is downstream orientated, the
bedform sets stack with an upstream orientation.............cccccccceeeeee. 109

Figure 5.105ubunit B.2 within the Old Railway area- Racies correlation
panels of the section with bedform distribution (top) and facies
distribution (bottom). B Zoomedin facies correlation panel of most
eastern seabn with 1. ¢ mudstone clasts within a climbingipple
laminated bed, indicating sediment overpassing, and¢ed splitting
indicating erosion and amalgamation. See Figure 5.3 for locations and
lowest panel in Figure 5.4 for meaning of log symbols. Liewaof
Figure 5.11A is Indicated...........ccccvviiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeee 111

Figure 5.11A - Sketch of bed showing transient pinasut to a thin siltstone
bed (see Figure 5.10B for location), with Apinch-out to siltstone
and A2¢ local scouring of bed top B Division of the Old Railway
section in two depositional elements based on observed stacking
PALIEINS.. ..ttt 112

Figure 5.12Simplified model showing the upstream accretion process of the
sediment waves in the Doornkloof area associated with the banded
facies (F2). Due to continuous draping on top of the truncation
surfaces, crest height should increase in th@wnstream direction........ 114

Figure 5.135patial division within a channdbbe transition zone between a
depositional bedform area (DB) and an erosional bedfoanea (EB)
following Wynn et al. (2002a). Differences in characteristics of
sediment waves are explained by spatial differences between the axis
and the marginal areas of the depositiedominated fields (DB) of a
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Figure 5.14A - Interpretation of flow behaviour and depositional record at a
single location by linkage to facies patterns within the Doornkloof
sediment waves. The time steps are indicated witlire bed profile. B
¢ Different models to explain facies changes linked to large flow
fluctuations within the channeimouth sediment waves with: 1)

Hydraulic fluctuations within a single passing flow causing significant
RSyaAide 7Tt dzOi dzZFiTASGLAT @dositidddvaxikuAl 2PKE S
showing interflow compensation over the duration of the flow.

Reference location (X) would therefore receive the energetic axis of

the flow at one point in time (left), but the less energetic edkis at a

later pointin time (right); 3) Combined effects, where the more

energetic core shows both hydraulic fluctuations and compensational

lateral migration behaviour ... 120

Figure 515 Synthesis model of the Unit B.2 sediment waves based on scale
and formative processes, illustrating the hierarchical division into
micro-, mese, macroforms and macroform complexes. The stacking
behaviour between the macroform and macroform complex s
clearly different, but similar within Unit B.2 in both the Doornkloof as
Old RAIIWAY SECHONS.......eiiiiiiiiiiiiiiiiiiiiieieeieeeeeeee ettt e e eeeeees 124

Figure 6.1Stratigraphic column on the left shows the deepater
stratigraphy of the Tanqua depocentre. A) Location of the Tanqua
depocentre within the Western Cape. B) Location map of Tanqua
depocentre with transparent overlay showing a sketch reconstruction
of Fan 3 system, light transparent area in the top thie figure
indicates where the basin floor lobes have been described by Prélat et
al. (2009). C) Subdivision of the most proximal Fan 3 exposures. D)
Location map of Unit 5 study area with overlay showing a sketch
reconstruction of the Unit 5 SyStem.........ccccoeeeeiiiiiiiiiiii e, 130

Figure 6.2Division of the most common and important facies associations
for baseof-slope settings with examples from outcrop and core and
representative measuregections from the Fan 3 and Unit 5 systems.
See Figure 6.4 for log symbol meaning...........ccccceevvveeeiieiiiiiiine e, 135

Figure 6.35ummary of all largescale architectural elements expected at
base-of-slope settings, divided by erosional or depositional nature
(based in part on Brunt et al. 2013a). In a broad perspective, the
architecture of infill can be divided into two styles and the architecture
of depositional elements can be divided into #e different deposit
5] V4 [ S 139
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Figure 6.4Two localities (Loc 1 and 2) within the Syfer and Driefontein area
(see Figure 6.1 for location), with A) strike sextiof an amalgamated
package of dominantly thickbedded structureless and banded
sandstones, showing a 200 m wide zone dominated by bed
amalgamation. B) Strike section of an amalgamated package of
dominantly banded sandstones, showing bed splitting and it
transitions to climbingripple laminated sandstones towards the
western margin. C) Cartoons showing the difference in dimensions and
facies characteristics between the two amalgamation zones observed
within the Syfer/Driefontein area. Palaeocurrents kia been
indicated, withg A G K v T ydzYoSNI 2F YSI d&dz2NSYSyida
LI € FS2Ft26 +FyR =~ L. AGLY.RENR.L.LRS®RI GAZ2Y

Figure 6.5Two examples of smalcale erosional featws (< 2 m deep)
within medium-bedded laminated sandstones (Fa3) of Fan 3. See
Figure 6.1 for locations. A) strikeection through a ~50 m wide
smooth erosional surface and B) dgection through a > 10 m long
erosional surface showing a fill with abrupt laepinchout.
Palaeocurrents have been indicated, withith n = number of
YSIFadaNBYSyidaszs > I YSIy LIt S2F0486 | yR

Figure 6.6A) Part of themain Ongeluks River outcrop face showing dip
sections of: B) erosiondlased low aspectatio elements, dominated
by amalgamated structureless sandstones (FalA), previously
interpreted as channefills (Johnson et al. 2001; Van der Werff and
Johnson, 2003Luthi et al. 2006; Hodgson et al. 2008)tting into
sandstoneprone tabular deposits and C) detailed section of the same
sandstoneprone tabular deposits. Main palaeoflow in the Ongeluks
River area is ENE orientated. See Figure 6.1 for location.................. 146

Figure 6.7 acies correlation panels and 3tamework of Unit 5 within the
Blaukop area. Log and BKO1 core locations are indicated. Palaeoflow is
overall NNE orientted. See Figure 6.1 for locatioRalaeocurrents
have been indicated, witls A § Ky ' ydzYoSNJ 2F YSI & dz2NB°
YSIY LIfEFS2Ft2¢ |yR....L.&aldlLy.RLLNME RSJOAI

Figure 6.8A) Sedimentary log of the top sandstof@one 25 m of the BK0O1
core with presence of aggradational bedforms (black bars), bypass
indicators and stratigraphic palaeoflow fluctuations (from outcrop
withg AGK y T ydzYoSNI 2F YSBS2F&MNBYSY YRS  >T
standard deviation) All eleven depositional elements are indicated as
well as the reason behind each element boundary {B4). See Figure
6.4 for remaining symbol explanations. B) Depositional element
interpretation and division in three dpositional cycles. See Figure 6.11
for further explanation...............cceiii i 149
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Figure 6.9Smallscale architectural elements within tabular deposits from
outcrop (A) and bypasmdicators (B) within the BKO1 core (see Figure
6.7 for location). (A1) Abrupt downstream bed thinning of laminated
medium-bedded sandstone; A2) Metrscale scour feature filled by a
single bed showing relative positive relief above the scaurface. A3)
Aggradational bedform composed of multiple beds showing long
wavelength (>50 cm) wavy laminations. Top shows uninterpreted and
bottom shows interpreted outcrop example; B1) Multiple irregular
erosion surfaces among thibedded and rippldaminated sandstmes;
B2) Abrupt normal grading within thisbed (6 cm) from medium
sandstone to fine siltstone, with irregular mudstone clasts (<1 ¢@

CmM) at the Ded DASE........uuiiiiiiiiiiii 151

Figure 6.10A) Differences in stratigraphic bed thickness and facies
variability among tabular deposits between proximal (AKleine Riet
Fontein) and distal (A2 Gemsbok Valley) locations within Fan 3. See
Figure 6.1 for locations. B) Division in depsnal elements
interpreted as four different lobes within the Ongeluks River area of
Fan 3. See Figure 6.8 for explanation of-B3...........ccccccvvvviiiiiiiinnnnnne. 153

Figure 6.11interpretation of all tabular depositional elements within the
Blaukop area of Unit 5. See Figure 6.7 for log locations. With A)
Division in depositional elements and the facies variability within B)
Planform interpretations and depositional history of the twelve
depositional elements with division between lobe and channel
overbank deposits based on palaeoflow patterns and lateral facies
transitions. The location of the BKO1 core (See Figure 6.8 for
interpretation), metre-scale scour features and aggradational
bedforms are indicated. The depositional history can be divided into
multiple progradational and retrogradational phases (cycles). C)
Detailed strikesection through depositional elements 4 and 5,
showing thickness/facies changes occurring in multiple directiohise
channefill is slightly off-centre from the thickest part of element 5.
Aggradational bedforms are abundant within the thickest parts of
Element 4. See Figure 6.4 for symbol explanation. Palaeocurrents have
been indicated, withwith n = number of med dzZNBSYSy G a> > I YSI| vy
LI fFrS2Ft26 | yR =~ L. Aa0LYRLELNR.RS@G GA2Y

Figure 6.12dealised downstream facies transition of a single depositional
flow within a baseof-slope lobe deposit. The upper part of the most
proximal deposit has a lower preservation potential due to erosion
and amalgamation..........cccooeeeiiiiiiiiiiie e 157

Figure 6.135ummaryconceptual model of a basef-slope lobe architecture
with the distribution of facies and smaftcale architectural elements.
The given dimensions are estimates due to the limitations of the used
(o 10} (o3 (o] o J0 F= 1= 151 =Y TSR 158
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Figure 6.14 2y OSLJidzr f Y2RSta 2F WblINNRg [20SaC
associated characteristics regarding architecture, facies and dominant
setting within the Karoo Basin. These lobe types are gamable to
similar divisions made in the Golo Fan and the Amazon Ean............ 163

Figure 7.1Simplified cartoon of a basHfloor submarine lobe complex
showing distinctsubenvironments with A; confined channel systems,
B ¢ distributive channel network, @ high amalgamation zone (HAZ),
D ¢ distal lobe environment. Based on Kane and Pontén (2012)....... 173

Figure 7.2llustration of the complete workflow that has been followed,
including geological modelling, reservoir modelling and flow
simulation. All data input is indicated by arrows. The table shows the
main uncertainties within @ch modelling step, the number of
submodels produced, how the uncertainties were covered, and why
Ydzft GALX S Y2RSt & 6SNB NBIddZANBR® W/ [ ¢%Q
T2ySs w.Cc[Q (2 olaAay Ft22NI 265 O2YLX
Why 3St dzlyaR WA. AN 21LJQ REGFaSda -NSAaLISOhA
I KQ G2 OK l-ofiaftels gespectively sgeext for further
[0 =3 7= T 176

Figure 7.3Location map of he Tanqua depocentre showing the outcrop
analogues that have been used for facies modelling and the
stratigraphic column of the Tanqua deepater deposits (based on
Hofstra et al., 2015). The basin floor lobe complex models (BFL) were
based on a large datset from Prélat (2010) collected within the
medial to distal parts of Fan3. For the CLmadels two different
datasets were used: one from Fan3 (OR) and one from Unit 5 (BK). The
dashed outline represents the inferred outline of Fan.3..................... 177

Figure 7.4Panoramic views of the Fan 3 lobe complex at two locations at
the Gemsbok Valley area. The level of lebe-lobe amalgamation is
clearly different between both locatios. Lobe numbers have been
indicated, interlobes and interfan mudstones are presented in
[0SV STor= L[S 178

Figure 7.5A - Panoramic view of central channelised aredtbe ORsection
and its facies distribution based on legata. Due to an exposure bias,
the most dominant facies that can be observed is structureless
sandstone. Red lines indicate erosion surfacesTgpical channefill
facies, with B1¢ mud clast coglomerates, both classupported
(bottom) and matrixsupported (mid to top), B@ Softsediment
deformed siltstones and sandstones at the channel margin,cB3
Structureless amalgamated sandstones and 8Banded argillaceous
EST= 110 K] (0 1= 1S 179

Figure 7.@_eft- Log showing the Fan 3 basfioor lobe complex and its
division into six different lobes (based on Prélat et al., 2009). Right
Plan view of the simplifiedacies zones of four lobes used to construct
the lobe complex facies models (based on Prélat, 2010). All individual
f20Sa aK2g¢g |yt ANNRIdA ONBEFFTRYEENAO dzii A 2
fHINQE ArEAS......uui i 181
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Figure 7.7The two lobe construction models that have been applied with
Lobe Model A: Stacking of all elements, creating a
thickening/coarsening pattern at every single location of the lobe
(based on Mutti, 1977), ad Model B: Facies transitions from axis to
fringe (based on Prélat et al., 2009) with allowance of axial lobe
amalgamation. The sketched fan in the middle shows the section
(dashed white line) of the system (basfloor lobe complex) that has
been modellel. Different facies submodels were constructed for model
B with a division into bottom, middle and top sections. B1: Simplified
facies division with a single facies association for each lobe zone and
no vertical division; B2: Multiple facies associatiomstop and bottom
within off-axis areas and in fringe areas; and B3: Multiple facies
associations within all lobe zones, including middle section of the off
o DS E= L= = LT 183

Figure 7.8CLTZ reservoir block models with ®R submodels including a
simplified (upscaled) facies distribution (& and a detailed
(downscaled) facies distribution (OB); B- BK submodels with two of
the three having different levels of deil within channekills (BK Ch1l
& BK Ch2) and one excluding the channels completely from the model
(BK neCh). A full blocknodel of Bk Ch1l is shown as an example. Note
that the facies proportion differences between the different
submodels are lIMited...........ccovrvriiiiiiii e 186

Figure 7.9A- Glitne Field core photos from well 15/5. Two core plug
permeability measurements (Al and A2) were undertaken within this
sandprone section (~5m)howing two completely different
permeability values, associated with a higher argillaceous content in
Al, blocking pore space between individual grains: Bxample of
porosity range of the structureless sandstones (Fal), determined
based on the datasetf Bennes and Hamon (2007). Both permeability
data from the Glitne field and grain size data from the outcrop record
have been used to determine the range in porosity values. The shades
2T 3INBe AYRAOIGS (GKS WTAYS alyRaQ 3INER
permeability Or grain SIZ€ ranQge.........ccoeveeeeiiieeiiiiiie e 189

Figure 7.10rable showing the range in porosity and permeability values
applied within the petrophysical modelling, including e®@and outcrop
examples. For certain facies groups (Fa2, F3 and Fa5) a permeability
factor (Kv/Kh) was implemented to account for the expected
heterogeneity within them.............cccoiiii e, 190

Figure 7.11A - Example porosity realisation of BiModel B2 showing
stacked lobes and a decrease in porosity from axis to fringe FBnce
diagram of a horizontal permeability (Kh) realisiain of BFEModel B2,
showing clear differences between axial and fringe faciesofal of 25
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Chapter 1
Thesis Rationale

1.1 Thesisbackground

I YI22N) LIK@aA2aNI LIKAO GNIXyaridAazy T12yS 2y
submarine channels, which are conduits for confined sediment gravity flows, to submarine
lobe systems, deposited by largely unconfined flows. Commonly, these dHabee

transition zones (CLTZs) are found on the continental rise of passive margins, or at the
baseof-slope on basin margins (Wynn et, 20023, Van der Merwe et al2014; Stevenson

et al,, 2015). The majority of clastic sedimeris deposited on bas-floor settings(e.g.

