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ABSTRACT

Seabed topography is ubiquitous across basin-floor environments, and influences sediment gravity
flows and sediment dispersal patterns. The impact of steep (several degrees) confining slopes on
sedimentary facies and depositional architecture has been widely documented. However, the
influence of gentle (fraction of a degree) confining slopes is less well-documented, largely due to
outcrop limitations. Here, exceptional outcrop and research borehole data from Unit A of the

Permian Laingsburg Formation, South Africa, provides the means to examine the influence of subtle
Thisisan Accepted Article that has been peer-reviewed and approved for publication in the
Sedimentol ogy, but has yet to undergo copy-editing and proof correction. Please cite this
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lateral confinement on flow behaviour and lobe stacking patterns. The dataset describes the
detailed architecture of subunits A.1 to A.6, a succession of stacked lobe complexes, over a
palinspastically restored 22 km across-strike transect. Facies distributions, stacking patterns,
thickness and palaeoflow trends indicate the presence of a south-east facing low angle (fraction of a
degree) lateral intrabasinal slope. Interaction between stratified turbidity currents with a thin basal
sand-prone part and a thick mud-prone part and the confining slope result in facies transition from
thick-bedded sandstones to thin-bedded heterolithic lobe fringe-type deposits. Slope angle dictates
the distance over which the facies transition occurs (hundreds of metres to kilometres). These
deposits are stacked vertically over tens of metres in successive lobe complexes to form an
aggradational succession of lobe fringe. Extensive slides and debrites are present at the base of lobe
complexes, and are associated with steeper restored slope gradients. The persistent facies transition
across multiple lobe complexes, and the mass flow deposits, suggests that the intrabasinal slope was
dynamic and was never healed by deposition during Unit A times. This study demonstrates the
significant influence that even subtle basin-floor topography has on flow behaviour and depositional
architecture in the Laingsburg depocentre, Karoo Basin; presenting a new aggradational lobe fringe
facies association and recognition criteria for subtle confinement in less well-exposed and

subsurface basin fills.

Keywords

Confinement, intrabasinal slope, lobe fringe, remobilisation, submarine lobes, subtle seabed

topography.

INTRODUCTION

The behaviour of sedimentary gravity flows is strongly influenced by underlying seabed topography
over a wide range of vertical and horizontal scales. Seabed topographic configurations control the
general dispersal patterns of sediment and distribution of facies (e.g. Piper & Normark, 1983; Smith
& Joseph, 2004; Amy et al., 2004, Smith, 2004a; Twichell et al., 2005; Bersezio et al., 2009; Wynn et
al., 2012; Stevenson et al., 2013). The origin of seabed topography may be related to active or
inherited tectonic features (e.g. Piper & Normark, 1983; Wilson et al., 1992; Haughton, 2000;
Laursen & Normark, 2003; Hodgson & Haughton, 2004; Zakaria et al., 2013; Lin et al., 2014), salt and
mud diapirism (e.g. Fusi & Kenyon, 1996; Stewart & Clark, 1999; Rowan et al., 2003; Lopez-Mir et al.,

2014), and depositional and erosional relief (e.g. Normark et al., 1979; Pickering & Corregidor, 2005;
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Normark et al., 2009; Dakin et al., 2013; Ortiz-Karpf et al., 2015; Spychala et al., 2015). The impact of
static and dynamic seabed topography on depositional architecture and dispersal patterns on the
continental slope has been widely documented in subsurface datasets (e.g. Prather et al., 1998;
Fiduk et al., 1999; Smith & Mgller, 2003; Marcheés et al., 2010; Gamberi & Rovere, 2011; Kilhams et
al.,, 2012; Yang & Kim, 2014; Prather et al., 2016). Underlying inherited structures can also exert
long-term influence in a basin through differential compaction (e.g. Parker Gay, 1989; Nygard et al.,

2002; Faerseth and Lien, 2002).

The interaction of turbidity currents and seabed topography results in a wide range of onlap
configurations (e.g. Smith & Joseph, 2004; Bersezio et al., 2009; Marini et al., 2015). Understanding
sedimentary facies changes and organisation of sub-seismic elements at onlaps can be used to
reconstruct the palaeogeographic configurations and tectonic history of sedimentary basins. Smith &
Joseph (2004) illustrated a continuum of onlap configurations from abrupt to aggradational onlap as
a function of coeval aggradation on the bounding slope and the basin-floor. These authors inferred
that abrupt onlaps occur, when little or no coeval sediments are deposited on the slope.
Aggradational onlaps occur when aggradation rates on the slope are high associated with a
progressive facies change towards the lateral slope (Smith & Joseph, 2004). Smith (2004b) illustrated
low-gradient lateral bounding slope scenarios to explain thick intervals of 'lobe fringe' thin-bedded

heterolithics, in belts several kilometres wide, adjacent to basin-floor lobe complexes.

The influence of high amplitude palaeo-seabed topography and their associated high degree of
confinement on turbidity currents and their depositional architecture is well-constrained from
outcrop studies in small basins (Pickering & Hilton, 1998; Sinclair, 2000; Haughton, 2000; Sinclair &
Tomasso, 2002 , Amy et al., 2004; Hodgson & Haughton, 2004; Smith & Joseph, 2004; Amy et al.,
2007; Aas et al., 2010; Etienne, 2012; Etienne et al., 2012; Yang & Kim, 2014; Marini et al., 2015). The
angle of confining slopes interpreted from outcrop are commonly higher [for example, 4 to 10° in
the Gres d’Annot sub-basins (Puigdefabregas et al., 2004; Amy et al., 2007); 5 to 10° in the Cengio
Turbidite System (Bersezio et al., 2009); >10 to 12° in the Castagnola Turbidite System (Southern et
al., 2015)] than the range of slopes identified on reflection seismic and multibeam data (e.g. Gervais
et al., 2006; Heinio & Davies, 2007; Hanquiez et al., 2010; Prather et al., 2012; Stevenson et al.,
2013). The effects of confining topography are less well-documented from moderately confined
basins (associated with aggradational onlap and bounding slope degrees of <5 to 1°) (Bailleul et al.,
2007; Pyles, 2008; Pyles & lJennette, 2009; Burgreen & Graham, 2014) and remain poorly
constrained in weakly confined basins (bounding slopes <1°; Smith, 1987a,b; Wilson et al., 1992;

Smith, 2004b; Sixsmith et al., 2004), because the recognition of low-gradient slopes requires
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inference from isopach and facies trends or exceptionally extensive undeformed outcrops. General
recognition criteria were established by Smith (2004 b): (i) palaeoflow parallel to the strike of the

palaeoslope; and (ii) lateral replacement of sand-prone lobe complexes by thin-bedded turbidites.

This integrated outcrop and borehole study aims to examine the influence of a gentle lateral
intrabasinal slope (fraction of a degree) on the depositional architecture of submarine lobe deposits
in Unit A of the Laingsburg Formation, Karoo Basin, South Africa. The objectives are to: (i) examine
the distribution of facies associations within the deposits of Unit A; (ii) reconstruct the
palaeogeography during deposition; (iii) establish diagnostic criteria for aggradational lobe fringe
facies association; and (iv) discuss the implications of the long-term interaction of turbidity currents

and seabed topography in a continuum of systems between confined and unconfined settings.

