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Abstract

Scours are common features of modern deep-marine seascapes,
particularly downstream of the mouths of slope channels within
channel-lobe transition zones (CLTZs). Their dimensions can exceed
hundreds of metres in width and length, and tens of metres in
depth. However, the stratigraphic architecture of the infill of these
erosional bedforms is rarely described from the rock record and no
large (>100 m width) scours have been described in detail from
exhumed CLTZs. Here, the infill of two erosional features (0.5-1 km
long and 15-20 m thick) from the Permian Karoo Basin succession,
South Africa, are presented from palaeogeographically well-
constrained CLTZs; one from Fan 3 in the Tanqua depocentre and

one from Unit A5 in the Laingsburg depocentre. The basal erosion
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surfaces of the features are asymmetric with steep, undulating, and
composite upstream margins, and low gradient simple downstream
margins. The basal infill consists of thin-bedded siltstone and
sandstone beds cut by closely-spaced scours; these beds are
interpreted as partially reworked fine grained tails of bypassing
flows with evidence for flow deflection. The erosional features are
interpreted as giant scour-fills. The internal architecture suggests
different evolutionary histories for each case. The Unit A5 scour-fill
shows a simple cut-and-fill history with lateral and upward
transitions from siltstone- to sandstone-prone deposits. In contrast,
the Fan 3 scour-fill 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 occurrence of a hydraulic jump during part of the
fill history, while the majority of the fill represents deposition from
subcritical flows. Diversity in scour preservation mechanisms could
explain the variety in depositional histories. The architecture,
sedimentary facies and palaeoflow patterns of the scour-fills are
distinctly different to well documented adjacent basin-floor
channel-fills at the same stratigraphic levels. The recognition of
scour-fills helps to constrain their sedimentological and stratigraphic
expression in the subsurface, and to improve our understanding of

the stratigraphic architecture of channel-lobe transition zones.

Keywords
channel-lobe transition; base-of-slope; giant scours; scour-fill;

bypass; facies characteristics; Karoo Basin
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1. Introduction

Large scours are readily recognised erosional bedforms on modern
deep-marine seabeds (e.g., Palanques et al., 1995; Morris et al.,
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; Paul et al., 2014). Commonly, these scours are
concentrated within channel-lobe transition zones (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 individual and
coalesced scours (e.g., Wynn et al., 2002a; Macdonald et al., 20113;
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., 20113; 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 density. These changes
in flow behaviour are predicted to occur in base-of-slope to basin
floor transitions where there are abrupt change in gradient and

degree of confinement (e.g. Alexander et al., 2008; Ito et al., 2008).

While observations of small-scale scours and megaflutes in ancient

systems are abundant (e.g. Macdonald et al., 2011a), large-scale
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features are not well documented. Megascours associated with
Mass Transport Deposits (MTDs) have been constrained by various
seismic examples (e.g., Moscardelli, 2006; Sawyer et al., 2009; Ortiz-
Karpf et al., 2015) on slope settings and in some outcrop examples
from lower slope to base-of-slope deposits (Pickering and Hilton,
1998, their Fig.63; Lee et al., 2004; Dakin et al., 2012). In these
cases, erosional depressions are tens of metres deep and filled with
chaotic deposits. In contrast, large scour-fills in turbidite systems are
rarely identified in outcrop, therefore their evolution and
architecture are poorly constrained. Dimensions of turbidite-filled
scours reported from outcrop-related studies include the Ross
Formation (lreland) with typical dimensions of 0.3-3.5 m in depth
and 1 to 45 m in length (Chapin et al., 1994; Elliott, 2000a, 2000b;
Lien et al., 2003; Macdonald et al., 2011b), the Albian Black Flysch
(Spain) with 1-5 m deep 5-50 m wide scours (Vicente-Bravo and
Robles, 1995), the Cerro Toro Formation (Chile) with scour depths of
metres and widths of tens of metres (Winn and Dott, 1979; Jobe et
al.,2009) and 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); composite scours up to several
metres deep are reported in the Macigno Costiero Fm., Italy
(Eggenhuisen et al., 2011) and the Boso Pensinsula (Japan) with
erosional features filled with backset bedding up to 140 m wide and
10 m deep (lto et al., 2014). These dimensions are an order of
magnitude smaller than the scour dimensions described from

modern systems (> 10 m depth and > 100 m width) (e.g. Wynn et al.,



103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

2002a; Macdonald et al., 2011a). Scour-fills may be
underrepresented in the rock record because outcrop limitations
mean that they may have been misidentified as channel-fills due to
cross-sectional similarity (Mutti and Normark, 1987, 1991; Wynn et
al., 2002a; Normark et al., 2009). Furthermore, the stratigraphic
expression of the CLTZ, including scour-fills, is rarely fully exposed or
well-constrained in ancient systems (Mutti and Normark, 1987,
1991; Gardner et al., 2003; Ito et al., 2014; van der Merwe et al.,

2014).

Here, the morphology and depositional architecture of two
exhumed large-scale erosional scours 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 down-dip architectural change from channel- 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 presented examples
exhibit different sedimentological and architectural characteristics
compared to basin floor channel-fills in adjacent stratigraphy. The
objectives of this paper are to: i) evaluate the origin of these
distinctive erosional features, ii) compare the erosional and
depositional history to channel-fills, iii) develop recognition criteria
for scour-fills in outcrop, iv) discuss the role of erosional bedforms in

improving our understanding of the stratigraphic expression of
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CLTZs within ancient submarine systems, and v) aid investigations
into the role of hydraulic jumps in deep-water bedform
development. Accurate recognition and description of large-scale
erosional architectural elements has important implications for the
robust application of outcrop studies to improve reservoir models

and reduce uncertainty in subsurface investigations.