Covault et al., 2001 howeverthese sediment sinks are the least understajall clastic
systensin particulardue to their deepwater settingCLTZbavebeenimaged in multiple
modern systems (e.g. Palanques et E995; Nelson et al2000; Wynn et aJ2002a;

Bonnel et al.2005), and are characterized by a range of erosional (e.g. scours) and
depositional (e.g. sediment waves) bedforms. The CLTZ acts as an area of sediment bypass
(Wynn et al, 2002a; Stevenson efl., 2015) and is highly dynamic with complicated
interactions between erosional and depositional processes. However, the transfer of this
geographically defined zone into the stratigraphic record is not well understood. There
remain significant inconsiencies between the interpretation of the stratigraiphrecord of
CLTZs (e.g. Mutti arddormark, 1987; Gardner et a003; Ito et al.2014; Van deMerwe

et al, 2014) and the recognition criteria from modern systems (Wynn eR@02a). The
widegpread extent (> 10 kA of these areas of sediment bypass (e.g. Palanques, et al.
1995; Wynn et a)2002a) as recognised in modern systems suggests, however, that
significant evidence should prevail within the stratigraphic record. The expression of CLTZs
as surfaces or sedimentary packages is key to comparing the ancient and the modern. To

establish criteria for the identification of the stratigraphic record of CLTZs, and to

0K



understand process interactions in this key area of submarine fan systems agquir

exhumed systems with exceptional outcrop control.

The sedimentary infill of th&aroo Basin (&ith AfricawasiRSY G A FASR Ay (KS
(Boumaand Wickens1991;1994;Wickens, 199%as aworld-unique sitefor the study of
sandprone submarindan systemsin particulardue to the extensive nature of the

exposurein combination withthe accessibility of the outcrop\fter more than 25 years,

new discoveries are #itbeing madeandin recent yearshe studieson these Permian age

fan systemsave significantly increased our understanding of the depositiaralitecture

of basinfloor lobe deposit§Prélat et al., 2009; Blat andHodgson, 2013)These studies

have focused on the most distal parts of the fan system in order to avoid erosional features
such as scours and channels. The knowlegigeed from analysis of lobe deposits in basin
floor settings can be utilised to compare with the depositional architecture of lobes in

more proximal bas®f-slope settings, where erosional processes and variety in

architectural elements complicate theratigraphic record.

The unpredictable nature of areas of rapid decrease in flow confinement, typical of CLTZ
settings, makes it an important area for geohazard prediction. Turbidity currents are
known to disrupt telecommunication infrastructure apipelines (e.g. Urlaub et al., 2013).
Furthermore, the seabed morphology associated with CLTZ environments can facilitate
niche deepwater habitats (e.g. Crimes et al. 1992; Green et al., 1999; Callow and Mcllroy,
2011), supporting specific opportunistipexies within an otherwise lowelief seafloor
landscape.

Improved understanding of the stratigraphic record of the CLTZ environment aneébbase
slope settings is of great importance for the hydrocarbon industry for a number of reasons.
Firstly, the detehment of submarine lobe deposits from ihéeeder channels (e.g. Mutti
andNormark, 1987; Gardner et a2003; Van deMerwe et al., 2014) can act as a

stratigraphic trapping mechanism, and therefore understanding the conditions behind lobe



detachment will help to improve stratigraphic trap appraisal. Recognition of stratigraphic
traps is becoming increasingly important as in manyasgpion areas structural traps have
been largelyexploited (e.g.Walkerl978; Jennette et gl2003; Prather2003; Stoker et al.
2006). Furthermorgas the CLTZ acts as a zone of bypass (Wynn20@2a; Stevenson et
al., 2015), improved constraintsn the facies characteristics and stratigraphic record of
flow bypass can aid in the understanding of down dip deepwater exploration targets. In
many exploration areas only a limited amount of borehole data is available, so the
accurate recognition of byss surfaces could lead to predictions of large volumes of
sediment and therefore potential reservoirs down system. Finally the effect of channel
and-obe juxtaposition is not well understood, as most of the focus ondirade
heterogeneities has been otope channel systems (e.g. Alpak ef2013; Labourdette et
al., 2013; Eschard et aR014). Due to the large volumes of sediment and sprahe

nature, lobe deposits have significant reservoir potential (e.g. Pirmez, €080; Prélat et

al., 2010) and may therefore represent more dominant reservoir components compared to
channels. Outcrop study of CLTZ and bafsglope environments can most efficiently aid in
overcoming these problems, due to the importancéboth 2Dand 3D constraints anthe

understanding of sulseismic scale architecture.

This thesis examines the variety of depositional and erosional components of CLTZs and
their representation within the stratigraphic record. It examines the implications of fine
scale architecture on reseoir behaviour and attempts to unravel part of the complicated

process record that is preserved in these areas by studying the deposits in detail.

1.2 Key research questions

The aims of this study can be divided in two main topics of which the first wiyl ttesr

most significance, where it is attempted to document the variety of elements associated
with ancient preserved CLTZ environments in the Karoo Basin (South Africa). This first topic

is therefore subdivided into a set of problems.



1. Stratigraphic record of Channklbe transition zones

1 What are the key representative facies, architectural elements, and stacking

patterns that characterize CLTZs in the rock record?

RationaleThere are very limited criteria to differentiate CLTZ environments fodre and

channellevee environments

1 How is the assemblage of depositional and erosional elements that
characterize channdbbe-transition zones transferred into the stratigraigh

record of baseof-slope settings?

RationaleThe depositional process record of the different elements within the CLTZ is not

well understood.

2. Reservoir implications of firgcale architectures in lobe and CLTZ reservoirs

I Whatis the impact of channébbe juxtaposition and lobe amalgamation on

baseof-slope reservoirs?

RationaleThe impact of CL¥£lated finescale architectures on reservoir connectivity

within sandprone baseof-slope settings is not well understood.

1.3 Research objectives
To answer the research questions stated in Section 1.2, the priradipedtivesof this

thesis are:

1 Tofind key criteria for the recognition for scelilis and sediment waves within
the stratigraphic record;

9 To better undersand the process record of erosional and depositional bedforms
within channellobe transition zone settings;

1 To better define the variability in character of chanhabe transition zones;



1 To define the main factors controlling reservoir connectivity withaiseof-slope

environments.

Theseobjectiveswill befulfilled within all following chapters of this thesisy extensive
studies on the ancient fan systems of the Karoo Basin (Sbiuita). A summary of all

generic insights will be discussed in Chapter 9.

1.4 Lobe 2 JIP background

The Lobe Phase 2 Joint Industry Project started in May 2012 and builds upon the results
and experience of the earlier Lobe Phase 1 project. It was supported by a consortium of 16
different companies and had its major focus on the Karoo Basin (South Alftitaso
extended its scope to the Neuquén Basin (Argentina). Seven new research boreholes,
totalling 2 km of core, were drilled as part of this research programme: three in the Tanqua
area and four in the Laingsburg area. The scientific rationale figrctiog these research
boreholes was to provide direct calibration with outcrop datasets and constraining the
depositional architecture of the system. Lobe Phase 2 has compiled the largest eutcrop
based dataset ever collected in terms of logged secticora fobe dominated successions

and is one of only a small number of such projects that have been complemented by

research wells.

1.5 Field & core methodology

An integrated dataset was collected from outcrop and research boreliSkes Appendices

A and B)For this thesis, a large amounts&dimentary logslR7 in thesisy200collected

( See Appendix B.8)ere collected from two fan systems in the Tanqua depocentre (Fan 3
& Unit 5) and two fan systems from the Laingsburg depocentre ( Unit A5 & UwittBs
cumulative thickness exceeding 4 km. Many of these sedimentary logs (> 1 km cumulative
thickness) have been logged at centimetre scale. Correlation panels were created by

following out key surfaces and using handheld GPS for accurate positidvéigaver a



thousand palaeocurrent&l083 in thesis, ~1500 collecte&ee Appendix B.2ere

measured from rippled bed tops, flute and groove marks. Correlations and the corrections
on correlation panels and photeanel interpretations were performed in the field. A
GigaPan system was used for creating uitegailed photepanels of large awrop

sections. For this thesis, a total of ~500 m of core has been loggedstaiendetail from

both the Tanqua and the Laingsburg aré@se Appendix Apuring core logging a hand

lens and a USB Dindte were used for studying stdentimetre features

1.6 Thesis outline

1 Chapter 2: Current understanding of chanloble transition zones and their
stratigraphic recordProvides a literature background on chani@e transition
zones (CLTZs) and highlights the inconsistencies between our understanding of
CITZ from recent systems and the stratigraphic record.

1 Chapter 3: Tectonostratigraphy of the SW Karoo Basin andwlatgy
architectural and faciekamework:Introduces the stratigraphic framework and
background information on the Karoo Basin, its domirdegpwater facies,
architectural elements and methodology used for outcrop and core data
collection.

1 Chapter 4: Giant scodills in ancient channdbbe transition zones: architecture,
facies and formative processéxesents the first detailed record gfant scoutfills
(> 15m deep; <1 km long) from ancient CLTZ environments. Two case studies from
the Karoo Basin (Tanqua and Laingsburg depocentre) have been recorded in detail.
Their process sedimentology and formation are discussed and explanations are
given for the diversity in infill characteristicBublished agd:ofstra, M., Hodgson,
D.M., Peakall, J., Flint, S.S., 2015. Giant ddsuin ancient channdbbe transition
zones: architecture, facies and formative procesSeslimentary Geolog$29, 98

114.



1 Chapter 5: Architecture and morphodynamics of sediment waves in an ancient
channellobe transition zonePresents the architecture and facies characteristics of
sandprone sediment waves from ancient CLTZ environments. Different datasets
from abaseof-slope system in the Laingsburg depocentre show panutkswell
bedforms (>1 m high; >20 m wavelength) with significant spatial facies variability
on submetre scale. Their process record, the significance of scale and the
importance of channeinouth position are discussed in detail.

1 Chapter 6: The stratigraphic record of submarine lobe deposits atdiatepe
settings:Presents the stratigraphic record of submarine lobe deposits at-base
slope settings. Two bas#-slope systems from the Tanqdapocentre show High
Amalgamation Zones and sandstepeone tabular packages, which indicate the
presence of lobes with alternative facies, architecture and stacking patterns
compared tolobes at basiffloor settings downdip. Differences in lobe
characeristics are linked to flow efficiency and sediment grain size segregation.

1 Chapter 7: The impact of firseale reservoir geometries on streamline flow
patterns in submarine lobe deposits using outcrop analogues from the Karoo Basin:
Presents a full 3Beservoir modelling workflow to test the impact of firseale
heterogeneities within basHioor lobe complexes and CLTZ environments on
reservoir connectivity. Synthetic reservoirs were created based on various outcrop
datasets from the Karoo Basin. Witle help of singlephase streamline flow
simulations the impact of sedimentary concepts and {figale architectures on
reservoir connectivity and performance is test&libmitted asHofstra, M.,

Pontén, A.S.M., Hodgson, D.M., Peakall, J., Flint, SIS KM, ih review. The
impact of finescale reservoir geometries on streamline flow patterns in submarine
lobe deposits using outcrop analogues from the Karoo BasiRelmoleum

Geoscience.



1 Chapter 8Controls on the stratigraphic record of the chantme transition zone:
Integrates the findings of previous chaptersyPand covers additional
observations on CLTZs from the Karoo Basin, summarising generic insights.
Preservation potential and the vahdity within the stratigraphic record is
discussed, which is linked to position, efficiency and system evolution.

1 Chapter 9: ConclusiorBrovides short summary answers for the key research
guestions that have been posed in Section 1.2 to give bettgghbhsow the main

aims for this thesis (Section 1.3) have been covered.



Chapter 2
Current understanding of channdbbe transition zones and
their stratigraphic record

Channelto-Lobe Transition Zones (CLTZ), or Chalobel! transitions, have beedentified
as important regions amg submarine fan system (Mutti addbrmark, 1987; 1991;
Kenyon et al., 1995; Wynn et al., 2@0%ardner et al., 2003; Van der Merwe et al., 2014;
Pemberton et al., 20165ubmarine fan systenase the largest detrdl accumulations on
Earth €.9.Shanmugam and Moiola, 1988utti and Normark, 1987Bouma, 200p which
aremainly fed by turbidity currentée.g.Lowe 1982Meiburg and Knelle2010:
subaqueougurbulencedominated sedimentaden gravity flows Until two decades ago,
Channelobe transition zonesvere largely overlooked within studies on turbidite systems.
However, the arrival of high resolution data (Fig. 2.1) fraodernsystems (. Piper and
Sayoye 1993; Palanquest al., 1995 Morris et al, 1998; Wynn et a)2002a; Habgood et
al., 2003; Bonnel et al., 2005), as an important information source for constraining the
character of channgklongated conduits fofully or partially confinedlows) (e.g.
McHargue et al. 2010 lobe (unconfined lobateshaped deposite.g. Prélat et al., 2009)
transitions has significantly reshaped our understanding.

However, progress in reconstructi@.Tpalaeogeography from outcrop studies has
remained challengigp due to the large surface area of submarine fan systems.