GEOLOGICAL AND STRATIGRAPHIC SETTING

The Karoo Basin has been interpreted as a retroarc foreland basin connected to a magmatic arc and
fold-thrust belt (Cape Fold Belt) (Visser & Prackelt, 1996; Visser, 1997; Catuneanu et al., 1998). More
recently, Tankard et al. (2009) suggested that subsidence during the early, deep-water, phase of
deposition pre-dates the effects of loading by the Cape Fold Belt, and was induced by dynamic
topography through mantle flow processes coupled to distant subduction (Pysklywec & Mitrovica,
1999). The basin-fill comprises the Karoo Supergroup and records sedimentation from Late
Carboniferous to Early Jurassic. The Karoo Supergroup comprises the glacial Dwyka Group, the deep
to shallow-marine Ecca Group and the non-marine/fluvial Beaufort Group. The Ecca Group
represents a shallowing-upward succession of sediments from deep-water to fluvial settings (Flint et

al., 2011).

Stratigraphy of the Laingsburg depocentre

The Laingsburg depocentre is located in the southwestern part of the Karoo Basin (Fig. 1A). The
deep-water stratigraphy comprises mud-prone distal basin-floor fan deposits of the Permian
Vischkuil Formation (van der Merwe et al., 2009) overlain by the 550 m thick sand-prone Laingsburg
Formation, the focus of this study (Fig. 1B). The Laingsburg Formation is overlain by the Fort Brown
Formation, a 400 m thick channelized submarine slope succession (Di Celma et al., 2011; Flint et al.,
2011; Hodgson et al., 2011). The Permian Laingsburg Formation is subdivided into Unit A (sand-

prone basin floor fan; Sixsmith et al., 2004; Prélat & Hodgson 2013) and Unit B (base-of-slope
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deposits; Grecula et al., 2003; Brunt et al., 2013). A 40 m thick hemipelagic mudstone and (muddy)
siltstone separates Units A (up to 300 m) and B (up to 200 m), which contains a thin sand-prone unit

referred to as the A/B Interfan (Grecula et al., 2003).

The stratigraphy of Unit A was subdivided by Sixsmith et al. (2004) into seven sandstone-prone
subunits called A.1 to A.7 from base to top, separated by regional hemipelagic mudstone horizons.
Flint et al. (2011) reassessed the sequence stratigraphy of Unit A through interpretation of relative
thicknesses of hemipelagic mudstone and stacking patterns. Unit A comprises three composite
sequences. Subunits A.1 to A.3 show a progradational stacking pattern, and together with the
overlying hemipelagic mudstone form the first composite sequence. The second composite
sequence, which consists of subunits A.4 and A.5 and the overlying hemipelagic mudstone, has the
most channel-fills and marks the most basinward advance in sedimentation in Unit A. The third
composite sequence includes subunits A.6 and A.7 and with the overlying 40 m-thick mudstone
marks an overall retrogradational stacking pattern. The three composite sequences make up the
Unit A composite sequence set (Flint et al.,, 2011). In agreement with Prélat & Hodgson (2013),
subunits A.4 and A.7 have been re-interpreted as lobe complexes within Subunits A.5 and A.6,
respectively, because there is no true hemipelagic mudstone separating them (Fig. 1C).
Palaeocurrents in Unit A show local complexity, but are dominantly to the north-east (Sixsmith et al.,

2004).

METHODOLOGY AND DATA SET

For this study, 21 detailed (1 : 50 scale) bed by bed sections (each ranging from 140 to 300 m),
recording grain size, sedimentary structures and bounding surfaces of beds, were measured to
establish a south—north strike transect as well as west—east dip-sections to construct correlation
panels (Fig. 2). For correlation purposes, facies associations were defined to represent particular
sedimentary environments. All correlation panels use the base of Unit A.6 as a datum, because it is
present in all outcrops, and the thickness and facies of Unit A.6 shows the least variation over the
study area. More than 750 palaeocurrent measurements collected from ripple lamination and tool
marks in sandstone beds, and from thrust planes and fold vergence in chaotic and folded deposits,
were restored. Outcrop data were integrated with a recently drilled near-outcrop research borehole
[Zoutkloof Northern Limb (ZKNL); Figs 2 and 3A to 3G) strategically sited to enhance the existing
dataset. For isopach map purposes, thickness data were combined with existing thickness datasets

of Unit A (Sixsmith 2000, Sixsmith et al., 2004; Prélat & Hodgson, 2013).
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FACIES ASSOCIATIONS

Unit A is interpreted as a basin-floor fan system composed of tabular sandstone-rich units that are
locally cut by sandstone-rich channel-fills (Sixsmith et al., 2004). The sand-rich units (30 to 110 m
thick) are laterally extensive (kilometres) and are intercalated with thin-bedded siltstone units. The
facies associations, bounding surfaces, and geometrical characteristics are consistent with an
interpretation as basin-floor lobe deposits (Prélat et al., 2009), and show a variety of bed thickness
patterns controlled by compensational stacking across multiple scales (Prélat & Hodgson, 2013). The

basin-floor lobes stack to form lobe complexes (Prélat et al., 2009).

Structureless and parallel laminated thick-bedded sandstones (lobe axis)

This facies association is characterised by thick-bedded (>0.5 to 2.0 m) weakly normally graded
upper to lower fine-grained sandstones that are usually structureless but may show faint parallel
lamination (Table 1). Bed bases are sharp, loaded or erosional. Beds stack to form 5 to 8 m thick
amalgamated units. Amalgamation surfaces are indicated by discontinuous layers of mudclasts or
subtle grain-size breaks. In core, dewatering features are common in the lower part of thick
sandstone beds. Mudstone clasts are common near bed bases and rarely dispersed through the
whole bed. Typically, the sandstone beds are laterally extensive for kilometres (up to 1.5 km) and
display tabular geometries. Locally, there is evidence for confinement on a channel-scale such as
lenticular geometries, truncation or margin collapse. Some packages of thick-bedded sandstone
form large (up to 7 m high) symmetrical deformed features with vertical to overturned bedding that

are laterally traceable (over tens of metres) into undeformed successions along the outcrop.

Thick-bedded structureless and parallel laminated sandstone beds are interpreted to be deposited
by high density turbidity currents (Kneller & Branney, 1995) with high aggradation rates (Arnott &
Hand, 1989; Leclair & Arnott, 2005; Talling et al., 2012). Planar laminations that are produced by
high density currents are associated with thick-structureless sandstones. Their geometry, thickness
and facies conform to a lobe-axis interpretation (Prélat et al., 2009). Lenticular structureless
sandstone beds (100 to 200 m) with basal erosion surfaces are interpreted to be deposited in
channel-environments. Scours in Unit A have a more complex geometry and infill (cf. Hofstra et al.,
2015). Units with vertical to overturned bedding are interpreted to be formed in situ by dewatering

(Oliveira et al., 2009).

This article is protected by copyright. All rights reserved.