2. Regional Setting

The Karoo 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; Lépez-Gamundi and
Rossello, 1998). The Karoo Basin has been interpreted traditionally
as a retroarc foreland basin withsubsidence 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 Permian
was 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. 1) of which the deepwater fill of both depocentres
is represented by the Ecca Group. The Ecca Group (Fig. 2) comprises
a 2 km-thick shallowing-upward succession from distal basin-floor
through submarine slope to shelf-edge and shelf deltaic settings

(Wickens, 1994; Flint et al., 2011).
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2.1 Tanqua depocentre

This study focuses on part of Fan 3 of the Skoorsteenberg
Formation, which is one of four sand-rich basin-floor fan systems
(Fig. 2) (Bouma and Wickens, 1991, 1994; Wickens and Bouma,
2000; Johnson et al., 2001). Fan 3 is the most extensively studied 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 location (Fig. 1,3A). 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., 2001; Hodgson et al., 2006; Prélat et
al., 2009; Groenenberg et al., 2010). The axis of the system is
located farther to the east along depositional strike in the
Ongeluksriver area (Fig. 3A) and is characterised by distributive
basin floor channel systems with overall palaeocurrent to the
north/north-east(Van der Werff and Johnson, 2003; Sullivan et al.,
2004; Hodgson et al., 2006; Luthi et al. 2006).The distributive
character of the channel-systems at Ongeluksriver (Fig. 3A), the
more deeply erosional character of the channelsin overlying Fan 4
and Unit 5, and the thinning to the south (Oliveira et al., 2009), all
suggest that the southwestern outcrop-limit of Fan 3 is a proximal
off-axis base-of-slope setting 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
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studied in detail by Jobe et al. (2012) and interpreted as an area
receiving unconfined flows, supported by the wide spatial

distribution of numerous metre-scale scour features.

2.2 Laingsburg depocentre

The proximal basin floor system of the Laingsburg Formation is
divided into Units A and B (Sixsmith et al., 2004; Brunt et al., 2013)
(Fig.2). The 350 m thick Unit A comprises sand-prone sub-units Al-
A7, 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 ‘Wilgerhout’ area within Unit A5, a 100
m thick and tens of km-long package of sandstones and siltstones on
the northern limb of the post-depositional Baviaans syncline (Figs. 1,
3B), close to the town of Laingsburg. Palaeogeographically, the
study area is located in the axis of the A5 system on the basin floor
(Sixsmith et al. 2004) (Fig.1). The large number of sand-rich channel-
fills that characterise the upper part of A5 in this area point to a
location close to the base-of-slope and/or close to the mouths of
large distributary channels (Sixsmith et al., 2004; Prélat and

Hodgson, 2013).

3. Methodology and datasets

Stratigraphic correlations were completed in the field using closely-
spaced sedimentary logs, photomontages, and walking out key

surfaces with a handheld GPS to construct architectural panels. In
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the Fan 3 KRF study area (4.6 km?), a total of 20 sedimentary logs
was collected (Fig. 3A). More than 550 palaeocurrent
measurements, primarily from ripple cross-lamination, were
collected and tied to specific stratigraphic units. Due to the inherent
variability in direction of ripple cross-laminations, a high number of
measurements was needed and only surfaces with a clear dominant
orientation were measured. The dip direction of ripple foresets was
measured where possible to ensure an accurate palaeoflow
direction. The main outcrop face consists of a 3.5 km long N-S
depositional dip section. Several E-W orientated gullies to the east
of the main outcrop face provide additional depositional strike
control (Fig. 3A). Thin siltstone packages within the regional
claystones between Fan 2 and Fan 3 provide local correlation

datums.

Within the Wilgerhout area of Unit A5 a total of 17 sedimentary logs
along a ~ 500m depositional dip (W-E) section was collected (Fig.
3B). 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 measured solely from
ripple cross-laminations and give an average eastward directed
palaeoflow (082°). Where the tectonic tilt was significant(> 20°) the
azimuth of well exposed planar foresets was measured and

restored.

Facies associations have been determined based on previous Karoo

Basin studies (Johnson et al., 2001; Van der Werff and Johnson
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2003; Grecula et al., 2003; Hodgson et al., 2006; Brunt et al., 2013)
and extensive study of the Fan 3 and Unit A system. Bounding and
erosion surfaces have been identified with the help of bed
truncation and the absence of normal-grading structures at bed

tops.

4. Facies associations

The deep-water deposits of the Karoo Basin show a limited grain
size distribution ranging from claystone to fine-grained sandstones.
Both Fan 3 and Unit A consist of mainly thin-bedded siltstones and
very fine- to fine-grained sandstones. Flow conditions were
interpreted from the described facies characteristics. A total of six
distinct facies associations was identified based on field

observations and are described in detail below.

4.1 Thick structureless sandstones (Fal)

Thick (>1 m) fine-grained sandstone beds with little to no internal
structure can form amalgamated sandstone packages up to 5 m
thick and tens to hundreds metres wide/long, that are commonly
tabular. Weak normal grading is observed at bed tops, where
planar- and ripple-cross lamination may be preserved. Locally, bed
bases and/or tops can show planar laminations and/or banding
(alternating lighter and darker bands, see section 4.3). The
sandstone beds can contain a minor amount of dispersed sub-
angular mudclasts (Fig. 4A). Flame structures and tool (drag) marks

are observed at bed bases.
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These deposits are interpreted as rapid fall-out from sand rich high-
density turbidity currents (Kneller and Branney, 1995; Stow and
Johansson, 2002) with clasts representing traction-transported
bedload (See section 4.2 and 4.3 for interpretation of planar
laminated and banded intervals). Flame structures are associated

with syn-depositional dewatering (Stow and Johansson, 2002).

4.2 Medium-bedded laminated sandstones (Fa2)

These medium- to thick-bedded (0.2 to 3 m thick), very fine-grained
to fine-grained, sandstones show various sedimentary structures.
Ripple lamination, in particular climbing ripple lamination, is
abundant (25-70% of all laminated sandstones), showing high angles
of climb with stoss-side preserved lamination (>45° on stoss-side
preserved laminae) (Fig. 4B). Some beds show a clear upward
increase in the angle of climb and proportion of stoss-side laminae
preservation. Where planar lamination is present it is commonly at
bed bases. Bases of thicker-bedded structured beds are sharp and
the basal part, in comparison to the remaining laminated part of the
bed, is commonly structureless. Bed tops always show abrupt
normal grading to fine siltstone. Bed geometries can show lateral

thickness variations on 10-s of metres scale.

High angles of climb and stoss-side preservation in ripple-laminated
sandstones are indicative of rapid unidirectional aggradation rates
(Jopling and Walker, 1968; Allen, 1973; Jobe et al., 2012; Morris et
al., 2014). When sedimentation rate exceeds the rate of erosion at

the ripple reattachment point, the stoss-side deposition is preserved
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and aggradational bedforms develop (Allen, 1973). This style of
tractional deposition is attributed to rapid deceleration of the flow
and deposition from moderate-to low-concentration turbidity
currents (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).