The CLTZ was initially defined by Mutti and Normark (1987) as the area that shows the
spatial transition from welllefined channels and channfils to welldefined lobes or lobe
facies (Mutti andNormark, 1987; 1991; Wynn et al. 2@)2Amongnarrow andcorfined
basing(e.g. Agadir Basimjith respect to flow sizeclearlobe morphologiesnay be lacking
and CLTZ may show a downdip transifitio what is described asasinfloor Wheetsand$€
(Wynn et al., 2002aYhe CLTZ is expressed as an area dominated by sediment bypass

(Wynn et al, 20028; Van der Merwe et al2014; Stevenson et aR015) and the location
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of a CLTZ is largely dependent on the seabed gradient and flow condittmousing at any
position along the profile of a turbidite system (Wynn et 2002a; Gardner et al., 2003;
Stevenson et al2015). However, CLTZs are commonly associated withdiesdepe
environments (e.g. Brunt et aR013; Van der Merwe et a12014), related to an abrupt
gradient change and lack of gravitational energy resulting in flow expansion and depletive
conditions (Kneller et gl1995 Mulder and Alexander, 20p1Canyormouth settings have
also been classified as charuhabe transition zoe areas (Wynn et aR002a; Ito et al,

2014), due to their similarity with channelouth settings. Some raigediment bypass
zones separating channels from lobes have also been constrained in the outcrop record
(Van der Merwe et al. 2014). Theechanisms influencing the occurrence of detached or
attached lobe deposits are hower not well understood (Mutti antlormark, 1987; Van

der Merwe et al., 2014). Furthermore, the mechanisms for the transfer of the spatially

defined CLTZ into the stratigric record remains a rarely discussed issue.
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2.1 CLTZ bathymetric record
The primary model for CLTZs as a bypass zon& (Ejgpresented by Wynn et al. (2G£)2
is based on their bathymetriend acoustic backscattexpression in recent systems (e.g.
Fig.2.1). Thisnodel shows a spatial distribution of a characteristic assemblage of erosional
anddepositional bedforms (Fig. 2.IThe largest erosional features (amalgamated scours)
focus close to the chamh mouth, wrereasdepositional elements are primarily focused
closer to the lobe downstream. As the CLTZ is a region of sediment bypass, where the
majority of the sediment reaching the CLTZ is deposited further into the basin, the deposits
that tend tobe in this area are relatively coargeained, patchily distributed and

extensively reworked (Wynn et a2002).

@ Erosional lineations @ Small isolated spoon- and chevron-shaped scours

@ Large amagamated scours @ Sediment waves and mixed sand deposition/reworking]

.........
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Figure 2.2Planform bathymetric CLTZ model showing the spatial distribution of erosional
and depositional features. Erosional elementsramge prone close to the chanrel
mouth and depositional elements dominate the areas proximal to lobe deposition.
Redrawn from Wynn et a2002).
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2.1.1 Erosional bedforms

Extensive seafloor erosion is expected in the region whetgdity currents exit channel
confinement, due to significant flow expansion and increased turbulenceRalgnques et
al., 1995; Morris et al1998; Wynn et aJ]20023; Bonnel et al.2005; Ercilla et §12008. In
a welldefinedmodernexpressio of a CLTZ, this results in variety of erosional features
(Fig. 2.2). The presence of these features changes with distance from the channel or
canyon mouth

9 Erosional lineation parallel to flow direction directly at break of slope

These longitudinadtreaks are up to 15 km long and typically space20kin apart (Wynn
et al., 2002). Even though direct evidence is lacking, due to their proximity within
channelmouth settings they are believed to be of an erosional origin.

i Large amalgamated scours

Amalgamated scours have a rather chaotic appearance due to interference of multiple
individual scoursThey tend to form very proximal to the chanfmabuth as a complex
zone of erosional relief. Dimensions vary significanty typical depths are several
metres, up to tens of metresyith maximum widths of &m and lengths of 8m (Wynn et
al., 2002). More recently Macdonald et al. (2011a) have revealezlrdmarkable
longevity (> 0.2 Mr) of some modern scours as well as the complicateehoatkfill

histories of composite (amalgamated) scour features. -&isting irregularities in the
substrate have been linked to the inception of larger scour features (Shaw 2045B).

I Large isolated scours and small isolated chevron/spoon shaped scours

Isolatedspoonshaped scours are mostly aligned parallel to the main flow direction (Fig.
2.2). Typical dimensions are 20 m deep, 2 km wide, and 2.5 km long (Wyni2e0a;
Macdonald et al., 2011a). Due to resolution limitations of seabed imaging, the lower
dimension limits are unknown. In a longitudinal cresstion the spoorshaped scours are
asymmetrical, with a steeper upslope face than its delgpe face (Malinverno et al.

1988; Morris et al., 1998; Wynn et #2002a3; Macdonald et al., 2011a; Shawadt, 2013) .
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In a transverse crossection they show a similar typicaldhaped morphology as most
submarine channels (Wynn et al., 2@D2Chevron shaped scours (Morris et al., 1998) are
commonly found in slightly more distal settings, away from the pnaxiand axial settings.
Typical dimension are <10 m deep, Z8I0 m wide and 40000 m long (Wynn et al.

20023; Macdonald et al., 2011a).

2.1.2 Depositional bedforms

The following depositional bedforms have been associated with the bathynaetric
acoustic backsatterrecord of CLTZs (Normark and Pjd®91; Wynn et a]2002a; 2002
Ercilla et al., 2008):

i Sediment waves

Sediment waves are aligned orthogonal to the main flow direction, and have wavelengths

of 1-2 km, wave heights of 4 m and crest lengths okimaum 4 km (Normark and Piper,

1991; Wynn and Stow, 2002; Wynn et 2D02b; Klaucke et al., 2004; Ercilla et al., 2008).
Sediment waves are most abundant in tentral and distal parts of the (2 andcan

aK2g WKAIK ol O a ol G lofgvdaderfidatasgt, whiciNdavie beri & G NS |
interpreted asreworking and erosion by subsequent flo/d/ynn et al., 2002a; 2002b)

The few direct observations of sediment waves suggest a-geace| composition (Piper et

al., 1985; Kidd et al., 1998; Migeon et al., 2001; Wynn et al., 2002b).

I Sediment mounds

Composed of gravel and pebbly sand and mostly located immediately dowrafltarge
isolated erosional scours, suggesting a link between scour and sedinoemd formation.
Dimensiongre typically up to 40 m long and 1.5 m high (Wynn et al, 2002a).

9 Patches of thin reworked sands

Typically found in the more distal settings off@k, showing very variable dimensions

(metre to kilometre scale) (Wynn et al., 2002a). These reworked sands are recognised as
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irregularly shaped patches, by sonar imaging and seem to be streaked adown

current direction.

2.2 CLTtratigraphic ecord
Avariety of sedimentary characteristics and bedforms have been ascribed to the CLTZ
based o outcrop datasetsMutti, 1977 Mutti andNormark 1987; 1991; Wynn et al.
2002, Ito et al, 2014 Pemberton et al. 200)@Viutti and Normark (1987) were the first to
characterise the CLTZ as an area of bed roughness and irregularity resulting from various
depositional and erosiondtatures (Fig2.3). Similarly, Ito et al. (2014) looked at a carryon
mouth setting of the BosBeninsula (Japan) and summarised a variety of elements and
sedimentary characteristics associated with the outcrop expression of CLTZ settings.
Erosional features are represented by scéilis, which show a variety of morphologies and
dimensions (Muttiand Normark, 1987; Ito et aR014), commonly around-% m in depth
and up to 50 m wide with exceptions of 10 m deep and 140 m wide -tilades are
commonly observed in scofitls associated witlCLTZs (Mutti anNormark 1987; Morris
and Normark2000;Wynn et al, 2002a; Macdonald et al,2011a; Ito et al.2014). In
coarsegrained systems, such as the Boso Peninsula (Ito,@04l4), these drapes (up to
60 cm thick) have been reported to be primarily composed of sandy and coarse siltstones.
The draps are dominantly structureless, but can locally contain sandy laminations in the
basal part and show sharp contacts with underlying and overlying deposits (Ito et al.
2014). Scoufills which do not show mudraping are primarily represented by the exact
same facies as surrounding deposits (Morris and Normark, 2000; Wynn20Gi; Ito et
al., 2014). Upstreaninclined backset bedding in scefilts have also been reported (Ito et
al., 2014), in association with subangular mudstone clasts and upstiealined basal

erosional surfaces.
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Figure 23 Main characteristics of submarine channels, cha#oigé transitions and lobe
deposits as originally described by Mutti and Normark (198/ith: 1a = erosional
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beds truncating against channel margin; 2b = beds converging against channel edge;
2c = bedding irregularity resulting from scours and lasgalebedforms; 2d = even
parallel bedding; 3a = clasupported conglomerates; 3b = madpported
conglomerates; 3c = thihedded overbank deposits; 3d+e = coagsaned,
internally stratified sandstone facies; 3f = complete and bassing Bouma
sequences;a= deep and relative narrow scours locally associated with stone clasts;
4b = armoured mudstone clasts; 4c = nalrdped scours; 4d = broad scours, locally
associated with mudstone clasts; 4e = tabular scours invariably associated with
mudstone ripup class from underlying substratum; 4f = nests of mudstone clasts
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slump units; 5b = impact features (redrawn from Mutti and Normark, 1987)

The outcrop expression of depositidrfaatures within CLTZs is less well defined. They

have generally been described as coagsained and internally stratified by Mutti and
Normark (1987). In the Albian Black Flysch of NE Spain (Vicente Bravo and Robles, 1995)
described some large scale homack and wavelike bedforms associated with CLTZs

(Wynn et al., 2008). The hummockike bedforms show sinusoidal patterns in transverse
and longitudinal sections with wavelengths ranging between 5 to 40 m and heights from a

few decimetres up to 1.5 m, inferred to be genetically related to scours (Vicente Bravo and

Robles1995). The wawike bedforms varied in wavelengths ranging between 5 and 30 m
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and amplitudes up to 0.7 m, showing symmetric to slightly asymmetric gravel

geometries. Similar wavirm bedding or tractional structures were also described by Ito

et al.(2014) for the Boso Peninsula in pebbly medium to coegrained sandstones, with
wavelengths (Type | in Ito et al., 2014) up to 40 m and heights up to 2 m. These tractional
structures show lateral transitions towards plane parallel stratification (Typeith

typical upward transitions to graded or massive bedding. Isolated capeseed (pebbly
sandstones to conglomerates) dunes (Type IIl) were also described, forming lenticular
geometries (< 5 m long, <0.4 m height), intercalated or encased in sitsignes and

showing foreset bedding inclined in the downcurrent direction. Pemberton et al. (2016)
described crosstratified depositional bedforms (4.5 m thick, 55135 m across) within a
CLTZ setting of the Magallanes Basin of southern Chile, wkighinterpreted to have
migrated upslope.

Alongside bedforms, more general sedimentary characteristics have been attributed to the
CLTZ. Ito et al. (2014) showed that the average bed thickness increases away from the CLTZ
in the downcurrent direction. Fthermore, amalgamation of sandstones (@andHill) is
common and the ratio of siltstones relative to interbedded sandstones is gradually

increasing in the downslope direction.

2.2.1 Channelobe juxtaposition

For characterising the CLTZ in the rock recibid,vital to look at lateral and longitudinal
migration offeatures and deposits associated wiltis zone The expression of the

migration can be inferred frorthe juxtaposition (Fig. 2.4) of lobes and chanfiléd

(Gardner et a].2003; Macdonald etlg 2011b; Morris et al, 2014a; Grundvag et aJ2014;

Pyles et a].2015).Lobes in lobe complexasay show variable stacking behaviour (Fig.

2.4), howeverdngitudinalcompensation of lobes has been previously largely overlooked
(Pyles et a).2015).Depositional cycles have been suggested by Gardner et al. (2003) based

on the Brushy Canyon (US), with downdip extension due to channel propagation through
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lobes and retreat due to fihgand spilling of these same chanreeéments.Among these
studies (@rdner et al, 2003, Macdonald et 3l2011b; Morris et al, 2014a; Grundvag et
al., 2014;Pyles et a].2015), the CLTZ is mostly defined by a surface or very limited
deposits, intead of a rock volume with wetleveloped bedform feature®©ther studies
have showed clear transitions from isolated and amalgamated scours to low asgiect
channels (Pemberton et aR016), indicating more significant CLTZ stratigraphy

development.

End-Members for Stacking of Distributive Fans

Degree of longitudinal offsets between
different channel-Jobe transition zones

» high

low «

channellobe

outline of e s, i
submanine fan

Figure 24 Endmember models for distributive submarine fans. Onerarthber contains
CLTZs that are located at a common longitudinal position on the fan (left), whereas
the other end member contains CLTZs that are located at variable longitudinal
locations on the fan (right) (from Pyles et al., 2015)

2.3 Baseof-slope and CLT&edimentary process record

2.3.1 Flow divergence

Unconfined lasinfloor environments are dominated by lobe deposition (e.g. Shanmugam
and Moiola, 1991; Shanmugam et,4995; Bouma et al2000; Johnson et aR001;

Hodgson et aJ2006; Prélat et a]2009;Flint et al, 2011) and lower slope settings are
characterised by channétvee systems (e.g. Peakall et 2000; Posamentier, 2003;

Posamentier and Koll2003; Kane et 312007; Wynn et aJ2007; Di Celma et ak011,
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Hodgson et aJ2011). Therefag, the area in between the slope and baflwor (the base

of-slope) is prone to the development of CLTZs (e.g. Gardner, 2088; Hodgson et al.