Structured medium to thin bedded sandstone (lobe off-axis)

Medium to thin-bedded (0.5 to 0.1 m) very fine to fine-grained sandstones display a range of
sedimentary structures such as planar, wavy and occasional climbing-ripple lamination (Table 1).
Individual beds can preserve more than one type of sedimentary structure. Structureless sandstone
beds are rare. Normal grading is common with rare inverse grading observed at bed bases. Two
types of hybrid bed are observed in this facies association. (i) Hybrid beds with an upper clast-rich
division with a clean sandstone matrix (D3 division of Hodgson, 2009). The clasts are rounded and
have a narrow diameter range (<5 cm) within individual beds and located in the upper third of the
event bed. (ii) Hybrid beds with an upper banded division (Lowe & Guy, 2000; H2 division of
Haughton et al., 2009). Commonly, banded sandstones have a lower structureless division that can
make up the bulk of the bed. The banded division comprises alternating light and dark sandstone
bands. Darker bands have a clay-rich matrix and are poorly sorted, whereas light bands are quartz-
rich and well-sorted. Darker bands can be rich in carbonaceous material and/or mudstone chips.
Light bands typically load into the dark bands. There are no grain-size breaks between the individual
bands. Observed banded divisions are up to 20 cm thick comprising individual bands each <2 c¢cm
thick (see M,c and microbanded beds of Lowe & Guy, 2000). Bands are commonly planar or sub-
parallel and continuous, but discontinuous bands are also observed. Structured sandstones are

extensive for several hundred metres and show tabular geometries in outcrop scale.

Structured medium to thin-bedded sandstones are interpreted to be deposited by low-density
turbidity currents. Planar laminations and current ripple-laminations are produced by dilute flows,
which rework sediment along the bed (Allen, 1982; Southard, 1991; Best & Bridge, 1992). Where a
bed shows repetitive sedimentary structures this may indicate either long lived surging flows or
collapsing flows (Jobe et al., 2012). Planar laminations deposited by low density turbidity currents
are associated with thin-bedded ripple laminated sandstones. Clean sandstone beds with an upper
mud clast rich division are interpreted to be the product of turbidity currents; whereby the head and
body of the flows deposit clean sand with mud clasts carried towards the top and rear of the flows,
to be deposited on the bed top (Hodgson, 2009). Deposition of banded divisions and their associated
lower structureless division is interpreted to be by high-density turbidity currents. The banded
division results from fluctuations in clay content in near-bed layers in an aggradational setting as
reported during deposition of traction carpets (Lowe, 1982; Sumner at al., 2008; Talling et al., 2012).
Deposits are comparable to the H2 division of Haughton et al. (2009) and other transitional flow
deposits (Lowe & Guy, 2000; Davis et al., 2009; Fonnesu et al., 2015). The facies and thickness of this

association is consistent with an interpretation as deposited in the lobe off-axis (Prélat et al., 2009).
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Heterolithic packages (lobe fringe)

Thin-bedded (0.01 to 0.1 m) heterolithic packages (0.2 to 2.5 m thick) (Figs 3F, 4A and 4B; Table 1)
comprise fine and coarse siltstones (<5 cm) interbedded with very fine-grained to lower fine-grained
sandstone. Sandstone beds contain planar and/or current ripple laminations, with rare climbing
ripple lamination. Siltstone beds are either structureless or planar laminated. Bed thickness range is
narrow (5 to 10 cm), but 2 to 5 m thick packages with thickening- or thinning-upward trends occur.
Two types of hybrid beds (0.05 to 1.5 m thick) are observed within the heterolithic packages. (i)
Clean sandstone overlain by an argillaceous (muddy sand) division that is mica-rich and plant
material-rich (D1 division of Hodgson, 2009, and H3 division of Haughton et al.,, 2009). Core
observations show that; the fabric in the upper argillaceous division is commonly swirly and patchy.
The boundary between the lower and upper division is commonly gradational. Some sand grains in
the argillaceous division are coarser than in the underlying sandy division. (ii) Hybrid beds with an
upper argillaceous clast-rich division (D2 division of Hodgson, 2009, and H3 division of Haughton et
al., 2009). The argillaceous division consists of a muddy sand matrix and subangular to subrounded
intraformational mudstone clasts (centimetres to decimetres in size). No preferred orientation of the
clasts was observed. The boundary between the lower and upper division can be gradational or
sharp. The underlying sandstone can show wavy or pseudo-lamination, when it contains a significant
amount of mud chips. Rarely, beds show a lower clean sandstone division overlain by an argillaceous
division with either intraformational mudclasts — or a carbonaceous-rich middle division and a clean

sandstone upper division (cf. H4 of Haughton et al., 2009).

The heterolithic packages are interpreted as distal, sluggish, dilute flows (Bowen & Stow, 1980; Jobe
at al., 2012). Ripple laminations form beneath dilute turbulent flows via reworking of the bed under
moderate aggradation rates, whereas climbing-ripple laminations form under high aggradation rates
(Allen, 1971; Allen, 1982; Southard, 1991). Hybrid beds are interpreted to be the product of flows
that transform along their length from turbidity current to debris flow (Fisher, 1983; Haughton et al.,
2009; Fonnesu et al.,, 2015). The facies and thickness of this association are consistent with an

interpretation of a lobe fringe setting (Mutti, 1977; Pickering, 1981; Prélat et al., 2009).
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Thin-bedded siltstones (distal lobe fringe)

This association comprises thin-bedded (0.05 m) fine and coarse siltstones with rare thin (<0.05 m)
very fine-grained sandstones (Fig. 4 A and C; Table 1). The siltstones are structureless or planar to
starved ripple laminated, when they display a sandy component. Observations from the core show
moderate to high bioturbation in these facies associations. Thicknesses of individual intervals are

variable (0.5 m to 3.5 m).

Thin-bedded siltstones are the preserved products of dilute turbidity currents. Planar laminated and
rippled beds are a product of tractional reworking of the bed (Stow & Piper, 1984; Mutti, 1992;
Talling et al., 2012), while structureless beds are a product of direct suspension fallout (Bouma,
1962). The facies is typical of distal lobe fringe environments (Prélat et al., 2009). The variation in
interval thicknesses is interpreted to be dependent on the number of overlapping distal lobe fringe

deposits (Prélat et al., 2009).

Structured climbing bedform dominated heterolithic packages

Thin-bedded (0.01 to <0.1 m) fine to coarse siltstones are interbedded with sandy siltstones to very
fine-grained sandstones (Fig. 5A to E; Table 1). Siltstones make up the bulk of the heterolithic
packages (Fig. 5C). Sandstone beds show either planar, stoss-side preserved climbing-ripple or wavy
lamination. Ripple morphology is preserved on bed tops, and in cross-section individual beds are
sigmoidal with a long thin limb and a shorter thicker limb, used to indicate a palaeoflow direction
(Fig.5B). Successions of these ripples form larger dune-like features. The heterolithic package
comprises multiple event beds that stack in the direction of palaeoflow (Fig. 5C). Stacking patterns
are dominantly aggradational (Fig. 5D). The facies association includes rare hybrid beds with an
upper argillaceous carbonaceous division. These heterolithic intervals are up to 10 m thick, and

intercalated with thin-bedded siltstone intervals (Fig. 5E).

Structured climbing bed dominated heterolithic packages indicate rapid deposition from dilute
turbidity currents. Stoss-side preserved climbing-ripple lamination indicate deposition beneath
energetic flows with high aggradation rates forming under high aggradation rates (Allen, 1971; Allen,

1982; Southard, 1991).
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Chaotic and folded facies association

Chaotically deformed packages (up to 30 m thick) (Figs. 3B, 3C, 4A, 4D and 4E; Table 1) comprise
isoclinal and recumbent folds of thin-bedded (centimetre-scale) siltstones interbedded with very
fine-grained sandstones. Where folded, thin-bedded units can be partly disaggregated and encased
by a poorly sorted structureless siltstone matrix. Planar, current ripple and climbing-ripple
lamination can be observed in beds within the folded sandstone/siltstone packages. In core, the
chaotic facies shows micro-faulting (millimetre-scale offsets) around folds (Fig. 3C). Locally, these
units are intercalated with relatively undeformed thin-bedded units (Table 1). Bases of chaotic and

folded units are sharp to erosive, while bed tops are undulated and irregular.