4.3 Banded sandstones (Fa3)

This facies association comprises medium- to thick-bedded fine-
grained sandstones (20 to 200 cm, on average 40 cm), with diffuse
laminae of over 1 cm thickness (Fig. 4C,5A2). This style of lamination
is characterised by an alternation between lighter and darker bands,
and is referred to as banded sandstones. Lighter bands are well
sorted and quartz-rich, whereas plant fragments and/or mudstone
clasts and micaceous materials are commonly found within the
poorly sorted darker bands. The banding is dominantly planar and
parallel to sub-parallel, but can be mildly wavy. Internal cm-scale
scour surfaces are common, as is loading at the bases of lighter
bands. Within thicker beds dominated by banded sandstone beds,

the bases are structureless and sharp.

Banded sandstones differ from planar-laminated 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 concentrated, aggradational but fluctuating flow
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conditions. These conditions are present during deposition in
traction carpets under high-density turbidity currents (Lowe, 1982;
Sumner et al., 2008, 2012; Talling et al., 2012; Cartigny et al., 2013)
and have not 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). The internal
truncations that have been observed can be explained by quasi-
steady behaviour within a stratified flow, however the extent and
size of these truncations (up to m-scale) support more drastically
waxing and waning flow behaviour. Combined with the thickness of
individual beds within this facies group, these deposits support an
interpretation of high aggradation rate and/or possibly long-

duration of individual events.

4.4 Thin-bedded sandstones and siltstones (Fa4)

Thin (<20 cm) very fine-grained sandstones are interbedded with
laminated siltstones (<1 cm to 5 cm). Ripple lamination, including
low-angle climbing ripple lamination, is common within the
sandstone beds. This facies group can be subdivided into 1) tabular
sandstones with planar and ripple laminations (Fa4-1), and 2)
lenticular sandstones and siltstones associated with numerous
centimetre-scale erosion surfaces (Fa4-2; Figs. 4D, 5A1,5A4). Locally,
Fa4-2 sandstone beds contain mudstone clasts (<1 cm) (Fig. 5A3)
and can be associated with mudstone and siltstone clast
conglomerates (max 0.5 m thick, 1-2 m long) that are clast-

supported with a fine-grained sandstone matrix (Fig. 5B3). Within
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Unit A5, thin (<5 cm) medium-grained, poorly sorted lenticular
sandstone beds that are at least 10 m long (Fig. 5B1) are associated
with Fa4-2 siltstones. The Fa4-2 siltstones of Unit A5 are thicker

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

The tabular bed geometry and predominance of current ripple
lamination in Fa 4-1 are interpreted to indicate deposition from
lower phase flow conditions within sluggish dilute turbidity currents
(e.g., Allen, 1984). The occasional planar laminated sandstone
indicates upper phase flow conditions (Best and Bridge, 1992) but
with a transition to lower phase flow conditions due to ripple-

laminated tops.

The Fa 4-2 group supports a higher energy environment compared
to the FA4-1 group, which is interpreted based on the local presence
of mudstone clasts and the numerous erosion surfaces. This facies
association is interpreted to represent a period dominated by
sediment bypass (e.g., Stevenson et al., 2015). The fine-grained
siltstone deposits of the Fa4-2 group are interpreted to represent
the tails of bypassing turbidity currents and continued reworking of
the substrate by long lived turbidity currents, similar to channel-
margin deposits (Grecula et al., 2003, Brunt et al., 2013). The
mudstone clast conglomerates are interpreted as bedload material,
derived from a mud-rich substrate, and therefore represent lag
deposits of highly energetic bypassing turbidity currents. Sediment
bypass zones can show fluctuations between depositional, erosional

and bypass processes when being around the erosion-deposition
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threshold (e.g., Wynn et al., 2002a; Ito et al., 2014; Stevenson et al.,
2015). This facies association shares many similarities to the
sediment bypass facies identified within the CLTZ’s of sand-detached
lobe systems in the Laingsburg area (van der Merwe et al., 2014).
These fluctuations might result in the interbedding of siltstones and
sandstones, including thin and lenticular medium-grained sandstone
beds, and multiple erosion surfaces. The presence of unusually thick
siltstone beds, and medium-grained sandstones, which are very rare
in the Ecca Group, within the Unit A5 Fa4-2 facies group is evidence
of localised deposition. The climbing ripple lamination within thin-
bedded sandstones indicates rapid aggradation rates (Allen, 1973;

Jobe et al., 2012).

4.5 Soft sediment deformed (SSD) deposits (Fa5) and claystones

(Fa6)

The Fa5 facies group is represented by localised tightly folded and
contorted heterolithic units (0.2-0.5 m thick) of thin-bedded
siltstones and sandstones (Fig. 5B2). Fa5 represents a minor portion
of the infill (<1%) and occurs only within the basal infill towards the
margins of both features, and in close association with Fa4-2, rarely
exceeding 2 m in length. Thick, regionally extensive units of Fa6
claystones occur as drapes to the deepwater sandstone units in both

depocetres.

Due to their marginal location and limited proportions, the
contorted thin bed units are interpreted to represent local

remobilisations, above erosional relief. Fa 6 represents condensed
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intervals of hemipelagic deposition, during periods of regional
shutdown in coarse-grained sediment supply (Hodgson et al., 2006;

Luthi et al., 2006; Flint et al., 2011; van der Merwe et al., 2014).

5. Depositional Architecture

Both features are defined by composite and asymmetric basal
erosion surfaces that exceed the extent of the exposures (>350 m
long in A5; >1000 m long in Fan 3) and incise 15-20 m into
underlying deposits. The consistent palaeoflow directions of
underlying and overlying deposits indicate that the updip margins
are highly irregular, undulating and orientated sub-parallel to
regional palaeoflow directions. The Fan 3 exposure is orientated
150-330° with a 340° average palaeoflow at this location (n = 435).
The Unit A5 exposure is orientated 075-255° with a 082° average
palaeoflow (n = 44). The type and distribution of sedimentary facies
and internal stacking patterns differ between the two cases, and are

discussed separately.