2006; Brunt et a].2013; Van der Merwe et g8l2014). Flow expansion is expected at the
baseof-slope, as divergent flow behaviour will result from the gradient and confinement

changes in this region (Knellem docpp O-dzy WHE2WN Q Ff 26 0SKI @A 2 dzNJ 0 ¢
distance) is predicted at slopdanges, where a decrease in slope can result in depletive

and divergent flow (Kneller and Branney, 1995). Fluctuations in flow velocity over time are
Ge@LIAOItfe& Of Iaaz®wheR waxing flevdzpcur BherRvelgeitydo CA 3 &

increases over timand waning when velocity decreases

waxing . accumulative
wanmg depletive
] !
UNSTEADY — STEADY  I"NON-UNIFORM  UNIFORM
—t-—-> —X>
divergent flow MMW

DEPLETIVE FLOW

ACCUMULATIVE FLOW

Figure 25 (top) Graphs showing time (1) versus flow velocity (u) and distance (x) versus
flow velocity (u) and the different terminology used to describe unsteady and non
uniform flow behaviour. (bottom) Diagram #ltrating variance in flow behaviour
depending on the type of gradient change. At the bafsslope a decrease in slope is
expected and therefore diverging and depletive flow behaviour (from Kneller et al.,
1995)
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2.3.2 Frouderelated fluctuations

Due to the diveging and depletive character of flows reaching basgslope and CLTZ

environments, many have related sedimentary and bedform characteristics of these zones

to Froude number (1) fluctuations (Mutti and Normark, 1987; 1991; Mulder and Alexander,

2001; Posnha et al., 2009; Ito et al., 2014; Pemberton et al., 2016; Postma et al., 2016), and

in particular around the critical Froude number (Fr = 1).The Froude number (1) is related to
FTft29 ©0St20A08 6! 0% Ft2¢ KSAIKU viykonstany R (G KS
630 A& AYyFtdsSYyOSR o6& GKS RSy amhadth&kdmbignE NBy OS

FEdZAR o0 0O

&0 — " O— — (1) From Postma et al., 20D9

Some deposits within CLTZ settings have been associatedwpiéncritical flow (Fr>1)
conditions. For example, coargeained deposits within the canydiil (Ito et al, 2014) of

the Boso Peninsula were interpreted to be formed under supercritical flow conditions from
high-density turbidity currents.

Otherfeatures, and in particular bedforms (Alexander et al., 2001; Lang and Winsemann,
2013; Cartigny et al., 2011; 2014), are associated with a decelerating supercritical turbidity
currents undergoing a hydraulic jump: The transition from supercritical comditfFr > 1)

to subcritical conditions (Fr < 1) result in flow expansion and the formation of a standing
wave. The development of backset bedding within sdills has been associated with

flows undergoing a hydraulic jump (e.qg. Ito et al., 2014; Postrah,2015). The
accumulation of mudstone clast and pebbly sandstones has been linked to erosive
turbidity currents generated by increased turbulence in association with the occurrdnce o
a standing wave (Ito et al., 2014). A range of different bedfq@astigny et al., 2014),
including cyclic steps, antidunes and chatedpool structures, have been experimentally

linked to variance in the amplitude of Froude number fluctuations. It has been emphasised
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that sediment waves are initially formed as antigisn(Morris et al., 1998; Wynn and Stow,
2002) or as netlepositional cyclic steps (Symons et al., 2016), defined by upstream
migration. Upstream migrating scour trains (Fildani et al., 2006; Covault et al., 2014) have
been interpreted as neerosional cydt steps and linked to channel formation. Differences
in the architectural style of the CLTZ, as an area of chdaheljuxtaposition, has also

been related to the criticality of incoming flows (Postma et al., 2016). Postma et al. (2016)
suggested that stems, which have been fed by supercritical flows, are architecturally
much more complicated. They state that these systems are characterised by erosive
channels, offset stacked lobes, hydraulic jump related mouth bars and upslope onlapping
backfill depods. Systems which are fed by subcritical flows are dominantly characterised

by depositionallyconfined channel systems and more simple architectures.

2.3.3 Rheological flow transformations

Next to Frouderelated flow transformations, rheological flow transfoations (Fig. 2.6)
have also been proposed to occur at chanmaluth settings Talling et al., 2007to,

2008). The existence of hybrid event beds or linked debrites (Haughton et al., 2003; 2009;
Hodgson, 2009; Baas et al., 2011) among submarine fan systepresenting a cgenetic
sandy turbulent flow and muddy laminar flow is not well understood.

It has beersuggestedTalling et al., 2007; Ito 2008)at these deposits are the result of
downfan rheological transitions of turbidity currents to debris flow at CLTZ settings (Fig
2.6). This transformation was interpreted to be triggered by the incorporation of many
finer-grained clasts and sedimentsana passing turbidity current by erosion of a muddy
substrate, suppressing turbulence and increasing sediment concentrations in thbedar
flow layer. As intensive scouring is occurring at the CLTZ, the incorporation of muddy

substrate and consecutiveofl transformation is likely to occur in this region.
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Figure 26 Schematic model for a downfan rheological transition from the channel mouth
towards a distal lobe setting, proposed for the Low&istocene Otadai Formation.
In the proximal Lobe settin a stratified flow exists with a relative dilute turbidity
current overriding a clagich debris flow (from Ito, 2008)

2.3.4 Sediment bypass record

Turbidity currents generally become depletive when diverging at cHamogith settings
(Kneller1995) and maghow rapid deposition due to the occurrence of a hydraulic jump
(e.g. Russell anéirnott, 2003; Kostic and Parker, 2006; Postma et al., 2009). However, the
existence of a transition zone (CLTZ) in between a channel/canyon and a lobe indicates an
area dominated by sediment bypass (Wynn et al., 20@2evenson et al., 2015). Evidence

of sediment bypas#s recorded in the sedimentary characteristics and bedform assemblage
of this zone.In this thesis, we define dament bypasgStevenson et al., 2018ka net

state ofno or aneglableamount of depositioferosionby a flow beirg the result of either
asingleor multiple flows Downdip bed thickness increase and a general lack of siltstones
have been linked to active bypassing processes of turbidity currents at proximal

environments (Ito et al., 2014). Mugkapes within scoufills have been related to the
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bypass of higliensity turbidity currents and subsequent deposition of fgrained
materialsby depletive waning flows (Mutti and Normark, 1987; 1991; Morris and Normark
,2000; Kane et gl2009; Ito et al.2014; Stevenson et aR015). Furthermore, the

presence of isolated dunes has been interpreted to be created by sediment reworking of

lag deposits by bypassing turbidity currents (Ito et2014).

2.3.5 Flow efficiency

The character of the CLTZ has also been related to dthsicflow factors,except forthe
criticality of the incoming flows (Postma et,&016),such as grain size distribution or
sediment concentrationsaid to becontrolling the efficiency of the flows exiting the
channelmouth Mutti and Normark, 198 AVynn et al, 2002a; Gardner et a].2003).In
high-efficiency systems, the CLTZpgedictedto be widely developedJutti and Normark,
1987;Wynn et al, 20029), while in norefficient systems lobes may be directly connected

to their feeder channelsGardner et al. (2003) linked the limited development of CLTZ
features in the Brushy Canyon Formation (Texas, USA) todoeentration and low

volume sandylbws, representing lovefficient conditions Experimental studiekoking at
depositional bodies linked to a sudden loss in confinement, performed by Baas et al. (2004)
suggested a strong relatishipbetween grain size and CLTZ development. Flows
containing a significant mudomponent resulted in a much better developed CLTZ (Fig.
2.7) with clear disconnection of the lobe and the chanmke CLT¥aried laterally from
showing gradual thickness changes towards the labthe levees and quitanabrupt
transitionat the central sections of channels. In general, grain size decreased gradually in

the downtcurrent direction, but ear the CLTgrain size decreased rapidly.
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Figure 27 Model for fan morphology from depletive flows, separated by grain size and
initial sediment concentration. A clear wedgieaped expansion point can be
observed with coarsgrained lowconcentrated flows, wéreasfine-grained flows
result in more extensive CLTZ development (from Baas 206dL)

2.4 Inconsistencies between ament and recent system datasets
As the CLTZ is a physiographic aits&xpressiorin the modern asnassemblage of
erosional and depositional bedforms is well constrained (e.g. Palanques et al., 1995; Wynn
et al., 2002; Bonnel et al.2005). However, the transfer of this snapshot configuration into
the rock record is an ongoing area of investigation. Our current understanding of the
stratigraphic expression of CLTEAI{ti andNormark, 19871991;lto et al, 2014 shows
clear inconsistencies with elements characteristic of modern QEIZ<8). Most
elements recgnised in recent systems are an ordémagnitude larger compared to
similar examples from the rock record (Fig. 2.8) (Wynn et al.,200Ret al., ®14). A
wider variety of elements are known fromahmodern(Wynn et al., 2008), of which some
have not yet been described from the ancient. This includes mounds, reworked sands,

lineations, variable scour geometries and thare only vary scarcebservations of
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sediment waves from ancient CLTZ settings (Vicente Bravo and Robles, 1995; Ito et al.,
2014; Pemberton et al., 2016), mostly lacking detail or the wider lateral constraint . The big
scale of the bathymeic and acoustic backscattdatasets allows a thorough examination

of channel to lobe transitions and submarine fans in general, but is also directly a limitation
due to the lack of resolution for imaging higésolution deepwater bedforms. Therefore,

our understanding of thenodernexpression of the CLTZ is mostly limited by the resolution
of sonar and shallow seismic datasets (Wynn et al., @0®hich explain why sutnetre

scale features have not been described among modern systems.

Some reasons have been given whyger features, such as amalgamated scours and
sediment waves recognised within theodern have not yet been described from the rock
record. The lack of large scaiilts within the outcrop record has been related to the

difficulty to differentiate them from channelills in purely 2Etransectviews Mutti and

Normark, 1987Wynn et al., 2008). Modern systems have revealed complicated sefilur
histories where laterally adjacent scours do not necessarily evolve simultaneously and may
show different infill mtterns (Macdonald et al., 201}1a

Furthermore, scoufill sedimentation can be typically owf-phase with external areas
(Macdonald et al., 2011a). Clear recognition criterig hoavever, still lacking for the
differentiation ofscouftfills from channefills. A lack of sediment waves within the outcrop
record has been primarily related to their large wavelength (Piper and Konopoulos, 1994),

making it difficult to recognise these bedforms within laterally limited outcrop expoassi
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Figure 28 Comparison between stratigraphic expression (from Mutti and Normark, 1987;
Ito et al., 2014) and bathymetric expression of CLTZ with division in erosional and
depositional elements (from Wynn et al., 2@D2There is clear inconsistgnia both

dimensions as well as the type of elements.
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2.4.1 Lack of spatial constraint in the CLTZ stratigraphic record

Themodernexpression of CLTZs only provides a timeslice of a dynamic and evolving
system and is therefore not sufficient for understanding responsible processes and how
CLTZs are transferred into the rock record. There is a significagaiog discussion into

the importance of distinguishing between stratigraphic surfaces that are time transgressive
and composite, and geomorphic surfaces that are rarely preserved in the rock record (e.g.
Strong and Paola, 2009; Sylvester et al., 2011; Holbrook and BhattacharaBaoh et

al., 2013; Hodgson et al., 2016). This distinction between physiographic snapshot and
stratigraphic transfer is important in understanding the preservation potential of CLTZs.
The existing stratigraphic studies (Mutti and Normark, 1987; 196X tlal., 2014)

summarise elements associated with these zones, but fail to cover the relationship
between different elements and their relative spatial and temporal distribution. It remains
unclear how the spatial distribution of elemengsich has beenliserved in thenodern

(Wynn et al., 2008), is recorded in the stratigraphic record when the CLTZ is likely
migrating and changing in character. When key facies criteria and stacking patterns can be
defined due to the recognition of such featuresoutcrop, it will aid the recognition of

CLTZs within 1D core records.
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Chapter 3
Tectonostratigraphy of the SW Karoo Basin and deegter
architectural and facies framework

The tectonostratigraphic development of the Western Cape, and the whole of the

southern African continent, can be related to the evolution of western Gondwana (Grunow
et al., 1996; Unrug, 1997; Tankard et al., 2009; Flint et al. 2011) (Fig. 3.1). Much of the late
Palaeozoic tectonostratigraphic record has been removed in the sougiegts of present

South Africa, due to largscale exhumation during regional Mesozoic stske and

extensional tectonics. The record in the Western Cape is therefore less complete than in

other parts (Fig. 3.1) of western Gondwana, including South Amarid Antarctica (Flint

etal., 2011).
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Figure 31 Overview of the extent of the Parana, Huab and Main Karoo Basin {Nt(8
referred to as Karoo Basin) and the Falkland Islands in southwestern Gondwana, in a
250+50 Ma palinspstic position (modifiedrom Faure and Caolé999).

Two sedimentary megauc@ssions (the Cape and Karoo &tguoups) from the Early
Ordovician to Early Jurassic are separated by a major unconformity and were deposited in
two laterally offset sedimentary basins in southern Africa, the Cape and Karoo Basins
(Visser, 1997; Tankard et al., 2009): The Cape Supgr@Foy 3.2) comprises an 8 km

thick succession of Early Ordovician to Early Carboniferous shallow marine, deltaic and
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fluvial deposits (Veevers et al., 1994) that was derived from a cratonic source to the north
(Tankard et al., 1982). The Karoo Supergr@iaroo Basin) (Fig. 3.2) overlies the Cape
Supergroup and comprises 5.5 km of deeprine to fluvial deposits that spans the Late
Carboniferous to the early Jurassic. It was deposited in a series of smaller interconnected

marine basins, linked to regiohkargescale subsidence.

Initially the major southern Gondwana basins, including the Karoo Basin, were interpreted
to have developed in the late Palaeozoic in response to accretionary tectonics along the
southern margin of Gondwana (De Wit and Ransome, 1992; Veevers et al.Lbpe4
Gamundi and Rossello, 1998). It was considered that the Karoo Basin developed as a
retroarc foreland basin due to flexural subsidence driven by loading of the Cape Fold Belt
(Fig. 3.2) lying along the southern margin of the basin (De Wit and Randd8?2; Cole,

1992; Veevers et al., 1994; Visser and Praekelt, 108&ineaunu, 2004Catuneaunu et

al., 1998. More recently, the Cape Fold Belt has been interpreted as a younger feature
with the help of provenance analyses (Johnson et al., 188dersson et al., 2004; Van

Lente, 2004) and tectonostratigraphic analyses (Tankard et al., 2009). Only the youngest
sediments of the Beaufort Group and above match up with the Cape Fold Belt as a
sedimentary source, according to sedimentary provenanda (dan Lente, 2004).