The orientation of the folds does not conform to the post-depositional tectonic folding of the
Laingsburg area stratigraphy. Therefore, the tight folding of the thin-bedded strata is interpreted as
syn-depositional deformation due to remobilisation of local thin-bedded stratigraphy. The low
amount of disaggregation supports an interpretation of slide deposits, although where the matrix
encases clasts of folded thin-beds a debris-flow deposit interpretation is invoked (Woodcock, 1979;
Prior et al., 1984; van der Merwe at al., 2009; Talling et al., 2012). Slide deposits and debrites can be

followed out for several kilometres and cover an area of at least 65 km?.

Hemipelagic mudstones

Mudstones are thin-bedded (0.5 to 1.0 cm) and commonly silty. Mudstone dominated packages can
be up to 15 m thick. Concretions are common and can be associated with distinctive horizons in the
deposit. Thin-bedded siltstones and ash layers (<5 cm) are locally intercalated. Clastic injection is
common, especially in the mudstone horizon that separates Subunits A.5 and A.6 (Cobain et al.,
2015). Mudstone packages are regional in extent and do not show thickness changes, except where

eroded by remobilized chaotic and folded deposits or flows that deposit younger sand-rich deposits.

Mudstones are interpreted as hemipelagic background deposits; they can be mapped over large
areas and mark episodes of sediment starvation to the basin-floor. Flint et al. (2011) interpret these
to contain the deep-water expression of maximum flooding surfaces. Mudstone packages therefore

serve as useful correlation intervals.
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PALAEOCURRENTS

Palaeocurrent measurements show that the mean palaeoflow direction of turbidity currents in Unit
A was to the north-east (Fig. 6), consistent with overall north-east to east palaeocurrent
measurements in the underlying Upper Vischkuil Formation (van der Merwe et al., 2009) and the
overlying Unit B (Brunt et al., 2013) and Fort Brown Formation (Figueiredo et al., 2010; Di Celma et
al,, 2011; van der Merwe et al.,, 2014, Spychala et al., 2015). Around Jakkalsfontein and
Dapperfontein, palaeocurrents are commonly to the east or show flow patterns to the southeast,
especially in subunits A.3 and A.5 (Fig. 6). Palaeocurrent data from ripple laminations in the most
northern outcrops (Wilgerhoutfontein 1+2 and Waterkloof) present a narrow spread with a
dominant direction to the east. In contrast, measurements of thrust planes and fold vergence from

slides indicate transport towards the south-east and south-west (Fig. 6).

DISTRIBUTION OF FACIES ASSOCIATIONS AND THEIR THICKNESSES

In the study area, Unit A comprises six facies associations (Table 1) with five of them representing a
particular lobe sub-environment. Prélat et al. (2009) described ‘lobe axis’, ‘lobe off-axis’, ‘lobe fringe’
and ‘distal lobe fringe’ from detailed mapping of submarine lobes from the nearby Tanqua
depocentre. Outcrops in the south of the study area (Skeiding and Rietfontein, Fig. 2) are dominated
by lobe axis (Fig. 7A) and lobe off-axis deposits (Sixsmith et al., 2004) separated vertically by lobe
fringe associations (Fig. 8). This stratigraphic trend is indicative of compensational stacking patterns
(Prélat & Hodgson 2013). Outcrops in the north of the study area consist of lobe off-axis (Fig. 7B) and
fringe deposits intercalated with silt-prone slide deposits and debrites (Doornkloof, Doornfontein
and Jakkalsfontein). Slides and debrites occur dominantly at the bases of subunits A.3 and A.5 (Fig.
7D), although thin (<5 m) localised deposits of deformed strata can be observed within the other
subunits. Subunit A.3 shows large-scale dewatering structures (up to 7 m high) in its top in the
Jakkalsfontein — Dapperfontein area, which are truncated by an overlying debrite at the base of A.5
(Fig. 7C). Climbing-bedform dominated thin-bedded siltstone successions are only present in the
northern part of the study area (Waterkloof and Wilgerhoutfontein; Fig. 8). The position of the
lateral transition from lobe fringe to climbing thin-bedded siltstones follows a strongly aggradational
pattern, with a slight northward trend through the stratigraphy from A.1 to A.6 (Fig. 8). Locally,
hemipelagic mudstones between A.2/A.3 and A.3/A.5 are completely removed through entrainment
by slides and debris flows in some localities, while the mudstone deposits between A.1/A.2 and

A.5/A.6 are preserved across the whole study area (Figs 8, 9 and 10).
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In strike section, the thickness of Unit A is 300 m in the south (Skeiding) and thins to 140 m
(Jakkalsfontein) towards the north (Fig. 8). Whereas the thickness of subunit A.1 shows no change,
A.2 show slight thinning (from ca 23 m to ca 15 m; Fig. 8), while subunits A.3 to A.5 show a
pronounced thinning trend. Subunit A.5, which consists of several lobe complexes, shows the
maximum amount of thinning (117 m in the south to 42 m in the north). Subunit A. 3 thins from 43
m to 30 m, whereas A.6 thins slightly from 25 m to 22 m. In depositional dip sections (Fig. 10),
subunits A.1 to A.6 maintain a similar thickness, and only minor thickness and facies changes are
observed that can be accounted for by compensational stacking at subunit level. Isopach thickness
maps (Fig. 10) show an overall shift in the main locus of deposition to the N through A.1 to A.6.
Subunit A.3 displays two areas of thicknesses exceeding 30 m. In the south-east, the thickness
conforms to lobe deposits, whereas in the north-west the thickness is caused by slides and debrites

at the base of A.3 (34 m thick).

PALAEGEOGRAPHIC RECONSTRUCTION

The stratigraphic thinning to the north-west, the presence of mass flow deposits with kinematic
evidence of movement to the south-east and south-west, and the thick aggradational succession of
climbing ripple dominated thin-bedded siltstone facies with a narrow eastward palaeoflow direction
(Fig. 7) in all lobe complexes point to the presence of seabed topography during deposition of Unit A
[cf. recognition criteria of low-gradient slopes established by Smith (2004 b)]. Based on these data, a
south-west/north-east orientated and south-east facing intrabasinal slope has been reconstructed.
The regional palaeocurrent trends in the underlying (Vischkuil Formation) and overlying (Unit B of
Laingsburg Formation and Fort Brown Formation) are dominated by overall north-east
palaeocurrents (van der Merwe et al., 2009; Brunt et al., 2013; van der Merwe et al., 2014). This
indicates that the intrabasinal slope was a lateral slope rather than the main basin margin slope. The
limited amount of basinward thickness changes in subunits A.1 to A.6 to the east (Sixsmith et al.,
2004; Prélat & Hodgson 2013, Fig. 9), suggest that the base of the intrabasinal slope ran between

Matjiesfontein in the south-west and the centre of the Moordenarskaroo in the north-east (Fig. 10).

The southern study area is characterised by lobe complexes built through compensational stacking
of lobes dominated by lobe axis and lobe off-axis deposits intercalated with heterolithic lobe fringe
deposits. The northern study area consists of progressively more thin-bedded lobe fringe deposits

that show aggradational stacking. Compensational stacking in the south to south-east of the study
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area and aggradational stacking in the north-west point to a relatively abrupt change in gradient (Fig.