5.1 Fan 3 feature; Tanqua depocentre

The location of the Fan 3 erosional feature (Fig. 6) is in the middle of
a north-south orientated outcrop of proximal off-axis deposits in the
Kleine Riet Fontein area (Figs. 1, 6). Mapping of thickness, facies,
and system-scale sedimentary architecture with the lack of channel-
fills in this area compared to the Ongeluks river area to the south-

east supports this as a proximal off-axis environment (Johnson et al.,
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2001; Hodgson et al., 2006; Jobe et al., 2012) (Fig.3A). The overall
palaeoflow is northwards (Fig. 7). The underlying deposits can be
subdivided into a sandstone-prone package dominated by Fa2 and
an overlying siltstone-prone package dominated by Fa4 (Figs. 6 and
7). A minor stratigraphic change in mean palaeoflow is identified
between these two packages, from NNE (033°) to NNW (336°) (Fig.
7). The feature in the Kleine Riet Fontein area shows an erosional
cut into the siltstone-prone package. All deposits within Fan 3 below
the basal erosion surface of the studied feature extend beyond the
study area and are therefore more laterally extensive . The basal
erosion surface forms a series of metre-scale steps on the steep
(max. 50°) updip southern margin (Figs. 5A5, 6). The full geometry of
the northern margin is obscured, but the overall thinning of the fill
suggests a low-angle confining surface (Fig. 6). Sedimentary sections
taken towards the east (Fig. 3A) of the main N-S profile (Fig. 6)
indicate eastward shallowing of the basal erosion surface and infill

directed perpendicular to regional palaeoflow (Fig. 8A).

The architecture of the fill is characterised by abrupt changes in bed
thickness and multiple truncation surfaces (Figs. 6, 9,10), and can be
subdivided into two distinct infill packages based on changes in
facies proportions and architecture across key bounding surfaces
(Fig. 6, 8B). The lower package is up to 6.5m thick and is subdivided
into two distinct elements (1 and 2) based on an internal truncation
surface and abrupt changes in bed thickness (Fig. 6). Both elements
comprise (Fig. 8B) thin-bedded siltstones and climbing ripple

laminated sandstones (Fa4-2) containing small (1-4 cm) mudstone-
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chips and minor (20-40 cm thick) folded thin-bedded 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 is subdivided into five
different infill elements (3-7) (Figs. 6, 9, 10) based on abrupt
stratigraphic facies transitions and internal erosion surfaces. The
upper package elements are predominantlymedium- to thick-
bedded structured sandstones (Fig. 8B) with upward steepening
climbing ripple-lamination and increased stoss-side preservation
(Fa2) (Fig. 4B). Each of these elements, varying between 2 and 7.5 m
in thickness, shows lateral thickness and facies changes. 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 (Fig. 8B) within
the axis of the feature. The lower elements in the upper package (3,
4,5) are more laterally restricted (Figs. 9,10) 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 (Fig. 6 and 9). Facies
within the upper package are uniform with a dominance of climbing-
ripple laminated sandstone (Fa2) and a transition to more thinly-
bedded deposits (Fa4) towards the margins of all elements (Fig. 6)
where not truncated. Elements 5 and 7 contain some banded
sandstones (Fa3) directly overlying the basal erosion surface at the
southern margin (Fig. 5A2), which show a northward facies
transition to structureless sandstone (Fal). Elements 3, 4 and 5

(Figs. 9 and 10) show bedsets (3-7 m thick) that comprise four to five
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metre-thick (0.5 to 2.0 m) dominantly climbing-ripple laminated
sandstone beds, which are interbedded with thin siltstones (<0.1 m).
They are thickest near the southern margin, and pinch or taper out
into thin siltstones (<5 cm) in a northward direction (over 50-150 m).
Successive pinchouts occur southward, such that the beds shingle
updip. Where normally graded sandstone beds thicken they
amalgamate, as can be seen in element 5 (Fig. 10B). Due to
accessibility issues, the exact orientation of the bedding is difficult
to measure directly, but outcrop sections of element 3 and 5 (Fig. 9
and 10) indicate a shallow southward (updip) depositional dip (a few
degrees). In addition, beds in element 3 dip upstream approximately
2-4° relative to the basal erosional surface (Fig. 9). Elements 6 and 7
do not preserve clear bed stacking patterns, although lateral

variability in bed thickness is observed.

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 south-easterly
orientation (134°) within element 1 at its most southern limit, which
becomes more eastward (093°) within element 2 (Fig. 6, K7).
Severalhundred metres to the north, element 2 has a dominant NNE
to NE (025° — K8, 035° — K9; Figs. 6 and 7) palaeoflow direction. In
the upper package, there is a general NE to SE trend (096°) except
for element 7, which shows an overall NE direction (028°) at its
northern limit and a more NNW direction (345°) near its

southernmost limit (Fig. 6). The thin-bedded deposits above the
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upper package have a NNE palaeoflow (028°, n = 57), consistent

with the underlying deposits and the regional trend.

A second large-scale erosional feature 800 m to the north (around
K13, Fig. 3A) is situated at the same stratigraphic level in Fan 3, and
shares many similarities in architecture and infill facies. The infill of
this erosive feature exhibits an average NNW-directed (330°) (n=17)
palaeoflow, similar to the underlying thin-bedded deposits. An
irregular erosion surface(~15°) has a measured ENE orientation
(070°), perpendicular to palaeoflow and overlain by structured
sandstones. Three hundred metres to the east, another erosion
surface (~6°) is approximately orientated NNW (335°), which is
parallel to the palaeoflow, and is evident from discordance in bed
dips within the thin-bedded deposits. The basal surface has a
minimum length of 500 m perpendicular to palaeoflow and cuts at
least 10 m into underlying deposits. Close to the western margin the
fill consists solely of Fa2 facies, but eastwards where the fill
thickens, it consists of a lower package of thin-bedded siltstones and
sandstones (Fa4-2) and an upper package of structured sandstones

(Fa2), that are locally amalgamated.

