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Abstract

Deep-water mudstones overlying basin-floor and slope sandstone-prone depos-
its are often interpreted as hemipelagic drapes deposited during sand starvation
periods. However, mud transport and depositional processes, and resulting fa-
cies and architecture of mudstones in deep-water environments, remain poorly
understood. This study documents the sedimentology and stratigraphy of basin-
floor and slope mudstones intercalated with sandstone-prone deposits of the
Laingsburg depocentre (Karoo Basin, South Africa). Sedimentologic and strati-
graphic criteria are presented here to distinguish between slope and basin-floor
mudstones, which provide a tool to refine palaeogeographical reconstructions of
other deep-water successions. Several mudstone units were mapped at outcrop
for 2500km? and investigated using macroscopic and microscopic core descrip-
tions from two research boreholes. Basin-floor mudstones exhibit a repeated and
predictable alternation of bedsets dominated by low-density turbidites, and mas-
sive packages dominated by debrites, with evidence of turbulent-to-laminar flow
transformations. Slope mudstones exhibit a similar facies assemblage, but the pro-
portion of low-density turbidites is higher, and no repeated or predictable facies
organisation is recognised. The well-ordered and predictable facies organisation
of basin-floor mudstones suggest local point sources from active slope conduits,
responsible for deposition of compensationally stacked muddy lobes. The lack of
predictable facies organisation in slope mudstones suggests deposition took place
in a more variable range of sub-environments (i.e. ponded accommodation, minor
gully/channel-fills, levees). However, regional mapping of three mudstone units
evidence basinward tapering and similar thicknesses across depositional strike.
This geometry is consistent with the distal part of basin margin clinothems, and
suggests laterally extensive mud delivery across the shelf edge combined with
along-margin transport processes. Therefore, the sedimentology and geometry
of mudstones suggests that mud can be delivered to deep-water dominantly by
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1 | INTRODUCTION

The nature of sediment supplied from shelf to deep-water
environments is controlled by a complex interplay between
accommodation, basin margin physiography and process
regime, tectonics and climate (Bourget et al., 2014; Carvajal
& Steel, 2009; Cosgrove et al., 2018; Dixon et al., 2012;
Gong et al., 2016; Hadler-Jacobsen et al., 2005; Laugier
& Plink-Bjorklund, 2016; Paumard et al., 2020). Sand is
preferentially delivered to deep-water environments when
fluvio-deltaic systems are near to (or at) the shelf edge
(Steel et al., 2003), when the shelf is exposed and incised
(Johannessen & Steel, 2005; Porebski & Steel, 2003; Suter
et al., 1987), and/or through shelf-incised canyons that
capture longshore drift sediments (Covault et al., 2007).
Sand can be delivered beyond the shelf edge through long-
lived fixed submarine canyons (point source), or relatively
uniformly over the shelf margin through multiple short-
lived slope conduits or sheet-like flows (Gorsline, 1978;
Reading & Richards, 1994), that is, line sourced. In the
absence of significant sand transfer beyond the shelf
edge, commonly during times of high shelf accommo-
dation, the coeval deep-water deposits are fine grained,
and interpreted as low-energy hemipelagic drapes (Flint
et al., 2011; Posamentier & Kolla, 2003; Posamentier &
Walker, 2006). Mud is deposited along the basin margin as
laterally extensive units (Gervais et al., 2006; Pyles, 2008;
Sweet et al., 2019; Sylvester et al., 2012; Van der Merwe
et al., 2010; Wynn et al., 2000). Typically, these deposits
are overlooked relative to their sandstone-prone counter-
parts, due to their fine-grained nature, and are commonly
referred to as ‘background’ deposits.