11), associated with a break in slope.

Slightly more pronounced thinning of A.3 and prominent thinning of A.5 over the transect suggests
that the confining slope steepens from the deposition of Subunits A.1 and A.2 to A.3 and A.5. The
steepening of the confining slope is coincident with the emplacement of thick slide and debris-flow
deposits, which are most abundant in Subunits A.3 and A.5. The slides and debrites comprise
remobilised heterolithic stratigraphy (lobe fringe deposits), dominated by thin-bedded climbing
ripple laminated sandstones and the regional hemipelagic mudstones. Therefore, it is possible that
the increased gradient destabilised sediments that had accumulated on the confining slope. The
absence of the regional mudstone in situ suggests that remobilisation happened after initiation of

subunits A.3 and A.5.

DISCUSSION
Aggradational lobe fringe facies association
Flow processes

Sedimentary structures indicate that very fine-grained sandstones, sandy siltstones, siltstones and
mudstones with climbing bedform geometries were deposited rapidly from stratified turbidity
currents with a thin basal sand-prone part and a thick mud-prone part. Due to rapid deceleration the
upper parts of the flows deposited heterolithic climbing-ripple dominated facies along the
intrabasinal slope (Fig. 11). The main sand fraction was partitioned to the south, where lobe
complexes display intercalation of dominantly structureless sandstone lobe axes and structured
sandstone lobe off-axes with heterolithic lobe fringes that is indicative of unconfined
compensational stacking (Fig. 11). The thick sand-rich packages in the south grade abruptly into thin-
bedded heterolithic lobe fringe facies in the north-west (against the confining slope). The lateral
transition to lobe fringe from lobe axis and off-axis successions supports interpretation of the
palaeoenvironment of deposition being stacked lateral lobe fringes (Pickering, 1981, 1983). The lobe
fringe facies association in this study differs from the lobe fringe facies association proposed by
Prélat et al. (2009) from the unconfined Tanqua depocentre, largely due to the evidence for high
sedimentation rates (climbing ripples and climbing bedforms) and the persistent aggradational
stacking of facies over tens of metres on lobe complex scale. The narrow spread of slope sub-parallel

palaeocurrents documented within these deposits suggests minor flow deflection (Fig. 6). The term
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‘aggradational lobe fringes’ is proposed here for this specific lobe sub-environment. The lateral
facies transition between lobe axis and off-axis to fringe is governed primarily by the height of the
topography relative to the thickness of the flows (Muck & Underwood 1990; Pickering & Hilton 1998,
Wynn et al.,, 2012). However, flows are stratified in terms of their grain size and sediment
concentration (McCaffrey et al., 2003; Baas et al., 2005; Kane & Pontén, 2012). In relatively
unconfined basin-floor settings, flows are likely to be relatively thin; transporting their sandy
sediment only meters from the bed with the finer grained component transported in a thicker (tens
of metres) dilute overriding layer (Stevenson et al., 2014). The presence of subtle lateral topography
on the basin-floor will therefore impose different levels of confinement on the basal and upper parts

of the flows (Fig. 11).
Interaction of stratified flows and seabed topography

A gentle south-east facing lateral slope present during the deposition of A.2, A.3 and A.6 would
confine the basal part of the flows (metres thick) and lateral pinching would occur over distances of
kilometres. In contrast, the upper parts of flows would be able to easily surmount the topography.
This generates a scenario whereby sandy lobe deposition (axis and off-axis environments) is weakly
confined by the slope, whilst the fine-grained fringes deposit as if unconfined (Fig. 11A). Fringe
deposits from lobes that are deposited further away from the confining slope are extensive. Because
they deposit from the dilute part of the flow they will contribute to the deposits on the slope.

Therefore, thinning in this scenario is notably gradual (Fig. 11A).

Relatively steeper slopes (subunit A.5) would confine the sandy basal parts of flows more strongly
and result in lateral pinching over distances of hundreds of metres. The thicker upper parts of flows
are also confined but still onlap higher up the slope and are, therefore, able to deposit drapes onto
the bounding slope (cf. Smith & Joseph, 2004). This generates lobe deposits that abruptly (over
hundreds of metres) transition into aggradational lobe fringe facies (Fig. 11B). With continued sandy
lobe deposition, compensating lobes will stack against the confining slope with aggradational lobe

fringes (Fig. 11B).

Nature of the confining structure

The origin of the lateral slope, and whether it was static or dynamic, is discussed using stratigraphic
evidence. The thickness trends and facies distributions (Fig. 10) indicate that the gradient of the
confining slope increased through time from A.1 to A.5, then reduced from A.5 to A.6. The persistent

lateral facies transition thick aggradationally stacked lobe complex fringes in a similar fashion
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indicates that the slope was always present and inhibited the development of lobes. Therefore, the
intrabasinal slope was dynamic rather than static. Differential compaction above syn-rift topography
has been shown to have a long-lived impact on deep-water sedimentation patterns (e.g. Parker Gay,
1989; Nygard et al., 2002; Feerseth & Lien, 2002). However, healing of the slope gradient after the
deposition of A.5 indicates that differential compaction above a deeper rigid block cannot be the
driving mechanism for the dynamic intrabasinal slope. Syn-tectonic activity deforming the seabed
has been postulated previously in the basin (e.g. Grecula et al., 2003; Sixsmith et al., 2014). Sixsmith
(2000) proposed syndepositional basin-floor deformation as a driving mechanism for thickness
variations, speculating early movement on incipient structures that became the present day east—
west trending folds. Sixsmith et al. (2004) inferred that Units A.1 and A.2 pinchout with an onlap
against an incipient Hexberg—Bontberg—Heuningberg antiform structure with Unit A.1 and A.2
pinching-out against the structure, and that Unit A thickens dramatically to the north of the
Heuningberg anticline. Here, all subunits are correlated over the study area, with no evidence of any
subunit pinching out across the Heuningberg anticline area. The thinning and facies trends do not
coincide with the present day orientation of fold structures but are consistent with a south-east

facing low gradient intrabasinal confining slope.

Timing of mass wasting processes, thickness distributions and slope angles are key indicators to
determine the nature of the slope. Mass wasting events have been examined on modern seabed
basin margins on slopes gradients as low as 0.05 to 1.4° (Bugge et al., 1988, Masson et al., 1998; Gee
at al.,, 1999; Haflidason et al., 2004; Frey-Martinez et al., 2006). The slides and debrites are located at
the bases of Subunits A.3 and A.5 as slope angles increased. It is likely that much of the steepening
occurred during the slow accumulation of the hemipelagic drapes that separate Subunit A.2 from A.3
and Subunit A.3 from A.5. The initiation of slides and debris flows may have been due to: (i)
oversteepening of the intrabasinal slope; (ii) liquefaction of the underlying muddy deposits (cf. Bull
et al., 2009); and (iii) failure through high pore pressure due to high sedimentation rates on the
slope (Nygard et al., 2002), or a combination of these processes. Gee at al. (1999) reported that high
pore pressures can initiate bed shearing on slopes as little as 0.05° conforming to slope angles during
deposition of A.3 and A.5. For example, seismicity can increase slope gradients, liquefy strata and
generate overpressure (Heezen & Ewing, 1952; Bugge et al.,, 1988). Therefore, punctuated mass
wasting, and successive steepening of the slope and healing before the deposition of A.6 suggests an
underlying tectonic driver and explains the presence of a dynamic if subtle lateral slope, with

different rates of tilting and sedimentation governing its gradient at any time on the seabed.
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Estimating the angle of the lateral slope

Estimation of palaeoslope gradients from outcrop data is problematic because many assumptions
need to be made. For example, the original gradient of the seabed, the effects of differential
sediment compaction, and the amount of post-depositional shortening due to tectonic activity.
Although it is not possible to determine original gradient unequivocally, reconstructing an
approximate slope gradient is useful in making comparisons across different systems (i.e. low
gradient slope <1°; moderate gradient slope 1 to 5°; and high gradient slope <5°). Although the
original gradient of the seabed on the basin floor at the time of onset of accumulation of Subunit Al
cannot be determined, it was probably close to zero (van der Merwe et al., 2009). Thinning and
facies distribution of Unit A, particularly of remobilised chaotic deposits, suggest that the

intrabasinal slope likely dipped to the south-east.