5.2 Unit A5 feature; Laingsburg depocentre

The erosional feature at Wilgerhout lies in the upper half of Unit A5
(60-70 m from the base) within a succession of stacked lobes locally
cut by sand-rich channel-forms (Prélat and Hodgson, 2013). A large
channel (>600 m wide and >15 m deep) filled by amalgamated

structureless sandstones (Fal) is present at the top of the A5



503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

succession in this location. The association of channels and lobes in
this area supports a base-of-slope setting, within the upper 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 long E-
W orientated section. Regional palaeoflow patterns are towards the
ENE (Sixsmith et al., 2004), which is consistent with measurements
from the infill deposits (Fig. 11). The section shows a steep (2-50°)

and stepped western (updip) margin.

The fill consists of three distinct sedimentary packages. A lower
package (1.5-5 m thick) comprises thin-bedded siltstones with rare
banded or ripple laminated fine-grained sandstone beds (Fa4-2) (Fig.
11). Locally, thin (<30 cm) mudstone clast conglomerates directly
overlie the basal erosion surface. Multiple small-scale (<20 cm deep)
cross-cutting erosional surfaces incise into thin-bedded siltstones in
the basal ~0.5 m of the fill, but decrease towards the top. Thin (2-3
cm) and lenticular moderately sorted medium-grained sandstones
are present within the siltstones and individual normally graded
siltstone beds are thick (> 3 cm) (Fig. 5B1). The middle package (0.5-
10 m thick) comprises medium-bedded banded (Fa3) and
structureless sandstones (Fal) interbedded with siltstones, which
pass abruptly from sandstone-dominated to siltstone-dominated
(Fa4-2) at the western margin (Fig. 5B4). Some minor tightly folded
deposits (Fa5) (Fig. 5B2) occur within the siltstone dominated
western margin succession. The upper package (3-8.5 m thick)
comprises thick-bedded sharp-based structureless partially

amalgamated fine-grained sandstones (Fal) interbedded with the
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occasional banded sandstone and thin-bedded siltstone (Fig. 11).
This package extends beyond the limits of erosional confinement,
but increases in thickness above the deepest point of the basal
erosion surface. Within all three infill packages no clear vertical
stratigraphic trends have been observed. However, the combination
of the three infill packages together (Fig. 11B —W15) shows a step-
wise coarsening- and thickening-upward trend above the basal
surface. Above the upper package a 4 metre thick fining- and
thinning-upwards unit can be observed (Fig. 11) from thick- to
medium-bedded dominantly structureless sandstones (Fal) to thin-
bedded sandstone and siltstone deposits (Fa 4). As these deposits
are tabular, they are not considered to be part of the fill. Up to 500
m west (updip) of the basal erosional surface at the same
stratigraphic level, a fine-grained thin-bedded package (1-2 m thick)
is characterised by multiple small-scale (10-20 cm) erosion surfaces,

thin sandstone beds, and abrupt bed thickness changes.

6. Discussion

6.1 Origin and infill of erosional features

The average palaeocurrents from underlying and overlying deposits
indicate that the large asymmetric erosion surfaces described from
Fan 3 (Tanqua) and Unit A5 (Laingsburg) are dip-sections (Figs. 3,
6,11). The steeper upstream surfaces dip at angles of 4-50° (Fan 3)
and 2-50° (Unit A5), with prominent metre-scale steps and multiple

erosion surfaces indicating the composite nature of the basal
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surface. In the Kleine Riet Fontein area (Fan 3), the transverse to
downstream section is shallow (~3.5°) and smooth (Fig. 6), and
shows prominent asymmetry in three dimensions with shallowing of
the basal surface perpendicular to the regional palaeoflow (Fig.
10A). Palaeocurrents within the basal are diverse and at a high angle
(orientated N to SE) to underlying and overlying deposits (orientated

NNW), with palaeoflow differences of up to 180° (Fig. 7).

An asymmetric and composite basal erosional surface with stacked
smaller-scale elements could support an interpretation of a sinuous
submarine channel-fill. However, in a cut through a sinuous channel-
fill the palaeocurrents would be expected to be dominantly parallel
to channel banks (dip sections) (Parsons et al., 2010; Wei et al.,
2013; Sumner et al., 2014) and are only rarely described at high
angles to the basal surface (Pyles et al., 2012). Known exhumed
examples of outer bank deposits have relatively higher energy facies
such as conglomerates, and coarse-grained and/or amalgamated
sandstones (e.g., Young et al., 2003; Labourdette et al., 2007;
Hodgson et al., 2011; Janocko et al., 2013) compared to inner bank
deposits, which does not match with the observed distribution of
facies and the relatively low-energy character of the Kleine Riet
Fontein infill. Furthermore, channel sinuosity is predicted to be low
for the slope gradients of base-of-slope and basin-floor channel
bends (e.g., Clark et al., 1992 — close to 1.0 sinuosity at 1:1000 slope
angles), especially in sand-prone systems without levees and at mid-
high palaeolatitudes (50-60°S) at which the Karoo system formed

(Peakall et al., 2012, 2013; Morris et al., 2014; Cossu et al., 2015).
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Consequently, given the low predicted sinuosities it is unlikely that
channel bend facies would be at high angles to the regional slope. In
contrast, the morphology of the basal surface, the palaeocurrent
pattern, and distribution of sedimentary facies support an
interpretation of large-scale scour-fills, with prominent steep
headwalls and lower-angle downstream margins. In addition,
coarsening- and thickening-upwards trends as identified within both
features, considering the complete infill, are more readily explained
as a progradational trend (e.g., Macdonald et al., 2011b) than
channel-fills. Basin-floor channel-fills in the Ecca Group have been
described by several authors (e.g., Johnson et al., 2001; Sixsmith et
al., 2004; Sullivan et al., 2004; Brunt et al., 2013), and are
dominantly characterised by structureless sandstone, highly
amalgamated in the axis of the fills and more thin-bedded towards
the margins and top of the fills . Where well preserved, the basal
erosion surface and facies distribution of basin-floor channels are
symmetrical (Sullivan et al., 2004; Luthi et al., 2006), and typically
~250-350 m wide and 15-20 m thick (Pringle et al., 2010; Brunt et
al., 2013). The large-scale scour-fills described, therefore, are
distinctly different to the published examples of basin-floor channel
fills from the Karoo Basin in terms of their architecture, facies types
and distributions, and relationship of palaeoflow to the bounding
surface, as well as to sinuous channels from other settings. The
erosional feature within the Kleine Riet Fontein area of Fan 3 has
been previously interpreted as a channel-fill. Morris et al. (2000)

classified it as a crevasse channel-fill, while Van der Werff and
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Johnson (2003) interpreted it as the distal depositional part of an
overbank channel-fill with a SE-NW orientation. Implicit in both
interpretations was that the depositional architecture is different to
the basin-floor channel-fills at the same stratigraphic level 7-8 km to

the east (e.g., Sullivan et al., 2004; Luthi et al., 2006).