Therefore the subsidence of the Karoo Basin during its deep water phase is more likely to
have been controlled by dynamic topograpi®jated to subduction (Pysklywend

Mitrovica, 1999) and has been linked to mantle flow influenceddundering of basement
blocks (Tankard et al., 2009). At the time of deposition of the Bomap, these basement
blocks may have acted as a buried basin boundary, influencing the position of the shelf

edge (Tankard et al., 2009).
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3.1 Stratigraphic frameworlof the Karoo Supergroup

The late Carboniferous Dwyka Grospghe oldest succession of the Karoo Supergroup (Fig.
3.2) and marks the onset of the Karoo Basin sedimentation, being comprised of an 800 m
thick package of diamictites, varves and gldtiwial deposits (Visser, 1989; Visser and
Young, 1990). A northesediment source has been interpreted and the glacial
sedimentation of the Dwyka Group coincided with the positioning of Gondwana around

the South Pole (Visser, 1997) (Fig. 3.1). The Ecca Group is comprised offack km
succession of Permian age and initiated pgisicial maximum, being predominantly
composed of siliciclastic deposits (Wickens, 1994; Flint et al., 2011). The basal succession of
the Ecca Group is slightly carbonaceous, being composed of claystones agd che
claystones with tidal carbonates of the Prince Albert Formation (< 180 m thick), overlain by
organicrich claystone of the Whitehill Formation (~30 m thick). The condensed nature of
both these formations indicates low clastic supply rates during dépogFlint et al.,

2011). The overlying Collingham Formation (< 70 m thick) shows an increase in siliciclastic
input and is composed of dark carbonaceous claystones interbedded witih¢ided
siliciclastic turbidites. These deposits are characteriged bigh concentration of ash beds
and a regionally extensive 1 metre thick chert bed (the Matjiesfontein chert), which is used
as a stratigraphic marker due to its unifothicknessoverat least5000km? (Flint et al.,

2011).

The Upper Ecca Group was deposited in two depocentres (Fig. 3.2) within the
southwestern Karoo Basin: the Laingsburg depocentre, which comprises the Vischkuil,
Laingsburg, Fort Brown, and Waterford formations, and the Tanqua depocentre, which
comprises theTierberg, Skoorsteenberg, Kookfontein and Waterford formations (Wickens,
1994; Fig. 3.3). Both show a shallowimgvard succession from distal badinor through

submarine slope to shelf edge and shelf deltaic settings (Wickens, 1994; Flint et al., 2011)
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The deepwater infill of both depocentres show samth fan systems separatday thick
(1-20 m ) claystonesThe majority of theseclaystones have been mpreted to be of a
hemipelagic origir(deposition by a combination of vertical settling and slow lateral
advection;e.g.Stow and Tabre4,998) due to their regional extensive nature (tens of
kilometres) Furthermoee the presence of ash bedkck of siltstone materialand high
level of bioturbationin this claystone intervaldeviates from the mudstone charactes a
observed ainitiation and retreat of submanie fan systemsndicating they have been

deposited over long timescales

3.1.1 Tanqua Epocentre

TheTanqua Bpocentre is located in the preseday southwestern corner of the Karoo
Basin, and its fill is composed of both the Lower and Upper Ecca Group. The Tierberg
Formation (> 600 m thick; King et al., 2009) marks the initiation of the-deser fill of

the Upper Ecca Group in the Tanqua depocentre (Fig. 3.3) and mainly comprises dar
basinal mudstonesBoumaand Wickens1991; Wickens, 1994). The Skoorsteenberg
Formation (~400 m thick) forms the main deepter succession and is comprised of a

total of four fine-grained and sandich submarine fan systems (Fang)l(Bouma and
Wickens, 1991; Wickens, 1994; Wickens and Bouma, 2000; Johnson et al., 2001; Hodgson
et al., 2006) and one lower slope to baskeslope unit (Unit 5) (Wild et al., 2005; Hodgson

et al., 2006). Patterns of fan initiation, growth, decay and abandonment was identified
within this succession based on basinward and landward movement of fan fringes,
common to basiffloor fans (Hodson et al., 2006). The grain size range is narrow within
this formation, varying between mud and figgained sand. The Skoorsteenberg

Formation is overlain by the Kookfontein Formation (~ 240 m thick) (Fig. 3.3) (Bouma and
Wickens, 1991; Wickens, 1994), representing dominantly slope andestggfdeltaics

(Wild et al., 2009) and the deltaic Waterford Formation (~120 m thick), marking the overall

progradation of the sedimentary system to the ncetst.
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Tanqua Depocentre Laingsburg Depocentre
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Figure 33 Stratigraphic column of the deepater deposits from the Laingsburga
Tangua depocentre§ heFan systems and Units which have been studied in detail
within this thesis are highlighted in red (modified from Hofstra et al., 2015)

3.1.2 Laingsburg Depocentre
The Laingsburg Depocentre, also located in the sewghtern part of the Karoo Basin (Fig.

3.2), comprises a shallowing upward succession of the Vischkuil, Laingsburg, Fort Brown
and Waterford Formations. The degyater succession was initiated by distal basin plain
turbidites, hemipelagic claystones and debrites of the Vischkuil FormatiorQ(rmR7
(Kuenen, 1963; Theron, 1967arvder Merwe, et al. 2009; 2010; 2011). The contact
between the Vischkuil and Laingsburg Formations varies from an unconformity in the north
of the depocentre to a correlative conformity in the south, which has beenpnéted as
evidence for baskfloor topography at this time (Sixsmith, 2000). The Laingsburg
Formation (< 800 m) comprises two samch turbiditic intervals (Unit A and Unit B),
separated by a 40 m thick hemipelagic claystone interval (Wickens, 199445 2000;

Flint et al., 2011). Of these sedimentary units, Unit A is the thickest3360n) and can be
subdivided in seven sandstone dominated packages dfobm thickness (AA7),

separated by regional hemipelagic mudstone and-@uded siltstone pekages of 4.5 m
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thickness. Mudstone units between 431 and between AB\6 are generally thicker, with a
higher fraction of hemipelagic material. Coupled with regional stratal stacking patterns,
this mudstone unit hierarchy was used by Flint et al. (264 group AXA3 into a lowstand
sequence set with the AB4 mudstone interpreted as the related transgressinel

highstand sequete set; the combination forming a lower Unit A composite sequence. A4
and A5 were grouped into another lowstand sequence sel, ®ogether with the ABA6
mudstone form a middle Unit A composite sequence. Similarly A6 and A7 are interpreted
as a lowstand sequence set, and form an upper Unit A composite sequence with the lower
part of the 40 m thick /B mudstone.

The regional B mudstone contains a shatpased and sharopped stratified fine

grained sandstone unit that is up to 15 m thick and lies 10 m below the base of Unit B
(Grecula et al., 20G8 referred to as the 8 interfan. Unit B comprises a-225m thick
sandstoneprone package. A base of slope setting for B in the area west of Laingsburg was
interpreted by Grecula et al. (2083based on its stratigraphic position overlying the
basinfloor fans of Unit A and being overlain by ~500 m of incised and {exefined slpe
channel complexes (Grecula et al., 2808lint et al., 2011). Two contemporaneous NE
trending channelevee system¢hat map down dip (eastward) to distributive deepwater
systems are exposed within Unit B over a 25 km dip section, with strike comgosome

20 km (Grecula et al., 2088 Regional mapping combined with sedimentological and
stratigraphic analysis indicates that Unit B comprises three depositional sequences (B1, B2,
B3) (Grecula et al., 2083Brunt et al., 2018).The overlying FoBrown Formation is
composed of five sanfrone units (Unit &) (Fig. 3.2) forming an overlying slope system
and mudprone prodelta succession (Flint et,&011; Hodgson et al., 2011avder

Merwe et al., 2014). The Waterford Formation (< 800 m) (Wisk&894; Jones et al.,

2013, 2015) comprises the top of the Ecca Group and is mainly defined bpsared

shelfedge deltaic deposits.
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3.1.3 Sediment provenance

Despite the extent and thickness of the infill ath the Tanqua and Laingsburg
depocentres, the sediment source is believed to be very similar throughout the whole
stratigraply (Andersson etlg 2004 Van Lente, 200435eochemical analysesvea
suggested that the deeprater sediments were derived from a felsic igneous source
associated with an active continentadargin setting (Van Lée, 2004) Within the
claystones betweethe sandpronefan systems, a stratigraphic increasfdgneous
contributionshas been observed (Andersson et al., 2004)

The mostlikely candidates for sowe terranes for both depocentres are believed to be the
Sierra Pampeana granites ardhists as well as the Patagonian batholith from the North
PatagoniarMassif (VarLente, 2004; Fildani et al., 200There may have also been some
contribution derived from the late Precambrian Cape Granite S\iga [ente, 2004).

The nineral composition of the sandstones is very similar throughomih depocentres
with amajor component of moneoand polycrystalline quartz (Scott et al., 20@0Qd minor
amounts of feldspar, detial muscovite and biotite and a wide variety of heavy minerals
Eventhoughthe transport pathway is inferred to be long and grain size rasgeery
narrow (clay to fine sandstonghe sediments aratill rather immature(Scott et al., 2000)
showirg mostlysubraunded to subangulagrains and minimal alteration of micas and

feldspars.

3.2Facies framework

The sedimentary facies of both ttgkoorsteenberg Formation (Johnson et al., 2001;
Hodgson et al., 2006; Prelat et al., 2009) and the Laingsburg Formation (Grecula et al.,
2003a; 2003b; Sixsmith et al., 2004; Flint et al., 2011) have previously been described in
detail. A brief summary ohk lithofacies encountered within both formations from

outcrop and core datasets is here presented. These lithofacies are combined into facies
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associations in the following Chapters8% used to define the environment of deposition

among various architégral elements.

3.2.1 Structureless sandstone

Figure 34 Representative photographs from outcreft) and core (right) of structureless
sandstone facies. The Dihde image was taken from core.

Feature Characteristicand interpretation

Depositional

. Channelaxis, lobe axis, frontal lobe fringe.
environment

Thickbedded; Occasional dewatering pipes and dishes that are well pres
in core; widespread amalgamation along erosion surfaces; can contain
mudstone chips andarbonaceous material. Grain size ranges from uppel
lower fine sand, with rare medium sand.

Description

Basal bounding Sharp, erosive, loading.

surface

Upper bounding Sharp to normally graded.

surface

Bed thickness Variable <In to amalgamated sections of >hf)
Outcrop width / Beds can be traced out for several 100s of metres.
geometry

Commonly found amonblighly amalgamated zones (HAZ3t can pass
Other aspects : e . : . .
laterally into stratified successions without bounding erosion surfaces.
Table3.1 Summary othe characteriics of structureless sandstofeciesandits
associatedlepositional environmest
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3.2.2 Planataminated sandstone

Outcrop 1em core

Figure 35 Representative photographs from outcrop (left) and core (righp)asfar-
laminatedsandstone facies he DineLite image was taken from core.

Feature Characteristicand interpretation

Depositional

. Lobe axis, lobe offixis, lobe fringe.
environment

Thick to medium bedded; planar parallel laminated; usually norm
graded, lower fine sandnd very fine sand.

Basal bounding surface Sharp, loaded.
Upper bounding surfaceSharp to normally graded.

Description

Bed thickness 0.1 m-1m.

Outcrop width / Commonly part of lateral facies change to structureless thia#ded
geometry sandstone omediumbedded wavy ripple laminated sandstone
Other aspects N/A

Table3.2 Summary of the characteristicsglinarlaminatedsandstondaciesandits
associatedlepositional environmest



38

3.2.3 Wavylaminated sandstone

Outcrop

Figure 36 Representative photographs from outcrop (left) and core (right) of wavy
laminated sandstone facies.

Feature Characteristicand interpretation
Depositional environment Lobe offaxis

Medium-to thin-bedded. Wavy/convolute lamated sandstones with
Description wavelengths between 280cm, can be asymmetric with steeper +
shallower limbsincrease upward within individual beds.

Basal boundingurface  Sharp, loaded.

Upper bounding surface Sharp to gradational.

Bed thickness 0.1m-1m.

Lateral and stratigraphic transition into current ripple and climbing
ripple laminated sandstone.

Other aspects N/A

Outcrop width / geometry

Table3.3 Summary of the characteristicswhvy-laminated sandstone faciesdits
associatedlepositional environment
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3.2.4 Rippledlaminated sandstone

A: Current rippldaminated

Figure 37 Representative photographs from outcrop (left) and core (right) of current fipple
laminated sandstone facies.

Feature Characteristicand interpretation

Depositional

. Lobe off axis, lobe lateral fringe, external levee/overbank.
environment

Medium to thinbedded very fine to fine grained sandstone. Low a
Description to high angle ripple lamination. Stesi&le preservation is common.
Grainsize is very fine and lower fine sand.
Basal bounding surface Sharp.
Upper bounding surfaceSharp to gradational.

Bed thickness 0.05 m1 m (up to 3.5 m in case of amalgamation).
. Lateral facis transition to planar laminad sandstone can occur.
Outcrop width / . . . .
cometr Extensive for severdl0D0 ms. Amalgamation of multiple beds is
9 y common, creating greater (>1 m) bed thicknesses.
Other aspects N/A

Table3.4 Summary of the characteristics@irrent ripplelaminatedsandstondaciesand
its associatedlepositional environmest
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B:Climbing rippldaminated

Outcrop

Figure 38 Representative photographs from outcrop (left) and core (right) of
climbing rippldlaminated sandstone facies. The Dinte image was taken from
core.

Feature Characteristicand interpretation
Depositional environmentLobe off axis, lobe fringe, overbank.

Mediumto-thin-bedded very fine to fine grained sandstone. Ripple

Description foresets can be draped by silt; grainsize very fine and lower fine <

Basal bounding surface Sharp.
Upper bounding surface Sharp to gradational.
Bed thickness 0.05 m to ~1 m, but commonly GQL.2 m.

Extensive for several 10s metres, facies transitions towards climb

Outcrop width / geometry ripple lamination or planalamination.

Other aspects N/A

Table3.5 Summary of the characteristics@dimbingripple-laminatedsandstoneacies
andits associatediepositional environmest
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3.2.5 Siltstones

Figure 39 Representative photographs from outcrop (left) and core (right) of siltstone
facies.

Feature Characteristics and interpretation
Depositionakenvironment Lobe fringe, bypasdominated areas.

Normally planar bedded. Rare ripples. Interbedded very-graned

Description sandstone beds.

Basal bounding surface  Sharp.
Upper bounding surface  Sharp to transitional.

Individual bedsare typically <0.05 m, Packages that range from (
to >10 m in thickness.

Outcrop width / geometry Packages can be traced for several kilometres.

Bed thickness

Other aspects Constant sedimentary characteristics throughout the package

Table3.6 Summary of the characteristics siftstonefaciesandits associatediepositional
environmens.