Several studieshave documented the transportand depo-
sition of mud in ancient shelf environments (Macquaker &
Gawthorpe, 1993; Schieber, 1994; Macquaker et al., 2007;
Plint, 2014; Poyatos-Mor¢ et al., 2016). Monitoring of mod-
ern shelf settings showed that large amounts of mud can
be transported to the shelf edge and canyon heads by wave,
storm or river activity, before being transferred downslope
by sediment gravity flows (Bourrin et al., 2015; Palanques
et al., 2006; Puig et al., 2003; Walsh & Nittrouer, 1999).
These observations suggest that the transfer of mud from
shelf to deep-water environments might be more energetic
than previously envisaged. Even though Ocean Drilling
Program (ODP) expeditions identified terrestrial organic

sediment gravity flows through point source and distributed regionally, during
periods of up-dip sand storage. These findings challenge the common attribution
of deep-water mudstones to periods of basin-floor sediment starvation.

basin-floor, depositional processes, Karoo Basin, mudstones, slope

matter associated with turbidites in deep-ocean basins
(Summerhayes, 1981; Tissot et al., 1980), only a few stud-
ies have focussed on the wide range of depositional pro-
cesses recorded in deep-water mudstones (low-density
turbidity currents, debris flows, transitional flows, bottom
currents, hemipelagic settling) (Boulesteix et al., 2019,
2020; Emmings et al., 2020; Konitzer et al., 2014; Loucks
& Ruppel, 2007; Newport et al., 2018; Schieber, 1999;
Trabucho-Alexandre et al., 2011). However, these stud-
ies tend to focus on either slope or basin-floor deposits
using one-dimensional datasets, and in general lack a
well-constrained three-dimensional stratigraphic frame-
work. No previous studies have sought to compare mud-
dominated slope and basin-floor deposits in the same
succession, and therefore, an investigation of the differ-
ences in depositional processes and facies stacking pat-
terns between these deposits is necessary.

The aim of this study is to document the sedimentology
and stratigraphy of several deep-water mudstone units, in-
tercalated with sandstone-prone deposits, which encom-
pass the basin-floor to slope transition, in the Laingsburg
depocentre (Karoo Basin, South Africa). Through detailed
core descriptions from two research boreholes, integrated
with the three-dimensional stratigraphic control estab-
lished by previous studies, the specific objectives are: (i)
to understand the range of processes transporting and de-
positing mud in slope and basin-floor environments; (ii)
to provide sedimentologic and stratigraphic criteria to dif-
ferentiate basin-floor from slope mudstones; and (iii) to
discuss the implications for the delivery and transport of
mud to deep-water environments.

2 | GEOLOGICAL SETTING

The Karoo Basin of South Africa has been interpreted
as a retroarc foreland basin that formed during the
Carboniferous and Permian on the southern margin of
Gondwana, with subsidence controlled by flexural load-
ing linked to the development of a magmatic arc and as-
sociated fold-thrust belt (Cape Fold Belt) (Catuneanu
et al., 1998; De Wit & Ransome, 1992; Veevers et al., 1994;
Visser & Prackelt, 1996). More recent studies suggest that
subsidence during the early deep-water pre-foreland basin
phase was associated with dynamic topography (mantle
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flow of Pysklywec & Mitrovica, 1999), with a later transi-
tion to a retroarc foreland basin stage during the Triassic
(Blewett & Phillips, 2016; Tankard et al., 2009, 2012).

The Laingsburg depocentre, situated in the south-
western Karoo Basin, is bounded to the south by the
Swartberg Branch of the Cape Fold Belt (Figure 1A,B).
The sedimentary fill comprises the Late Carboniferous to
Early Jurassic Karoo Supergroup, subdivided into glacial
deposits of the Dwyka Group (Late Carboniferous to Early
Permian), the post-glacial clastic marine Ecca Group
(Permian), and the continental Beaufort Group (Permian
to Triassic) (Figure 1C) (Johnson et al., 1996; Smith, 1990).
The Lower Ecca Group (350 m thick) comprises the Prince
Albert, Whitehill and Collingham formations, deposited
in a sand-starved basin-floor environment (Figure 1C)
(Chukwuma & Bordy, 2016; Viljoen, 1994; Visser, 1992).
The overlying Upper Ecca Group (1800m thick) com-
prises: (i) distal basin-floor deposits of the Vischkuil
Formation (Van der Merwe et al., 2009, 2010); (ii) basin-
floor fans to base-of-slope deposits of the Laingsburg
Formation (Units A, A/B, B) (Sixsmith et al., 2004); (iii)
submarine slope channel-levee complexes and incised
slope valley deposits of the Fort Brown Formation (Units
B/C, C, D, D/E, E, F, G) (Di Celma et al., 2011; Hodgson
et al., 2011); and (iv) shelf-edge and shelf deposits of the
Waterford Formation (Jones et al., 2015; Poyatos-Moré
et al., 2016) (Figure 1C,D).