The basal fine-grained fill (Fa4-2) in both scour-fills is interpreted to
indicate sediment bypass and the deposition of low-energy tails of
flows. The interpretation of thin-bedded deposits indicating
sediment bypass has been previously made for channel-fills (e.g.,
Beaubouef and Friedmann, 2000; Grecula et al., 2003; Brunt et al.,
2013; Stevenson et al., 2015). However the thicknesses of individual
siltstone beds (>3 cm) within the Unit A5 fill is distinctive, and is
interpreted to reflect the capture of flow tails in a scour depression,
in a similar manner to thick siltstones in internal levee successions
(Kane and Hodgson, 2011). In the Kleine Riet Fontein feature (Fan 3),
the diverse palaeoflow directions in the basal siltstone units
suggests deflection and spreadingl of flow at the upstream end.
Complex flow patterns are known to be associated with flutes and
scours (e.g., Eggenhuisen et al., 2011) with flows exhibiting a
recirculating separation cell that forms downstream of the scour lip
as the basal high velocity part of the flow is jetted over the
depression (Allen, 1971; Farhoudi and Smith, 1985; Karim and Ali,
2000). This may occur in both subcritical and supercritical flows.
When the palaeoflow patterns of element 2 (at K7, K8, and K9) are
compared with the streamline patterns of the spindle-shaped

erosional marks of Allen (1971), and assuming a scour orientated
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with the flow direction of the underlying deposits (336°), there is a
close fit in terms of variance and spread (Fig. 12). Therefore, the
observed palaeoflow patterns can be explained by the presence of a
flow separation cell and the generation of reversed bedload
transport at the bottom of the flow when passing through the

depression (Fig. 12).

The second erosional feature located 800 m downstream of the
Kleine Riet Fontein scour is similar in architecture and fill. It shows
erosion and downcutting surfaces both perpendicular (10° cut to
330° palaeoflow) and parallel (335° cut to 330° palaeoflow) to
regional palaeoflow. The morphology suggests this second erosional
feature is also a large composite scour-fill (>300 m wide). As this
northern scour is atthe same stratigraphic level, it indicates there
may be a larger area of erosional bedforms present. This fits with
the interpretations of Jobe et al. (2012) defining the Kleine Riet
Fontein area as an area receiving unconfined flows. A spatial
distribution of multiple scour-fills in this proximal off-axis area
adjacent to distributive channels in Ongeluks River (Fig. 3) supports
the interpretation of a channel-lobe transition zone close to the

base-of-slope.

6.2 Flow-scour dynamics

The merging of multiple erosion surfaces at the steep and stepped
upstream margin of both scour-fills point to their composite origin,
with multiple flows shaping the morphology of the basal surface.

The basal successions of both scour-fills are similar. However, bed
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architecture, stacking patterns, erosion surfaces, and facies of the
upper elements (3-7) in the Kleine Riet Fontein featurepoint to a
more complicated interaction between flow and seabed reliefin a

later stage of scour evolution.

In the Unit A5 feature, the irregular basal surface suggests that after
initial development of the scour, the upstream margin was weakly
modified, with little evidence of headward erosion. Minor internal
erosion surfaces exist, but generally beds taper towards the
upstream margin. The stratigraphic transition from the siltstone- to
sandstone-prone deposits points to initial sediment bypass (multiple
erosion surfaces and medium-grained sandstone lenses) followed by
a period of aggradation (structureless Fal and banded sandstones
Fa3) as the depression filled. The passive depositional character of
these packages and the lack of supercritical bedforms, suggests a

subcritical nature for the infill.

In the case of the Kleine Riet Fontein scour, the evolution of the
scour is assessed from the architecture and stacking patterns of the
elements (Fig. 13).. The position of the upstream margin of the
scour during deposition of element 1 was downstream of the
current position of element 2, being deposited after another phase
of erosion, evident from the stepped basal erosional surface (Fig.6).
Element 3 shows a similar southward migration after reshaping of
the updip margin and only partially filled the depression. Element 4
is interpreted to have largely filled the accommodation in the

downstream and lateral part of the scour. This was truncated by
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another erosional event that reshaped the updip margin and
removed large parts of element 2 and 3. Element 5 and 6 have
slightly erosional bases, but mostly infill available accommodation
by stacking in a downstream direction. Element 7 has a more
uniform thickness but modified the updip margin (Figs. 6 and 13).
The interpreted evolution of the basal surface suggests that the
initial scouring phase(s) may not be preserved due to sequential
deepening and widening of the scour.. The stacking of the elements
and internal erosion surfaces in the Kleine Riet Fontein scour-fill
indicate upstream migration (Fig. 13) and lengthening of the original
scour surface through headward erosion. Headward erosion, or
backward incision, occurs in both supercritical and subcritical flows
(e.g., Izumi and Parker, 2000; Hoyal and Sheets, 2009). The
sedimentary facies and bed geometries of the elements in the upper
package are characterised by stoss-side preserved steep climbing-
ripple dominated sandstones that indicate rapid localised fallout
from relatively low-concentration turbidity currents. Climbing ripple
lamination extends across almost the whole length of the scour-fill
until in close proximity of the upstream head of the scour. The
shallow (a few degrees) upstream depositional dip observed in a
number of the infill elements (3, 4, 5)resemble backset bedding (Fig.
9). Backset bedding has been linked to abrupt changes in
confinement (Ito et al., 2014), associated with the occurrence of a
hydraulic jump (Jopling and Richardson, 1966; Lang and Winsemann,
2013; Cartigny et al., 2014; Ito et al. 2014). The backset deposits,

and the majority of the scour-fill, are characterised almost
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exclusively by climbing ripple-lamination (Fa 2).These deposits may
be either the product of rapid settling from the downstream parts of
hydraulic jumps as the scour migrated headward, or the products of
subsequent infill by subcritical currents after being previously cut by
flows that underwent a hydraulic jump. The measurements of
hydraulic jumps over giant scours in a natural gravity current
demonstrate, however, that the hydraulic jump enhances upward
fluid movement for large distances downstream of the hydraulic
jump (Sumner et al., 2013), and therefore minimises sedimentation
within the scour. Additionally, the presence of climbing ripple
lamination very close to the head of the scour suggests that this
final phase was the product of depositional subcritical flows. In
combination with the lack of evidence for any depositional features
typical of supercritical conditions (supercritical bedforms), other
than the backset bedding in elements 3-5, this suggests that the
predominant fill of the scour was by subcritical flows. Thus the
inception, deepening, and sediment bypass phases of these giant
scours may well have been associated with hydraulic jumps in
supercritical flows, whilst their infill was dominantly the product of
later subcritical flows. This contrasts to the supercritical deposits
interpreted in other examples of backset bedding (Jopling and
Richardson, 1966; Lang and Winsemann, 2013; Cartigny et al., 2014;

Ito et al., 2014).