If all the thinning of subunits A.1 to A.6 across the transect from axis to margin is attributed to the
presence of a seabed topography, and if the basin floor is assumed to have had no gradient at the
time of accumulation, then an approximate minimum intrabasinal slope angle can be estimated

using a simple trigonometric approach (see Fig. 11C):
tan-l = (Taxis - Tmargin)/d [Equation 1]

Where T,y is the original accumulated thickness at Rietfontein, Tpqqin is the original accumulated
thickness at Wilgerhoutfontein (for locations see Fig. 2), and d is the measured distance between the
locations (Rietfontein and Wilgerhoutfontein, Fig. 2 along the transect, which has been corrected for
post-depositional tectonic shortening (18.7 km current distance; 21.3 km restored distance; Spikings

et al., 2015). The results of Eg. 1 have been converted into degrees.

A number of factors need to be taken into consideration when evaluating the uncertainties
associated with the reconstruction of slope angles. Firstly, differential compaction will have resulted
in significantly reduced thicknesses of the finer-grained lobe fringe deposits compared to the sand-
rich lobe successions. Here, preserved section thicknesses have been decompacted using the
approach of Sheldon & Retallack (2001) to estimate whether the effects of differential compaction

have resulted in a significant error in the calculation of slope angle:
C = S;/[F,/eP*) — 1] [Equation 2]

Where C is the fraction of the original thickness, S; is initial solidity, F, is the initial porosity, D is
depth of burial in kilometres, k is the curve-fitting constant. General values for S;, F, and k for marine

sediments were established by Sclater & Christie (1980) and Baldwin & Butler (1985). These values
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are displayed in Table 2. For sandstone, the following values are used: S;= 0.51, F, = 0.49, and k =
0.27 (cf. Sclater & Christie, 1980; Sheldon & Retallack, 2001). Sediments of the Karoo Basin exhibit
greenschist metamorphism and were therefore buried to at least 6 km (Tinker et al., 2008; Hansma

et al., 2015). The amount of compaction of the sandstone is estimated as follows:
C = 0.51/[0.49/e%*0-27) — 1] [Equation 3]

This yields a value for C of 0.55 for sandstone, (i.e. the present preserved thickness has decreased by
almost half compared to its original thickness). The values of C for siltstone and claystone are 0.42
and 0.22, respectively. Lobe axis and off-axis are dominated by sandstone and minor siltstone
deposits, whereas lobe fringes are dominated by siltstone and very fine-grained sandstone deposits,
and claystone is absent, meaning that decompaction has limited effects on the estimation of slope
angle. Table 3 shows compacted and decompacted thicknesses, sand percentages and the variation
of slope angle for all subunits. Over the whole transect (21.3 km); these thickness variations

introduce an average error (variance) in calculated slope gradient of £0.01° over all subunits.

Second, post-depositional tectonic shortening has reduced the lateral distance of the transect from
21.3 km originally (Spikings et al., 2015) to 18.7 km today (d in Eq. 1). Spikings et al. (2015)
conducted mass-balanced palinspastic restoration of the Laingsburg depocentre, and calculated a
post-depositional shortening of 14.2%. Adjacent mass-balanced sections from Laingsburg and
Matjiesfontein indicate post-depositional shortening of 14.7% and 9.2%, respectively (Spikings et al.,
2015). The range of shortening estimates for the area is 9.2 to 14.7%, which results in corrected
lateral distances across the transect ranging from 20.4 to 21.4 km. This 1000 m uncertainty in the
amount of shortening corresponds to an error of approximately +0.01° in slope gradient (Eq. 1; see

Table 4).

Using Eq. 1, Subunits A.2 and A.6 experienced slope angles of <0.05°, A.3 around 0.05°, whereas A.5
encountered a slope of around 0.3° (see Table 4). Slope angle values for Subunit A.1 fall within the
range of error. Nonetheless, the subunit shows palaeoflow directions that are parallel to the inferred
slope, suggesting that a slope may have been present at this time of deposition, but the rate of

aggradation on the lateral slope was similar to the rate of aggradation on the basin-floor.

This article is protected by copyright. All rights reserved.



Grades of confinement and their influence to basin-floor lobe systems

Several ancient deep marine fans with inferred lateral confinement have been described or inferred,
including the Greés d’Annot Formation (south-west Alps, France), the Castagnola Formation and the
Cengio Turbidite system (Tertiary Piedmont Basin, Italy), the Mynydd Bach, Aberystwyth,
Cwmystwyth and Pysgotwr formations (Welsh Basin, Wales), Laga Formation (South Laga Basin,
Central Apennines, Italy) and the Loma de los Bafios Formation (Tabernas-Sorbas Basin, Spain). Most

of these systems show a range of onlap geometries (Fig. 12).

The Grés d’Annot Formation, the Laga Formation, the Castagnola Formation, the Cengio Turbidite
systems and the Loma de los Bafios Formation represent systems that were deposited under high to
moderate confinement. Lateral palaeoslope values are reported between 4 to 10° (Amy et al., 2007;
Salles et al.,2014) for the Grés d’Annot Formation; 6 to 8° (Marini et al., 2015) for the Laga
Formation; 10 to 12° for the northern margin of the Castagnola Formation and 4° for the southern
margin, respectively (Felletti,2002; Southern et al., 2015; Marini et al., 2016); and 5 to 10° for the
Cengio Turbidite systems (Bersezio et al., 2009; Felletti & Bersezio, 2010). The Gres d’Annot
Formation was deposited during the upper Eocene and Oligocene in an Alpine foreland setting. It
crops out in synclines of the thrust belt of the south-west Alps in France (Amy et al., 2004). Two
styles of onlap (Fig. 12) were described for the sub-basins: (i) abrupt onlap (Sinclair, 2000; Etienne,
2012); and (ii) aggradational onlap with draping of the confining slope (Sinclair, 2000; Etienne, 2012).
The Laga Formation was reported to be deposited under changing grades of confinement (confined
to semi-confined; Marini et al., 2015) in the Southern Laga Basin, Italy. The termination styles against
the lateral slope comprise abrupt onlap and feather-like onlaps of thin ripple-laminated turbidites.
The Tertiary Piedmont Basin (Castagnola Formation and Cengio Turbidite systems) developed during
the Alpine and Apennine orogenesis as a piggyback basin. Topographic features are complex and
comprise several unconformities that resulted in modification of basin size and configuration
(Felletti, 2002). Bounding lateral slopes are mostly steep and lead to abrupt onlap, but aggradational
onlap has been reported to the southern basin margin with lower slope gradients (4°; Felletti, 2002).
The Loma de los Bafios Formation, Tabernas-Sorbas Basin, south-east Spain indicates flow
confinement against intrabasinal faults, such as the El Cautivo Fault zone (Hodgson & Haughton,
2004). Hodgson & Haughton (2004) reported aggradational onlaps when flows encountered forced
folds and abrupt pinch-outs against fault scarps. Several authors (Smith, 1987a,b; Wilson et al., 1992;
Smith, 2004b) described an example of subtle topography and its influence on the Welsh Basin
Silurian sandstone systems, namely the Mynydd Bach, Aberystwyth, Cwmystwyth and Pysgotwr

formations. Sand-prone deposits laterally grade or transition into a mud-rich turbiditic 'levée-like'
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constructional feature due to the influence of faults. Smith (2004b) used the geometrical model
established by Smith & Joseph (2004) to illustrate the lateral facies change from lobes (Pysgotwr

Formation) to thin-bedded heterolithics (Hafdre Formation).