42

3.2.6 Folded siltstones and sandstones

Outcrop

TR PR

Figure 310 Representative photographs from outcrop (left) and core (righildéd
siltstones and sandstones facies. The Rii® image was taken from core.

Feature Characteristicand interpretation

Depositional environment Slide deposits, channel margin, scour margin.

Weak deformation to highly contoured arfolded thin bedded

Description sandstone and siltstone beds.
Basal bounding surface Sharp to erosional.

Upper bounding surface Sharp to gradational.

Outcrop thickness from 10s cm to 10s metres.

Outcrop width / geometry >5kms

Other aspects N/A

Table3.7 Summary of the characteristicsfofded sandstones and siltstones facieslits
associatedlepositional environmest
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3.2.7 Claystones

Figure 311 Representative photographs from outcrop (left) and core (right)agfstone
facies. The Dintite image was takefrom core.

Feature Characteristicand interpretation

Depositional environment Hemipelagic background sedimentation.

Little to no internal stratification seen at outcrop. Thin laminatic

Description of very fine silt may be seen in fresh surfaces.

Basal bounding surface  Normally gradational, occasionally sharp.
Upper bounding surface  Sharp, occasionally erosional.

Outcropthickness Variable, from 10s cm to several metres.
Outcrop width / geometry Extensive, locally eroded.

Other aspects N/A

Table3.8 Summary of the characteristicsafystone facieandits associated
depositional environment
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3.2.8 Intraclast conglomerate

Outcrop

Figure 312 Representative photographs from outcrop (left) and core (right) of intraclast
conglomerate facies. The Dihite image was taken from core.

Feature Characteristicand interpretation

Depositional environment Channeffill, lobe axis, bypass areas.

Angular to subrounded claystone and siltstone clasts supporte

Description by sandstone matrix. Locally clast supported.

Basal bounding surface  Sharp, erosional.

Upper bounding surface  Sharp.

Outcrop thickness 10s cm to metres.

Outcrop width / geometry Commonly limited by erosion surfaces, lenticular shaped.

Other aspects N/A

Table3.9 Summary of the characteristicsiofraclast conglomerate facieendits
associatedlepositional environmest
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3.2.9 Banded sandstone

Outcrop.

Figure 313 Representative photographs from outcrop (left) and core (right) of banded
sandstone facied he Dinelite image was taken from core.

Feature Characteristics and interpretation
Depositional environment Lobe axis, lobe offixis

Alternating layers of clean and muidh sandstone bands. Clean
Description layers can load into the mudch onesOccasionally mud chips,
carbonaceous material and/or plant fragments in rmich bands.

Basal bounding surface  Sharp to transitional
Upper bounding surface  Sharp, gradational
Outcrop thickness From 0.1m up to several metres when beds are amalgamated

Can be associated with overlying ripple laminations or chaotic

Outcrop width / geometry sandstone/siltstoneExtensive for 10s metres.

Other aspects N/A

Table3.10 Summary of the characteristicslodinded sandstone faciemdits associated
depositional environmest
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3.3 Architectural element framework

Many deepwater studies within the Karoo Basin have focussed on the identification and
characterisation of architectural elements (e.g. Johnson et al. 2001; Hodgson et al. 2006;
Greculaet al. 2003; Prélat et al. 2009; Brunt et al. 206)3The most important elements

within these deepwater fan systems will be briefly discussed.

3.3.1 Lobes
Early lobe models (Mutti, 1977; Mutti and Sonnino, 1981) created a division within two

YEAY R2YIFAYyayY WalyRaG2yS t20SQ 00KIFNI OGSNR A&

FNAY3ISQ 600K NI OGSNRaAaSR o0& I f26SNI9EN),yYRaG2Yy S
0KS OSYyidN}Xftf WwWalyRalGz2yS t206SQ NBLINBaSyida I LIL

GKS £20S KAt S (KS odfervio$hirds. ik ivitarfalQremit&iins a Sy G a
of lobesiscommonly describedshighly continuous deposits wita parallelsided bedding

style (Chapin et al., 199Mahaffie, 1994).

>

At

Lobe centroid

Lobe axis
Lobe off-axis

Lobe fringe
Lobe distal fringe —

Lobe apex ——
Distributary channel ——

(No scale implied)

Figure 314 Schematic showing nomenclature used to describe different lobe components
and environments (from Prélat et al., 2009)
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Recent work indicates a more complicatgpositionalarchitecture (Prélat et 812009,

with four environments of deposition (Fi§.4) inasinglelobe: axis, ofaxis, fringe, and

distal fringe. Among basiffloor lobes, these four depositional environments do not have a
simple radiabistribution about an apex or from the lobe centroid, but are organised in a
complicated finger like distribution. As a result, in dip and strike directibrsspossible to
transition back and forth between the same environmentsl@position, formed byhe
stacking of the component lobelements (Fig. 3.5)-ransitions between different
environments of deposition occur without passing through erosional surfaces and can take
place over short distances (< 100 m) (Prélat e2&09). Highly amalgamatedrzes(HAZs)

are prone in lobe apex areas (Hodgson et al., 2@E#cribed as zone of increased
amalgamation ofandstone beds, ranging between 3 and 20 m in thickness, 100 to 400 m
in width, and up to 3 km in lengtland pas$aterallyinto more stratifed deposits. HAZs

have beerinterpreted as the dowsdip equivalent of feeder channels, marking the
transition from confined to unconfined environments (Hodgson e28l06).

Lobe complex Lobe Lobe element Bed
| 40 km x 30km x 50 m 27km x 13km x 5m S5kmx35kmx2m 100’s m x 0-5 m thick

Interlobe element
(Siltstone, <0:02 m)

Interlobe
(Thin bedded
siltstone-prone unit)

0-2 to 2 m thick

I
I
Interlobe complex |
(Claystone, >0-5 m thick) !

Figure 315 Hierarchical scheme used to differentiate scales witgtributive lobe systems
(Prélat et al.2009)
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Within the hierarchicabcheme (Fig.3.3pr distributive systemgroposed by Prélat et al.
(2009) a lobe element (~2 m thickd formed by a set of multiple event bedsuNple lobe
elements (23) typicaly form one lobe (~5 m thigkLobes castack to form lobe

complexes (~50 inMultiple lobe complexes eventually build up a submarine fan system.
Different lobes and lobe elements are separated by-th@dded siltstoneprone units. In

the original scheme of Prélat et al. (2009) these were interpreted as interlobes and
interlobe dements (Fig. 3.5put collection of additional data led to their reinterpretation

as distal lobe fringes of compensationally stacked lobes, where the abrupt facies changes

in 1Dsections mark avulsion surfaces (Prélat and Hodgson, 2013).

3.3.2 Channédills

Another important architectural element within submarine fan systems, and in particular
within slope and basef-slope environments, are submarine channels. Channel systems at
baseof-slope settings (Fig. 3.6) typically vary between-B8D m wide ad 8¢ 70 m in

depth (e.g. Johnson et al., 2001; Van der Werff and Johnson, 2003; Hodgson et al., 2006;
Brunt et al., 2018) and can both be erosionally and constructionally confined, where the

latter may show extensive levees over 20 km in width (Fig. 3.6
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A Entrenched channel

Typical dimensions:
Width: 150 - 300 m
Depth: 20 - 70 m

B Weakly confined channel
. Typical dimensions:
e, Width: 150 - 400 m
4 Depth: 8- 12 m

C Levee confined channel Axial channels
@ are not observed

B.3 Levee dimensions:
: Width: >20 km
= Thickness proximal:
= >100 m

& Thickness distal:
<20m

Figure 316 Variance in channel architectures and dimensions among-tlsiepe settings
(from Brunt et al.2013a)

Weakly confined channels contrast with entrenched channels as they show beds thinning
away from the amalgamated channel axes anolad channel wings (Brunt et al., 2@).3

Axial channefills show similar characteristics among the different channel architectures,
being dominantly composed of amalgamated structureless sandstones with a basal layer of
mudstone clast conglomeratédohnson et al., 2001; Van der Werff and Johnson, 2003;
Hodgson et al., 2006; Brunt et al., 2@L3Channemargins are more variable in both
architecture and facies. The margins of unconfined channels (Fig. 3.6) mayighlew
laminated or planarlaminated thinbedded sandstones and siltstones, typically thickening

and coarsening upward (Grecula et al., 28runt et al., 2018).
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Chapter 4
Giant scouffills in ancient channelobe transition zones:
formative processes and depositional architecture

4.1 Summary

Scours are common features of modern dewprine seascapes, particularly downstream
of the mouths of slope channels within chanhabe transition zones (CLTZs). Their
dimensions carasilyexceed hundreds width and length(100-2000 m) and tens of
metres in depth(1-100m) However, the stratigraphic architecture of large (>100 m width)
scours have not been described in detail from exhumed CLTZs. Here, the infill of two
erosional features (0-8 km long and 1220 m thick) fom the Permian Karoo Basin
succession, South Africa, are presented from palaeogeographicaltganstirained CLTZs;
one from Fan 3 in the Tanqua depocentre and one from Unit A5 in the Laingsburg
depocentre. The basal erosion surfaces of the featuremsyenmetric with steep,
undulating, and compaosite upstream margins, and low gradient simple downstream
margins. The basal infill consists of thiedded siltstone and sandstone beds cut by
closelyspaced scours; these beds are interpreted as partially rkeafine grained tails of
bypassing flows with evidence for flow deflection. The erosional features are interpreted
as giant scoufills. The Unit A5 scotfill shows a simple ceandHill history with lateral and
upward transitions from siltstondo sandstone-prone deposits. In contrast, the Fan 3
scourfill shows headward erosion and lengthening of the scour surface suggesting
temporal changes in the interaction between turbidity currents and the scour surface. This
relationship could support the occumee of a hydraulic jump during scour formation,
while the majority of the fill represents deposition from subcritical flows. Different scour
preservation mechanisms can be used to explain the style of infill. The architecture,
sedimentary facies and palatbow patterns of the scoufills are distinctly different to well
documented adjacent basifioor channeffills at the same stratigraphic levels. The

recognition of scoufills helps to constrain their sedimentological and stratigraphic
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expression in theubsurface, and to improve our understanding of the stratigraphic

architecture of channelobe transition zones.

4.2 Introduction

Large scours are readily recognised erosional bedforms on modernndagpe seabeds

(e.g., Palanques et al., 1995; Morrisaét 1998; Wynn et al., 2002a; Bonnel et al., 2005;
Fildani et al., 2006; Macdonald et al., 2011a; Maier et al., 2011; Shaw et al., 2013; Covault
et al., 2014; Paull et al., 2014). Commonly, these scours are concentrated within channel
lobe transition zone (CLTZs), a relatively unconfined area dominated by sediment bypass
that separates the mouths of channel feeder systems from lobes (Mutti and Normark,
1987, 1991; Kenyon et al., 1995; Wynn et al., 2002a). Scours commonly form fields
consisting of many irdidual and coalesced scours (e.g., Wynn et al., 2002a; Macdonald et
al., 2011a; Shaw et al., 2013). The occurrence of scours is commonly interpreted (Komar,
1971; Mutti and Normark, 1987, 1991; Garcia and Parker, 1989; Garcia, 1993; Macdonald
et al., 2014; Ito et al., 2014), and occasionally demonstrated (Sumner et al., 2013), to be
related to flows that have undergone a hydraulic jump (transformation from supercritical

to subcritical flow conditions), triggered by changes in flow velocity and/or defidigse
changes in flow behaviour are predicted to occur in baslope to basin floor transitions
where there are abrupt changes in gradient and degree of confinement (e.g., Alexander et

al., 2008; Ito, 2008).

Althoughobservations of smakcale scours and megaflutes in ancient systems are
abundant (e.g., Macdonald et al., 2011a), lasgale features are not well documented.
Megascours associated with Mass Transport Deposits (MTDs) have been constrained by
various sesmic examples (e.g., Moscardelli, 2006; Sawyer et al., 2009:Karif et al.,

2015) on slope settings and in some outcrop examples from lower slope teobatepe

deposits (Pickering and Hilton, 1998, their Bigj. Lee et al., 2004; Dakin et al., 2p1in
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these cases, erosional depressions are tens of metres deep and filled with chaotic deposits.
In contrast, large scotfills in turbidite systems are rarely identified in outcrop, therefore
their recognition criteria are poorly constrained. Dimensaf turbiditefilled scours are
reported from various outcrojelated studies including: 1) the Ross Formation (Ireland)
with typical dimensions of 0-3.5 m in depth and 1 to 45 m in length (Chapin et al., 1994;
Elliott, 2000a, 2000b; Lien et al., 2008acdonald et al., 2011b); 2) the Albian Black Flysch
(Spain) with 35 m deep and %0 m wide scours (Vicer#8ravo and Robles, 1995); 3) the
Cerro Toro Formation (Chile) with scour depths of metres and widths of tens of metres
(Winn and Dott, 1979; Jobe at., 2009); 4) the Windermere Group with scours up to
several decimetres deep and several tens of centimetres to many tens of metres wide
(Terlaky et al., 2015); 5) the composite scours of several metres depth in the Macigno
Costiero Fm., Italy (Eggenhetisetal., 2011); and 6) the Boso Resula (Japan) with
erosional features filled with backset bedding up to 140 m wide and 10 m deep (Ito et al.,
2014). These dimensions are an order of magnitude smaller than the scour dimensions
described from modern sgems (> 10 m depth and > 100 m width) (e.g., Wynn et al.,
2002a; Macdonald et al., 2011a). Scfilils may be underrepresented in the rock record
because outcrop limitations mean that they may have been misidentified as chilmel

due to crosssectiona similarity (Mutti and Normark, 1987, 1991; Wynn et al., 2002a;
Normark et al., 2009). Furthermore, the stratigraphic expression of the CLTZ, including
scoufrfills, is rarely fully exposed or walbnstrained in ancient systems (Mutti and

Normark, 1987, 991; Gardner et al., 2003; Ito et al., 2014; van der Merwe et al., 2014).