The infill character of the scour to the north of the main Kleine Riet
Fontein scour is very similar, with a lower siltstone-prone package

and an abrupt change into an upper climbing-ripple dominated
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sandstone package. This suggests both features share a similar
depositional history, which could be due to an internal control
linked to an updip avulsion or an external control such as a
substantial change in turbidity current energy and/or size. Existing
local seabed depressions consisting of partially filled scours could
have triggered hydraulic jumps and subsequently reshaped their
morphology in a similar manner in both scours, followed by lower

energy subcritical flows, explaining the similarity in infill character.

6.3 Preservation of giant scour-fills

Within scour fields in modern systems, amalgamation or
coalescence of scours is a common phenomenon (e.g., Parker, 1982;
Macdonald et al., 2011a; Fildani et al., 2013; Shaw et al., 2013). It
has been emphasized that changes in the behaviour of flows as they
pass over the erosional relief of small-scale scours leads to the
development of larger depressions (e.g., Shaw et al., 2013). This
could be due either to the development of flow separation zones,
enhancing erosion, or to the triggering of a hydraulic jump (Sumner
et al., 2013). A gap remains, however, in scale between scours
documented from the modern seabed and megaflutes and scours
interpreted from outcrop studies (Fig. 14). Exhumed scours of the
scale described here, and filled with turbidites, have not been
described in detail previously. However, the scale of these scour-fills
coincides with the range known from modern-day scours (Fig. 14) in
CLTZs (e.g., Kenyon et al., 1995; Wynn et al., 2002a; Macdonald et

al., 2011a). Due to their composite character and upstream
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migration, these scour bodies are able to reach significant
dimensions. This study shows that within sand-rich turbidite
systems, such as in the Karoo Basin, scour-fills of dimensions
documented from modern system can be expected to be preserved,
and care is needed to discriminate them from submarine channel-

fills.

Possible explanations for the preservation of large-scale composite
scour-fills within CLTZs include i) large scale avulsion of the main
feeder system prior to channel propagation into the scoured CLTZ
area, ii) the presence of scours at the maximum extent of channel
propagation into the basin, and/or iii) lateral position during channel
progradation. Differences can however be expected in the character
of scour fills between the different preservation mechanisms (Fig.
15). As CLTZ’s are known to be extensive and widespread areas (in
modern systems ~500km - >10,000 km?) (Wynn et al., 2002a) and
channel systems are limited in cross-sectional dimensions, it implies
that not all scour remnants, including larger coalescent ones, will be
reworked by a period of channel propagation (Macdonald et al.,
2011a) through a lobe environment (Jegou et al., 2008; Macdonald
et al., 2011b; Morris et al., 2014). In the case of a channel
progradation adjacent to the scour, the infill signal will depend on
the nature of the channel (A1 and B1). In the case the channel is
purely erosionally confined (A1), it is expected to show a coarsening-
and thickening-upward profile due to the sand-rich nature of
overbank deposits (Johnson et al., 2001;Grecula et al., 2003; Van der

Werff et al., 2003; Brunt et al., 2012). Progradation of a levee-
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confined (B1) system could however lead to the reverse infill
pattern, as more fine-grained (levee) materials would be deposited
inside the scour when the channel-levee system matures. In the
case of maximum channel progradation (B2), the overall initial
sedimentary signal would be coarsening- and thinning upwards as
the scour would have been filled by axial lobe sands during
retrogradation. In the case of avulsion of the main feeder channel
before complete fill of the scour, the depositional signal would be
characterized by a fining- and thinning profile as fringe materials
from adjacent lobes are likely to be deposited within the abandoned
scours. As the infill signal of both examples here presented fit with
infill signal A (coarsening- and thickening-upward) of Figure 15, their
depositional history is most likely related to (one of) the two

presented preservation mechanisms (B1 and B2).

7. Conclusions

This study reports the first detailed documentation of exhumed
giant (>1000-1500 m long) turbidite-filled scours from ancient deep-
marine settings. Palaeogeographically, both scour-fills are
constrained to base-of-slope channel-lobe transition zone settings.
The scour-fills exhibit composite and downstream assymetric basal
erosion surfaces, with internal erosion surfaces and, in one case,
evidence for extensive headward erosion. The sedimentary infills
show stepped coarsening- and thickening-upwards trends, with the
basal fine-grained deposits being associated with low-energy tails of

bypassing turbidity currents and subsequent reworking. Palaeoflow
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patterns within the Fan3 Kleine Riet Fontein scour indicate
complicated deflected flow patterns, which supports interpretation
of headward recirculation and downstream flow expansion. The
simple infill architecture of the Unit A5 scour suggests a rather
straightforward cut-and-fill history. The facies and architecture of
the Fan 3 Kleine Riet Fontein scour-fill, however, points to a more
dynamic history of interactions between flows and the relief of the
scour, resulting in a more complicated architecture with evidence
for headward erosion and a series of large internal erosion surfaces.
The contrast in depositional architecture of the two scour-fills
demonstrates that these erosional bedforms can develop diverse
depositional histories, presumably as a function of the interaction
between the character of the turbidity currents and evolving
geometry of the scour surfaces. The steep updip margins, stepped
coarsening- and thickening upward successions of dominantly
subcritical flow deposits, and internal palaeocurrent dispersal
patterns contrast with laterally and stratigraphically adjacent basin-
floor channel-fills. Despite their palaeogeographic setting and
evidence for formation by hydraulic jumps, their fills, including
backset deposits, do not correspond with deposition from
supercritical flows. Documenting the facies and architecture of
scour-fills is important for the identification and description of areas
dominated by sediment bypass in the rock record, and has

consequences for the accurate geological modelling of CLTZs.
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Figure captions

Fig. 1. Location 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)). Imaged from

Google Earth.