All of the above systems include syndepositional deformed slides/slumps in proximity to the lateral
slope. The slides/slumps are interpreted to be initiated through: (i) gravitational instability/re-
equilibration of the slope; or (ii) mass dumping of sediment against the slope. Except for the Mynydd
Bach Formation, the examples outlined above describe direct onlap of deposits against the confining
intrabasinal slopes. In contrast, this study describes a persistent facies transition to ‘aggradational
lobe fringes’ against the confining slope, similar to the facies transitions reported from the Welsh
Basin Silurian systems (Smith, 1987a,b; Wilson et al., 1992; Smith, 2004b) and in subsurface from the
Ormen Lange turbidite system (Smith & Mgller, 2003). The systems discussed exhibit a range of
onlap geometries from abrupt to aggradational onlaps, and more subtle facies transitions against the

confining slope, which form part of a continuum of possible configurations (Fig. 12).

CONCLUSIONS

This study uses an integrated outcrop and research borehole data set, from Unit A of the Permian
Laingsburg Formation, South Africa, to examine the influence of confinement on flow behaviour, and
resulting depositional architecture of basin-floor lobes and lobe complexes. Across strike changes in
unit thickness, palaeocurrent patterns and the distribution of sedimentary facies, were combined to
reconstruct a laterally confining south-west facing intrabasinal slope. Although subtle, the slope
influenced flow behaviour throughout the succession generating distinctive facies distributions over
the study area; confining the sandstone-rich deposits to the south, where conventional lobe
compensational stacking was able to take place. Against the confining slope, sand-rich lobe facies
pinch and transition laterally into thick (tens of metres) aggrading successions of thin-bedded
laminated to structureless siltstones, and current/climbing-ripple laminated very fine-grained
sandstones: a new facies association termed ‘aggradational lobe fringes’. This transition is a result of
stratified flows interacting with the slope, whereby sand (transported only metres from the bed) is
confined and pinches out, whilst finer-grained sediment is held aloft in a much thicker overriding
cloud and deposits much higher up the slope. Distances of facies transition depend on the slope
angle. The persistent facies transition across multiple lobe complexes, and the punctuated
occurrence of remobilized facies, associated with steeper slope gradients, suggests a tectonically-

driven and dynamic intrabasinal slope. This study highlights that basin-floor flows are density
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stratified with a thin basal sand-prone part and a thick mud-prone part, meaning that even subtle
topography will exert a major influence on lobe architecture. Identification of thick aggradational
lobe fringe successions, as a direct response to subtle dynamic intrabasinal topography, widens the
range of geometric and facies-based recognition criteria of subtle confinement in basin-floor
settings. The framework provided here is important for the improved recognition of lobe

confinement in outcrop, and its interpretation in the subsurface.
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FIGURE CAPTIONS

Table 1. Observed facies associations in Unit A and their appearance in outcrop and core. Items used
for scale in photographic panels are: compassin 1and 3is 11 cm; lense capin 2 and 6 is 7 cm; part

of logging pole in 4 is 15 cm; logging pole increments in 5 are 10 cm.

Table 2. Constants for compaction equation (Eq. 2). S; is initial solidity, F, is the initial porosity, D is
depth of burial in kilometres, k (x10°cm™) is the curve-fitting constant and C is the fraction of the

original thickness. Values are taken from Sclater & Christie (1980).

Table 3. Compacted and decompacted thicknesses and corresponding slope angles. Slope angles
have been calculated using Eg. 1 with a calculated shortening of the transect of 14.2%, i.e. 21.3 km

for distance.

Table 4. Effects of 9.2%, 14.2% and 14.7% tectonic shortening on estimated slope angles. Slope
angles have been calculated using Eq. 1. Note: Thicknesses for the estimations are decompacted

thicknesses (see Table 3).

Fig. 1. (A) The Laingsburg depocentre inboard of the Cape Fold Belt. The blue dashed square

indicates the area of study. (B) Stratigraphy of the Laingsburg depocentre. The Laingsburg Formation
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overlies the Vischkuil Formation and is overlain by the Fort Brown Formation (Flint et al., 2011). (C)
Unit A comprises six subunits, separated by regional hemipelagic mudstone horizons (modified from

Sixsmith et al., 2004). Images taken from Google Earth.

Fig. 2. Log locations and lines of correlated sections. The grey line indicates the south—north transect
(Fig. 9), blue, violet, green (Fig. 10) and beige lines indicate dip-section correlation panels. Black dots

indicate logged sections, blue dot the location of the Zoutkloof Northern Limb (ZKNL) core.

Fig. 3. Zoutkloof Northern Limb (ZKNL) core log and photographs. (A) Core log through Subunit A.5
(B) Mud-streak rich sandstone on the top of A.3. Coin as scale (ca 1 cm diameter). (C) Silt-prone
syndepositional deformed interval of the chaotic facies. Coin as scale (ca 1 cm diameter). (D) Clean
sandstone loading into a debritic top of a hybrid bed. Coin as scale (ca 1 cm diameter). (E)
Dewatering features in a sandstone. Coin as scale (ca 1 cm). (F) Ripple-laminated sandstones
intercalated with siltstone deposits. Coin as scale (ca 1 cm diameter). (G) Highly sheared siltstone-

prone package. Coin as scale (ca 1 cm diameter).

Fig. 4. (A) Sedimentary log through Doornkloof 1 section (see Fig. 3). Expanded parts show slide
facies and lobe fringe facies. (B) Thin-bedded appearance of A.1 at the lateral lobe complex margin
at Steekweglagte 1. Logging pole for scale. (C) Lobe fringe deposits of Subunit A.1. Pencil (ca 15 cm)
for scale. (D) Slightly deformed thin-beds in the Jakkalsfontein area. Geologist for scale (1.65 m). (E)

View into the Doornkloof area.

Fig. 5. (A) Sedimentary log of the Wilgerhoutfontein 2 section (see Fig. 3). Representative
photographs to show the appearance of the aggradational lobe facies association (logging pole for
scale). (B) Very fine-grained sandstone beds showing sigmoidal shapes. Logging pole for scale. (C)
Package of climbing siltstone beds. Note the trajectory indicating flow direction. Compass for scale.
(D) Very fine-grained sandstone dominated package, climbing ripple laminated. Logging pole for

scale. (E) Thin-bedded planar laminated coarse siltstones.

Fig. 6. Palaeocurrents for Unit A (cumulative) and subunits A.1 to A.6. Black: palaeocurrents for lobe
deposits; blue: movement direction for chaotic deposits. Orange line: mean palaeoflow direction of

lobe deposits; blue line: mean movement direction of chaotic deposits.