Here, the morphology and depositional architecture of two exhumed lagde erosional
features from the Permian succession of the Karoo Basin, South Africa, are described in
detail: one example from Fan 3 of the Tanqua depocentre and the other from Unit A within
the Laingsburg depocentre. Previous mapping has constrained the palaeogeographic

context of both locations to areas where there is a dedvp architectural change from
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chanrel- to lobe-dominated deposits (Morris et al., 2000; Van Der Werff and Johnson,
2003; Sixsmith et al., 2004; Hodgson et al., 2006; Jobe et al., 2012; Prélat and Hodgson,
2013). The objectives of this paper are to: i) evaluate the origin of these diséinctiv
erosional featuresii) compare the erosional and depositional history to chasfilkst iii)
develop recognition criteria for scoditls in outcrop iv) discuss the role of erosional
bedforms in improving our understanding of the stratigraphic espien of CLTZs within
ancient submarine systemand v) aid investigations into the role of hydraulic jumps in
deepwater bedform development. Accurate recognition and description of lscge
erosional architectural elements has important implicatidéoisthe robust application of
outcrop studies to improve reservoir models and reduce uncertainty in subsurface

investigations.

: S E15 E20 E25 E30 E35
Tanqua Depocentre

E19.9 E20.0 pm Laingsburg Depocentre

(= | ial fan area ’ : A !
[ Channel-fills .
B Fringe fan area ‘ : Laingsburg - Unit A5

Cape Town
%

E20.4 E20.5 E20.6 E20.7 E20.8

E18.5 E19.0 E19.5 E20.0 E20.5 E21.0 E21.5

Figure 4.1Location map of the Laingsburg and Tanqua depocentres within the Western
Cape (South Africa) and schematiterpretations of the Fan 3 and Unit A5 fan
systems (based on Sixsmith et al.,2004) and Hodgson et al.,20016¢. dots
indicate study locations, with KRF = Kleine Riet FoateiwWH= Wilgerhoutimages
taken from Google Earth.
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4.3 Regional setting

TheKaroo Basin is one of a number of Late Palaeozoic to Mesozoic basins that formed at
the southern margin of Gondwana (De Wit and Ransome, 1992; Veevers et al., 1994;
LépezGamundi and Rossello, 1998). The Karoo Basin has been interpreted traditionally as
aretroarc foreland basin with subsidence purely caused by the loading of the Cape Fold
Belt (e.g., Johnson, 1991; Cole, 1992; Visser, 1993; Veevers et al., 1994; Catuneanu et al.,
1998). More recent interpretations suggest that subsidence during the Perwes

caused by dynamic topography effects due to subduction (Tankard et al., 2009) in a pre
foreland basin stage. The southwest Karoo Basin is subdivided into the Laingsburg and the
Tanqua depocentres (Fig. 4.1) of which the deepwater fill of both depieeis

represented by the Ecca Group. The Ecca Group (Fig. 4.2) comprisestlaiékm
shallowingupward succession from distal bagioor through submarine slope to shelf

edge and shelf deltaic settings (Wickens, 1994; Flint et al.,)2011

4.3.1 Tanqualepocentre

This study focuses on part of Fan 3 of the Skoorsteenberg Formation, which is one of four
sandrich basinfloor fan systems (Fig. 4.2) (Bouma and Wickens, 1991, 1994; Wickens and
Bouma, 2000; Johnson et al., 2001). Fan 3 is the most extensivdigd fan system of the
Skoorsteenberg Formation, as it shows the most complete outcrop extent (Hodgson et al.,
2006). The Fan 3 study area, Kleine Riet Fontein, is located in the southwestern corner of
the Fan 3 outcrop, which is the most updip locat{igs. 4.1, 4.3A). An integrated outcrop
and research borehole dataset has established the isopach thickness of Fan 3, and the
relative spatial and temporal distribution of sedimentary facies, architectural elements and
palaeocurrents (Johnson et al., 20Hodgson et al., 2006; Prélat et al., 2009;

Groenenberg et al., 2010).
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Figure 4.2Stratigraphic column of the deepater deposits from the Laingsburg depocentre
and the Tanqua depocentre, based on Prélat et al. (2009) and Flint et al. (2011). The
fan systems discussed in tbisapter(Fan 3 and Unit A5) are highlighted.

The axi®f the system is located farther to the east along depositional strike in the
Ongeluks River area (F3A) and is characterised by distributive basin floor channel
systems with overall palaeocurrent to tidNE(van der Werff and JohnsoB003; Sullivan

et al., 2004; Hodgson et al., 2006; Luthi et al. 2006). The distributive character of the
channelsystems at Ongeluks River (F@A), the more deeply erosional character of the
channels in overlying Fan 4 and Unit 5, and the thinnirthesouth (Oliveira et al., 2009),

all suggest that the southwestern outcrdimit of Fan 3 is a proximal efixis baseof-slope
setting(Johnson et al., 2001, van der Werff and Johnson, 2003; Luthi et al., 2006; Hodgson

et al., 2006; Jobe et al., 2012). The Kleine Riet Fontein area was previously studied in detail
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by Jobe et al. (2012) and interpreted as an area receiving unconfined foported by

the wide spatial distribution of numerous metseale scour features.
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Figure 4.Detailed maps of case study areas with locations of sedimentary logs, and
outlines of Fan 3 (A) and Unit A5 (B). Solid line in A indicates the main profile
illustrated in Figuré.6 and the dotted lines indicate the additional profiles of Figure
4.8A.Paleeocurrents are indicatednd are taken from thisbedsunderlying the
erosion surface Images taken from Google Earth.
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4.3.2 Laingsburg depocentre

The proximal basin floor system of the Laingsburg Formation is divided into Units A and B
(Sixsmith et al2004; Brunt et al., 20%8 (Fig4.2). The 350 m thick Unit A comprises sand

prone subunits ALXA7, which are separated by regionally extensive mudstones (Sixsmith et

al., 2004; Flint et al., 2011; Prélat and Hodgson, 2013). The studied outcrop is in the

W2 X f ISNK2dzi Q I+ NBI ¢ ididre/thah 50kmiondpackagedf mnn Y
sandstones and siltstones on the northern limb of the paegpositional Baviaansyncline

(Figs. 4.1, 4.3B),ade to the town of Laingsburg. Palaeogeographictily study area is

located in the axis of the A5 system on the basin floor (Sixsmith et al. 2004).1}ig-he

large number of sandich channeffills that characterise the upper part of A5 in this area

point to a location close to the bas#-slope andor close to the mouths of large

distributary channels (Sixsmith et al., 2004; Prélat and Hodgson, 2013).

4.4 Methodology and dataset

Stratigraphic correlations were completed in the field using clespfcedsedimentary
logs(see Appendix B.3dhotomontagesand walking out key surfaces with a handheld
GPS to construct architectural panels. In the Fan 3 Kleine Riet Fontein study area?(4.6 km
a total of 20 sedimentary logs was collected (Fig. 4.3A). More than 550 palaeocurrent
measurementgSee Appendix B.2primarily from ripple crostamination, were collected

and tied to specific stratigraphic units. Due to the variability in direction of ripple -cross
laminations, a high number of measurements were collected from ripple foresets to
ensurean accurate palaeoflow direction. The main outcrop face consists of a 3.5 km long,
N-S depositional dip section. Severahorientated gullies to the east of the main outcrop
face provide additional depositional strike control (Fig. 4.3A). Thin siltsiatkages

within the regional claystones between Fan 2 and Fan 3 provide local correlation datums.
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Within the Wilgerhout area of Unit A5 a total of 17 sedimentary logs along a ~ 500m
depositional dip (ME) section was collected (Fig. 4.883e Appendix B). The regional A5

to A6 mudstone (Sixsmith et al., 2004; Flint et al., 2011; Cobain et al., 2015) was used as
the datum for all correlations. A total of 44 palaeocurrents was meas{8ed Appendix
B.2)solely from ripple croskaminations and give an average eastward directed palaeoflow
(082°)(Fig.4.3B) Where the tectonic tilt was > 20° the azimuth of well exposed planar

foresets was measured and restored.

4.5 Facies associations

The deepwater depaits of the Karoo Basin show a limited grain size distribution ranging

from claystone to fingrained sandstones. Both Fan 3 and Unit A consist of mainky thin
bedded siltstones and very finto fine-grained sandstones. Flow conditions were

interpreted fram the described facies characteristics. A total of six distinct facies

associations was identified based on field observations and are described in detail below.
Facies associations are closely based on previous Karoo Basin studies (Johnson et al., 2001;
van der Werff and Johnson, 2003; Grecula et al., a0B®dgson et al., 2006; Prélat et al.,

2009; Brunt et al., 201.

4.5.1 Thick structureless sandstones (Fal)

Thick (2 m) finegrained sandstone beds with little to no internal structure can form
amalgamated sandstone packages up to 5 m thick and are tabular (tens to hundreds
metres wide). Weak normal grading is observed at bed tops, where plandripple

cross laminéion may be preserved. Locally, bed bases and/or tops can show planar
laminations (section 4.5.2) and/or banding (section 4.5.3). The sandstone beds can contain
a minor amount of dispersed stdngular mudstone clasts (Fig. 4.4A). Flame structures and

tool (drag) marks are observed at bed bases.
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These deposits are interpreted as rapid-falk from sand rich higlensity turbidity

currents (Kneller and Branney, 1995; Stow and Johansson, 2002) with clasts representing
traction-transported bedload (see sectiat.5.2 and 4.5.3 for interpretation of planar
laminated and banded intervals). Flame structures are associated wittegyositional

dewatering (Stow and Johansson, 2002).

Figure 4.4Representative photographs of main sedimentary facies in the casg ateals,
with (A) structureless fingrained sandstone with floating siltstone clast (FaUnit
A5; (B)nterpretedphotograph showing upward steepening climbing ripple
laminated sandstone bed passing into stegte preserved climbing ripples (Fg2)
Fan 3(C)Banded sandstone (Fa@)Jnit A5;(D)Lateral discontinuous thibedded
siltstones and sandstones with smadiale erosive marksUnitA5 (Fa4). Difference
in scale between pictures has been notified.

4.5.2 Mediumbedded laminated sandstones (Fa2)
These mediumto thick-bedded (02 to 3 m thick), very fingrained to finegrained

sandstones show various sedimentary structures. Ripple lamination, in particular climbing
ripple lamination, is abundant (2B0% of all laminated sandstones), showing high angles
of climb with stosssidepreserved lamination (>45° on stesile preserved laminae) (Fig.

4.4C). Some beds show a clear upward increase in the angle of climb and proportion of
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stossside laminae preservation. Where planar lamination is present it is commonly at bed
bases. Based thickerbedded structured beds are sharp and the basal part is commonly
structureless. Bed tops show abrupt normal grading to fine siltstone. Bed geometries can

show lateral thickness variations on tens of metres scale.

High angles of climb arglossside preservation in rippaminated sandstones are

indicative of rapid unidirectional aggradation rates (Jopling and Walker, 1968; Allen, 1973;
Jobe et al., 2012; Morris et al., 2@)4When sedimentation rate exceeds the rate of

erosion at the riple reattachment point, the stosside deposition is preserved and
aggradational bedforms develop (Allen, 1973). This style of tractional deposition is
attributed to rapid deceleration of the flow and deposition from moderéddow-
concentration turbiditycurrents (Allen, 1973; Jobe et al., 2012). The planar laminations
within the structured sandstones are interpreted to be deposited under upper stage plane

bed conditions (Allen, 1984; Talling et al., 2012).

4.5.3 Banded sandstones (Fa3)

This facies association comprises meditmthick-bedded finegrained sandstones (20 to
200 cm, on average 40 cm), with diffuse laminae of over 1 cm thicknessA(&i}4.5A2).

This style of lamination is characterised bya#ternation between lighter and darker

bands, and is referred to as banded sandstones. Lighter bands are well sorted and quartz
rich, whereas organic fragments and/or mudstone clasts and micaceous materials are
commonly found within the poorly sorted darnkbands. The banding is dominantly planar
and parallel to sulparallel, but can be mildly wavy. Centimeseale scour surfaces and
loading are common at the bases of lighter bands. Within thicker beds dominated by

banded sandstone beds, the bases are &ineeless and sharp



61

Erosional surface

Fan 3

Unit A5

Figure 4.5A) Representative facies photographs from the Fan 3 featfig.Thirbedded sadstones and siltstones deposstsowing the
difference in the character below (Fajand above (Fa2)the basal erosion surfacéA2) Internal truncation within mediwiedded
banded sandstongA3) Truncation surface on top of tHiedded finegrained deposits with structured (ripplesandstone on top with
mudstone clast conglomerate at the ba$&4) Undulating basal erosion surface truncating thedded deposit{A5) Photopanel of the
steep stepped southern margin with the locations of A1 & A2 indicgB)dRepresentative facigbotographs of Wit A5 feature indicated
in Fig4.11C with(B1) Thifbedded siltstones interbedded with occasional thin cogragned sandstone. Individual siltstone beds show
thicknesses >3cm (F23. (B2) Small scale sedediment deformed sandstondsa).(B3) Composite erosion surface with initial mudstone
clast conglomerate and banded sandstones, with laminae parallel to the erosion surface, @#)dpinchout of sandstone bed within
siltstone thinbeds of the western margindicated by the whé line.
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Banded sandstones differ froplanarlaminated sandstones due to the thickness of the
laminae (>1 cm), the thickness of the laminated interval within individual event beds (>1

m) and the absence of any major grain size differences between laminae. The observations
indicate highly corentrated, aggradational but fluctuating flow conditions. These

conditions are present during deposition in traction carpets under -digsity turbidity

currents (Lowe, 1982; Sumner et al., 2008, 2012; Talling et al., 2012; Cartigny et al., 2013)
and havenot been linked to a generic flow regime. This is comparable to the H2 division of
Haughton et al. (2009) and the Type 2 tractional structures of Ito et al. (2014). Combined
with the thickness of individual beds within this facies group, these depogitsosuan

interpretation of high aggradation rate and/or possibly ledigration of individual events.

4.5.4Thinbeddedsandstones and siltstones @Ha

Thin (<20 cm) very fingrained sandstones are interbedded with laminated siltstonés (<

cm to 5 cm). Ripple lamination, including kawgle climbing ripple lamination, is common
within the sandstone beds. This facies association group can be subdivided into 1) tabular
sandstones with planar and ripple laminations (Bd4and 2) lenticulasandstones and
siltstones associated with numerous centimeseale erosion surfaces (FaaFig4.5A1).
Locally, Fa2 sandstone beds contain mudstone clasts (<1 cm)4E43) and can be
associated with mudstone and siltstone clast conglomerates @r&am thick, 12 m long)

that are clastsupported with a finggrained sandstone matrix. Within Unit A5, thin (<5 cm)
mediumgrained, poorly sorted lenticular sandstone beds that are at least 10 m long (Fig.
45B1) are associated with Fa4siltstones. Th&a42 siltstones of Unit A5 are thicker

bedded (>3 cm) (Fig.5B1).