Fig. 2. Stratigraphic column of the deep-water 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

paper (Fan 3 and Unit A5) are highlighted.

Fig. 3. Detailed maps of case study areas with locations of
sedimentary logs, and outlines of Fan3 (A) and Unit A5 (B). Solid line
in A indicates the main profile illustrated in Fig. 6, while the dotted
lines indicate the additional profiles of Fig. 10A. Image from Google

Earth.

Fig. 4. Main sedimentary facies in the case study areas, with (A)

structureless fine-grained sandstone with floating siltstone clast
(Fal) — Unit A5; (B) Steepening of angle of climb within climbing
ripple-laminated sandstone bed tostoss-side preserved climbing

ripples (Fa2)- Fan 3; (C) Banded sandstone (Fa3) — Unit A5; (D)
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Lateral discontinuous thin-bedded siltstones and sandstones with

small-scale erosive marks — UnitA5 (Fa4-2).

Fig. 5. (A) Representative facies photographs from the Fan 3 feature.
(A1) Thin-bedded sandstone and siltstone deposits showing the
difference in character below (Fa4-1) and above (Fa4-2) the basal
erosion surface. (A2) Internal truncation within medium-bedded
banded sandstone. (A3) Truncation surface on top of thin-bedded
fine-grained deposits with structured (rippled) sandstone on top and
mudstone clast conglomerate at the base. (A4) Undulating basal
erosion surface truncating thin-bedded deposits. (A5) Photopanel of
the steep stepped southern margin with the locations of A1 and A2
indicated. (B) Representative facies photographs of Unit A5 feature
indicated in Fig.11C with (B1) Thin-bedded siltstones interbedded
with occasional thin coarse-grained sandstone (indicated by white
arrows). Individual siltstone beds show thicknesses >3cm (Fa4-2).
(B2) Small scale soft-sediment deformed sandstones (Fa6). Folds are
indicated y white lines. (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 thin-beds of the western margin indicated by

the white line.

Fig. 6. Facies correlation panel of main section (solid line in Fig. 3A)
of the erosional feature at Kleine Riet Fontein in Fan 3 with
palaeocurrents shown, with n = number of measurements, L = mean

palaeoflow and o = standard deviation. Solid white lines indicate bed
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boundaries. The fill is divided into a lower (LP) and upper package
(UP) 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 and/or planar
laminated facies; Facies association 2 (Fa2) has been subdivided into

ripple and planar laminated facies.

Fig. 7. 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 panel of Fig. 6

(K7).

Fig. 8. (A) Fence diagram showing the 3D architecture of the Kleine
Riet Fontein (Fan3) erosional feature. Palaeoflow of the underlying
thin-bedded deposits is indicated (336°). The infill thins-out both in
the eastward and southward directions. See Fig. 3A for log locations.
(B) Detailed log of the fill (K8) showing the division in infill elements
(IE). IE 3 is pinching-out at K8, but is possibly represented by a thin

by-pass interval separating IE2 and IE4.

Fig. 9. Panoramic view of infill element 3 (C), with (C1) Truncation of
elements in southern direction, and (C2) Abrupt bed pinch-out in
the northern direction. Solid white lines indicate bed boundaries,
solid red line indicates the basal erosional surface, and the dashed

red line an internal truncation surface.
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Fig. 10. Panoramic photopanel and division in infill elements,
displaying the internal architecture within the Kleine Riet Fontein
erosional feature (Fan 3). The top figure shows seven discrete
sedimentary packages defined as different infill elements. The boxes
show the locations of Inset A & B and Inset C (Fig. 9). The internal
architecture of these elements shows complicated bed architectures
and stacking patterns with abrupt pinch-out of beds in both
southwards and northwards directions. Element 4 (Inset A) and 5
(Inset B) both show stacked bedsets with depositional dips in an

overall southern (updip) direction.

Fig. 11. (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 scour-fill showing a
coarsening/thickening upward pattern within the infill and a
fining/thinning upward trend on top of the fillThe overlying A5-A6
mud is used as the datum for the sedimentary logs, but is not
included in this panel. (C) Zoomed-in section of the western margin.
Locations of the Unit A5 facies photos within Fig. 5 are indicated.

See Fig. 6 for additional explanatory information.

Fig. 12. Streamlines based on Allen (1971) and possible linkage to
lateral and stratigraphic variance observed at K7, K8 and K9 with n =
number of measurements, L = mean palaeoflow and o = standard
deviation. These streamlines account for an idealised megaflute
morphology with an orientation of 336° (based on underlying

deposits). See Fig. 6 for log location and exact stratigraphic intervals.
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Fig. 13. Depositional history interpretation of infill elements based
on the main profile given in Fig. 6 of the Kleine Riet Fontein (Fan 3)
erosional feature. 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 has removed a substantial part of this. The palaeocurrent
distribution of the underlying thin-beds is oriented to the NNW
(336°). It must be noted that this section includes a significant
change in orientation around log K6from 345° (almost parallel to the
underlying palaeoflow) to 030° (transverse to the underlying
palaeoflow), indicated within the map at the bottom right. Imaged

from Google Earth.

Fig. 14. Cross plot of width 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).

Fig. 15. Simplified conceptual model to explain alternative ways of
preservation of long-lived composite scours from the initial (T1) to
final depositional setting (T2), divided by vertical infill patterns —
Coarsening and thickening (A) or fining and thinning (B). Two
scenarios are proposed for infill pattern A: A1 — Scour preservation
adjacent to erosionally-confined channel progradation and
successive increase in overbank deposition; A2 — Scour preservation
at the maximum extent of channel progradation followed by lobe
retrogradation. Two alternative scenarios are proposed for infill

pattern B: B1 — Scour preservation adjacent to depositionally-
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confined channel progradation and successive development of the
levee; B2 — Scour preservation due to channel avulsion and
successive infill of scours by lobe fringe materials. The ‘*’ indicates

initial position of the middle scour at T1.
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