Fig. 7. Representative photographs for Unit A, Laingsburg Formation. (A) Thick-bedded structureless
sandstones dominated by lobe axis deposits separated by lobe fringe thin-beds indicating
compensational stacking in the southwestern study area (Rietfontein). Geologist (ca 1.65 m) for
scale. (B) Medium-bedded structures sandstones interbedded with heterolithic packages in the

northern study area (Jakkalsfontein). Geologist (ca 1.65 m) for scale. (C) Large-scale dewatering
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feature at Jakkalsfontein 1 in A.3. The flames are truncated by an erosion surface overlain by a
debrite at the base of A.5. Geologist as scale (ca 1.7 m). (D) Photographic panel of the Jakkalsfontein
area showing Subunits A.5 and A.6. Both subunits have a basal slide deposit that is overlain by
bedded sandstones. The base of the A.5 slide is erosive and truncated the big-scale dewatering

features at the top of A.3.

Fig. 8. South—north transect correlation panels. Top: Correlation of subunits. Unit A thins to the
north from ca 270 m to ca 160 m. Middle: Correlation of lobe sub-environments. Slide deposits
occur in the Doornfontein and Jakkalsfontein areas. In the most northerly outcrop all facies
associations are replaced by the aggradational lobe fringe facies association: SK2 — Skeiding 2; RF —
Rietfontein; DF — Doornfontein 1; JF 1 — Jakkalsfontein 1; WHF — Wilgerhoutfontein. (B) Southern
Heuningberg anticline correlation panel: DPF — Dapperfontein; JF — Jakkalsfontein. Fig. 3 shows
locations of transects. Bottom: Percentage of facies proportion over the transect. Note that at

Wilgerhoutfontein the typical lobe environments are replaced by 'aggradational lobe fringe' facies.

Fig. 9. West—east transect (down-dip) correlation panel from the Doornkloof-Doornfontein area.
Note that thickness remains the almost the same over 5.6 km. Slight thickness changes are due to

compensational stacking of the subunits.

Fig. 10. Thickness isopach and palaeoenvironmental maps for subunits A.1 to A.6. Note that A.1 and
A.2 do not show specific thickness trends but do show facies trends. A.3 to A.6 thin above a south-
east facing slope: DF — Doornfontein; DK — Doornkloof; GB — Geelbeck; JF — Jakkalsfontein; SK —
Skeidingen; SWL — Steegweglagte; WH — Wilgerhout; WHF — Wilgerhoutfontein; ZKNL — Zoutkloof

Northern Limb; MF — Matjiesfontein. Black boxes show the main study area.

Fig. 11. Schematic evolution of lobes and stacking patterns within subunits (thicknesses
exaggerated). (A) With a gentle intrabasinal slope as during the deposition of A.3 compensational
stacking pattern in the main depocentre passes into a mixed aggradational and distal fringe on the
slope. The transition from lobe axis and off-axis deposits to aggradational fringe deposits occurs over
kilometres (climbing trajectory). (B) A relative steeper intrabasinal slope as present during
deposition of A.5 results in compensational stacking in the main depocentre and abrupt facies
transitions (hundreds of metres; vertical trajectory) and thinning to the slope, where aggradational
fringe and distal lobe fringe deposits are successively located slope-upwards. (C) Estimation of slope

angle using trigonometric geometries. Where T, is the thickness at Rietfontein, Tyagin is the
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thickness at Wilgerhoutfontein (for locations see Fig. 2), and d is the distance between the locations

(18. 7 km) along the transect corrected for post-depositional tectonic shortening.

Fig. 12. Submarine basin-floor lobes and their interaction with topographic features: (i) low amount

of aggradation on the slope compared to the basin — abrupt pinch-out against structure; (ii)

moderate amount of aggradation on the slope compared to the basin — aggradational onlap with

draping muds; (iii) low-gradient slope and high aggradation rates — facies transition and

remobilisation; and (iv) unconfined — downlap.

Table 1

Description of the facies associations defined in Unit A

Facies association

Description

1. Lobe- axis

thick bedded {0.5m - 2m} lower fine to upper fine sandstones
structureless, dewatering features

highly amalgamated

occasionally faint lamination

2.Lobe off-axis

medium to thin bedded {(0.1m - 0.5 m) very fine to lower fine sandstones
planar, ripple/ climbing ripple or wavy laminations

generally normal graded, sometimes inverse grading

hybrid beds with upper banded division or upper clast division

3. Lobe fringe

thin-bedded {<0.1 m} heterolithic packages

planar, ripple/climbing ripple lamination

hybrid beds with upper carbonaceous or upper argillaceous clast-rich
division

4. Lobe distal
fringe

thin-bedded {<0.1 m} fine to coarse siltstone
mostly planar laminated
sometimes with small scale ripples {< 1cm}

5. Aggradational
lobe fringe

thin-bedded (<0.1 m} siltstone, sandy siltstone and very fine sandstone
dominant ripple laminated, minor planar and wavy lamination

sigmoidal {or climbing} bedforms

occasionally hybrid beds with upper argillacecus clast-rich division

6. Chaotic facies

silt-prone matrix with intraformational clasts/ sandy slumps
intraformational mudstone clasts consist of folded coarse siltstone to
very fine sandstone; folds are isoclinal or recumbent folded

erosive based

Constants for compaction equation
Lithology Si F, k D C
Sandstone 0.51 0.49 0.27 6 km 0.55
Siltstone 0.44 0.56 0.39 6 km 0.42
Claystone 0.21 0.63 0.51 6 km 0.22
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Compacted and decompacted thicknesses and corresponding slope gradients

A1l A.2 A3 A5 A.6
Sandstone %
(axis/margin) 63/25 77/54 84/46 83/33 92/55

- 5 ; -

Siltstone % (axis/margin) 37/75 23/46 16/54 17/67 8/45
Measured thickness
Rietfontein [m] 21.7 22.5 42.7 116.9 24.9
Measured thickness
Wilgerhoutfontein [m] 23.7 15.2 30 41.8 21.9
Compacted Taxis-
Tmargin [m] -2 7.3 12.7 75.1 3
Estimated compacted
slope angle [°] n.a. 0.02 0.03 0.2 0.01
Decompacted thickness
Rietfontein [m] 325 33.3 62.8 172.2 36.3
Decompacted thickness
Wilgerhoutfontein [m] 36.6 22.9 45.6 64.3 33
Decompacted Taxis-
Tmargin [m] -4.1 11 17.2 107.9 3.3
Estimated decompacted n.a. 0.03 0.05 0.29 0.01
slope angle [°]
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Effects of tectonic shortening on estimated slope angles

Subunits A.l A.2 A.3 A.5 A.6
Current distance
[m] 18682 18682 18682 18682 18682
Original distance

o)
[m] for 9.2% 20401 20401 20401 20401 20401
shortening
Original distance
0,
[m] for 14.2% 21335 21335 21335 21335 21335
shortening
Original distance
(o)

[m] for 14.7% 21428 21428 21428 21428 21428
shortening
Slope angle [°] with
current distance n.a. 0.03 0.05 0.33 0.01
Slope angle [°]
(9.2% shortening) n.a. 0.03 0.05 0.3 0.01
Slope angle [°]
(14.2% shortening) n.a. 0.03 0.05 0.29 0.01
Slope angle [] n.a. 0.03 0.05 0.29 0.01
(14.7% shortening)
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