The tabular bed geometry and predominance of current ripple lamination inlFaré
interpreted to indicate deposition from lower phase flow conditions within sluggish dilute

turbidity currents (e.g., Allen, 1984). The occasional planar laminated sandstone indicates
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upper phase flow conditions (Best and Bridge, 1992) but with a transition to lower phase

flow conditions due to rippléaminated tops.

The Fa £ group supports a higher ergyy environment compared to the FA4group,
because of the presence of mudstone clasts and numerous erosion surfaces. The fine
grained siltstone deposits of the F24group are interpreted to represent a combination of
the tails of bypassing turbidity aunts, lag formation and continued reworking of the
substrate by long lived turbidity currents, similar to chanmelrgin deposits (Grecula et

al., 2003, Brunt et al., 2018, Stevenson et al., 2015). The mudstone clast conglomerates
are interpreted as beldad material, derived from a mudch substrate, and therefore
represent lag deposits of highly energetic bypassing turbidity currents. This facies
association shares many similarities to the sediment bypass facies identified within the
CLTZs of sardktached lobe systems in the Laingsburg area (van der Merwe et al., 2014).
Fluctuations between depositional and erosional processes results in the interbedding of
siltstones and sandstones, including thin and lenticular meedijuained sandstone beds,

and muliple erosion surfaces (Stevenson et al., 2015). The presence of unusually thick
siltstone beds, and mediwgrained sandstones, which are very rare in the Ecca Group,
within the Unit A5 Fa4 facies group is evidence of localised deposition. The climbing
ripple lamination within thifbedded sandstones indicates rapid aggradation rates (Allen,

1973; Jobe et al., 2012).

4.5.5 Soft sediment deformed (SSD) deposits (Fa5) and claystones (Fa6)
The Fab facies group is represented by localised tightly folded@tdrted heterolithic

units (0.20.5 m thick) of thirbedded siltstones and sandstones (Fig. 4.5B2). Fa5
represents a minor portion of the infill (<1%), the deposits rarely exceed 2 m in length with
RSTF2NXI A2y aiNXzOG dzZNB & i Bccunsrohdwitiin®he BaSay G A Y S i N.

infill towards the margins of both features in close association withZaick, regionally
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extensive units of Fa6 claystones occur as drapes to the deepwater sandstone units in both

depocentres.

Due to their margindbcation and limited proportions, the contorted thin bed units are
interpreted to represent local remobilisations, above erosional relief. Fa 6 represents
condensed intervals of hemipelagic deposition, during periods of regional shutdown in

coarsegrainedsediment supply (Hodgson et al., 2006; Flint et al., 2011).

4.6 Depositional architecture

Both the Fan 3 and the Unit A5 feature are defined by composite and asymmetric basal
erosion surfaces that exceed the extent of the exposur85@ m long in A5:1000 m long

in Fan 3) and incise 42 m into underlying deposits. The palaeoflow directions of
underlying and overlying deposits indicate that they are orientatedsarallel to regional
palaeoflow directions and that the updip margins are highly irragufhe Fan 3 exposure

is orientated 156330° with a 340° average palaeoflow at this location (n = 435). The Unit
A5 exposure is orientated 07255° with a 082° average palaeoflow (n = 44). The type and
distribution of sedimentary facies and internal stawy patterns differ between the two

cases, and are discussed separately.

4.6.1 Fan 3 feature; Tanqua depocentre

The location of the Fan 3 erosional feature (Fig. 4.6) is in the middle of asurth

orientated outcrop in the KlemRiet Fontein area (Figs. 4.1, 4.6). Mapping of thickness,
facies, and systeracale sedimentary architecture with the lack of chaniiléd in this area
compared to the Ongeluks River area to the seedst supports a proximal e#xis
environment (Johnsoet al., 2001; Hodgson et al., 2006; Jobe et al., 2012) (Fig. 4.3A). The

overall palaeoflow is northwards (Fig. 4.7).
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Figure 4.6 Facies correlation panel of main section (solid line indi34@\) of the erosional feature &ieine Riet Fontein in Fan 3 with
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boundaries. The fill is divided into a lower (LP) and upper package (UP) and agetadroinfill elements as indicated in the bottom right
cartoon. The boundary between the lower and upper package is indicated by a light blue dashed line. Facies associatias béeal
subdivided into structureless and banded and/or planar laminédeits; Facies association 2 (Fa2) has been subdivided into ripple and
planar laminated facies.
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The underlying deposits can be subdivided into a sandspooee package dominated by
Fa2 and an overlying siltstoqeone package dominated by Fa4 (F&§$, 4.7). A minor
stratigraphic change in mean palaeoflow is identified between these two packages, from
NNE (033°) to NNW (336°) (Fig. 4.7). The feature shows an erosional cut into the siltstone
prone package. All Fan 3 deposits below and above thd bassion surface extend

beyond the study area and are therefore more laterally extensive than the erosional
feature itself. The basal erosion surface forms a series of rseue steps on the steep
(max. 50°) updip southern margin (Fig&A4,4.6). The full geometry of the northern
margin is obscured, but the overall thinning of the fill suggests adlogle confining

surface (Figd.6). Sedimentary sections taken towards the east &8p) of the main M6
profile (Fig4.6) indicate eastwardrallowing of the basal erosion surface and thinning of

the infill directed perpendicular to regional palaeoflow (H@&A).

The architecture of the fill is established by identification of elements, characterised by
abrupt changes in bed thickness andiés across bounding surfaces (Fg8,4.9,4.10).

The infill is subdivided into seven elements that are grouped into two distinct packages
based on difference in facies proportions and across a composite erosion surfacd.@igs.
4.8B). The lower p&age is up to 6.5 m thick and comprises elements 1 and 2 separated by
an internal truncation surface and abrupt changes in bed thickness4(EjgBoth

elements comprise (Fig.8B) thinbedded siltstones and climbing ripple laminated
sandstones (Fa2) containing small (¢ cm) mudstonechips and minor (2@0 cm thick)
folded thinbedded deposits (Fa5). The lower package is only present in the northern part
of the fill. The upper package is up to 12 m thick and comprises elemén(gigs4.6, 4.9,
4.10). The upper package elements are predominantly mediorthick-bedded laminated
sandstones (Figt.8B) including beds with upward steepening climbing rigataination

with increasing stosside preservation (Fa2) (F&@4C).
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Figure 47. Palaeocurrent distribution within the Kleine Riet Fontein area (Fan 3) subdivided
into underlying, fill and overlying deposits. The asterisk shows the more detailed
stratigraphic change in palaeoflow direction as also indicated in the main correlation
pand of Fig.4.6 (K7)Background imag¢aken from Google Earth.
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Each of these elements shows lateral thickness changes (scale of metres) and there is a
transition to more thinlybedded deposits (Fa4) towards the margins of all elements (Fig.
4.6) which werenot truncated. Elements 3, 4 and 5 are more laterally restricted (#igs.
4.10) and show more substantial bed thickness variability compared to the upper elements
(6 and 7). Element 4, and to a lesser extent element 6, thicken where the underlying
elements thin (Fig1.6,4.9). Elements 5 and 7 contain some banded sandstone$ (Fa3
directly overlying the basal erosion surface at the southern margin45i§2), which show

a northward facies transition to structureless sandstone (Fal). Elements 3, 4 and 5 (Figs.
4.9,4.10) show bedsets (3 m thick) that comprise four to five 0.6 2.0 mthick

dominantly climbingripple laminated sandstone beds, which are interbedded with thin
siltstones (<0.1 m). They are thickest near the southern margin, and pass into thin
siltstones (<5 cm) in a northward direction (overBR0 m). Successivénghouts occur
southward, such that the beds shingle updip. Where normally graded sandstone beds
thicken they amalgamate, as can be seen in element 54HigB). Due to accessibility
issues, the exact orientation of the bedding is difficult to measurectly, but outcrop
sections of elements 3 and 5 (Fig®, 4.10) indicate a shallow southward (updip)
depositional dip (a few degrees). In addition, beds in element 3 dip upstream

approximately 24° relative to the underlying laterally extensive bedg{ifrig4.9).
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Figure 4.8 (A) Fence diagram showing the 3D architecture of the Kleine Riet Fontein (Fan 3)
erosional feature. Palaeoflow of the underlying thiedded deposits is indicated
(average = 336°). The infill thiosit both in the eastward and southward directions.
See Figre 4.3A for log locations. (B) Detailed log of the fill (K8, see £&)4.6 for
location) showing the division in infill elements. Element 3 pinches out at K8.
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Elements 6 and 7 do not preserve clear bed stacking patterns, although lateral variability
bed thickness is observed. Within the individual elements there are no clear vertical

trends, however the combination of the upper and lower packages together forms a

stepped coarsening and thickening upward profile (£8B) within the axis of théature.

Figure 49. (A)Panoramic view of infill element 3, with @®)rupt bed pink-out in the
northern directionand (C)Truncation oklements in southern directiohocation of
(A) is indicated in Figure 4.10

The palaeoflow patterns within the erosional feature in the Kleine Riet Fontein area are
diverse and show lateral and stratigraphic variations. The lower package preserves a
dominant southeasterlyorientation (134°) within element 1 at its most southern limit,
which becomes more eastward (093°) within element 2 @&&.K7. About 206300m to

the north, element 2 has a dominant NNE to NE (@2&8, 035¢ K9; Figs4.6,4.7)
palaeoflow direction. In the upper package, there is a NE to SE spread (average = 096°)

except for element 7, which shows an overall NE direction (028°) at its northern limit and a
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more NNW direction (345°) near its southernmost limit (%i§). The tlin-bedded deposits

above the fill of the feature have a NNE palaeoflow (028°, n=57), which is more closely

aligned to the underlying deposits (FHg6) and the regional trend.

Figure 410. Panoramic photopanels and division of infill elemeditsplaying the internal
architecture within the Kleine Riet Fontein erosional feature (Fan 3). The seven
elements haea complicated bed geometry and stacking patterns with abrupt pinch
outs southwards and northwards. Element 4 (Inset A) and 5 (InsetiB}tow
stacked bedsets with depositional dips in an overall southern (updip) direction. The
boxes show the locations of inset A, B and Figige

A second largscale erosional feature 800 m to the north (around K13,484) is

situated at the same stratigraphic level in Fan 3, and shares many similarities in
architecture and infill facies. The infill of this erosional feature exhibits an average NNW
directed (330°) (n=17) palaeoflow, similar to the underlying-théddeddeposits. An

irregular erosion surface (~15°) has a measured ENE orientation (070°), which is in dip
direction to palaeoflow and is overlain by structured sandstones. Three hundred metres to
the east, another erosion surface (~6°) is approximately oriedt&NW (335°), which is

parallel to the palaeoflow, and is evident from discordance in bed dips within the thin
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bedded deposits. The basal surface has a minimum width of 500 m perpendicular to
palaeoflow and cuts at least 10 m into underlying depositss€lo the western margin

the fill consists solely of Fa2 facies, but eastwards where the fill thickens, it consists of a
lower package of thiflbedded siltstones and sandstones (F24and an upper package of

structured sandstones (Fa2) that are locally &gaenated.

4.6.2 Unit A5 feature; Laingsburg depocentre
The erosional feature at Wilgerhout lies in the upper half of Unit A&/(®M from the

base) within a succession of stacked lobes locally cut bysamdhannefforms (Prélat

and Hodgson, 2013). Arbe channel (>600 m wide and >15 m deep) filled by amalgamated
structureless sandstones (Fal) is present at the top of the A5 succession in this location.
The association of channels and lobes in this area supports sobaepe setting, within

the uppe part of the Unit A5 system based on regional mapping (Sixsmith et al., 2004;
Prélat and Hodgson, 2013). The exposure is limited to a 1 km fevgrtentated section.
Regional palaeoflow patterns are towards the ENE (Sixsmith et al., 2004), which is
congstent with measurements from the infill deposits (Mdl1). The section shows a

steep (250°) and stepped western (updip) margin.

The fill consists of three distinct sedimentary packages. A lower package rfithick)
comprises thiFbedded siltstonesvith rare banded or ripple laminated firgrained

sandstone beds (F&2) (Fig4.11). Locally, thin (<30 cm) mudstone clast conglomerates
directly overlie the basal erosion surface. Multiple srsatile (<20 cm deep) cresstting
erosional surfaces inciseto thin-bedded siltstones in the basal ~0.5 m of the fill, but
decrease towards the top. Thin-8cm) and lenticular moderately sorted meditgrained
sandstones are present within the siltstones and individual normally graded siltstone beds
are thick ¢ 3 cm) (Figd.5B1). The middle package (L8 m thick) comprises medium
bedded banded (Fa3) and structureless sandstones (Fal) interbedded with siltstones,

which pass abruptly from sandstoimminated to siltstonedominated (Fa€) associated
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with bed gnchout at the western margin (Fig.5B3). Some minor tightly folded deposits
(Fab) (Figd.5B2) occur within the siltstone dominated western margin succession. The
upper package (8.5 m thick) comprises thidkedded shargased structureless partially
amalgamated finggrained sandstones (Fal) interbedded with the occasional banded

sandstone and thibedded siltstone (Figt.11).

This package extends beyond the limits of erosional confinement, but increases in
thickness above the deepest point of thedaderosion surface. Within all three infill
packages no clear vertical stratigraphic trends have been observed. However, the
combination of the three infill packages together (Big1B¢W15) shows a stepped
coarseningand thickeningupward trend abovehe basal surface. Above the upper
package a 4 rhick fining and thinningupwards unit is present (Fig.11). As these

siltstoneprone deposits are tabular, they are not considered to be part of the fill.
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Figure 411. (A) Panoramic view of the Unit A5 case study showing the undulating western (updip) margin. (B) Facies correlatiomneduat of t
A5 feature and W15 sedimentary log of scfiliishowing a coarseningnd thickeningupward pattern within the infill and fining and
thinning-upward trend above the fill. (C) Zoordedsection of the western margin. Locations of the Unit A5 facies photos within Eigure
are indicated.