2.1 | Laingsburg and Fort Brown
formations

The architecture and depositional environments of the
Laingsburg and Fort Brown formations are constrained
by a robust three-dimensional stratigraphic framework,
established through extensive mapping over 2500km?
(Figure 1B,D) (Brooks et al., 2018a; Brunt et al., 2013a,
2013b; Di Celma et al.,, 2011; Figueiredo et al., 2010;
Flint et al., 2011; Grecula et al., 2003a, 2003b; Hodgson
et al., 2011; Morris et al., 2016; Morris et al., 2014a, 2014b;
Poyatos-Mor¢ et al., 2019; Sixsmith et al., 2004; Spychala
et al., 2015, 2017; Van der Merwe et al., 2009, 2010, 2014).
Palaeoflow was dominantly to the north-east and east,
and the main sediment entry point was located to the
south-west (Van der Merwe et al., 2014). The coeval shelf
deposits of the Laingsburg and Fort Brown formations
are absent because of later uplift and erosion of the Cape
Fold Belt. The stratigraphic framework of the Laingsburg
(Units A, A/B, B) and Fort Brown (Units B/C, C, D, D/E,
E, F, G) formations is based on the recognition and map-
ping of continuously exposed regional mudstone units
intercalated between sandstone-prone units. Overall,
mudstone units thin gradually basinward (to the east)

forming a wedge-shape geometry (Brooks et al., 2018a;
Brunt et al., 2013b; Poyatos-Mor¢ et al., 2019), and locally
infill and heal residual depositional topography such as
channel-fills and levees (Morris et al., 2016) (Figure 1D).
The relative thicknesses of the mudstone units have been
used as a tool to propose a hierarchical subdivision of the
deep-water succession (Flint et al., 2011).

In a sequence stratigraphic framework, the Laingsburg
and Fort Brown formations have been subdivided into
four composite sequence sets, the first comprising Unit A,
the second Units A/B and B, the third Units B/C, C and
D and the fourth Units D/E, E and F (Flint et al., 2011).
Each of these composite sequence sets can be subdivided
into composite sequences, which can be further subdi-
vided into sequences, where the sandstone-prone units
have been interpreted as lowstand systems tracts, and
the regional mudstone units as combined transgressive
and highstand systems tracts (Flint et al., 2011). Here, the
focus is on the sedimentology and stratigraphy of regional
mudstone units deposited in basin-floor to base-of-slope
(Vischkuil-A mudstone, A5-A6 mudstone, and A-B mud-
stone), lower slope (B-C mudstone) and mid slope (C2-C3
mudstone and C-D mudstone) environments (Figure 1C).

3 | MATERIALS AND METHODS

This study focusses on two continuous cores from research
boreholes (BAV 1A and BAV 1B) drilled in the south-west
of the Laingsburg depocentre (Baviaans area). The bore-
hole locations are ca 475m apart, but aligned orthogonal
to structural dip such that they intersect the Vischkuil,
Laingsburg and Fort Brown formations (cumulative thick-
ness of 796m) (Figure 1). The six regional deep-water
mudstone units investigated in this study (Vischkuil-A,
A5-A6, A-B, B-C, C2-C3, C-D; Figure 1C) were continu-
ously logged (cumulative thickness of 164 m) graphically
through observations of both dry and wet well-polished
surfaces of longitudinally split core, using variable light-
ing, and following the guidelines of Lazar et al. (2015).
Logging focussed on the description of macroscopically
visible features including: (i) lithology, (ii) colour, (iii)
physical sedimentary structures, (iv) bed contacts, (v)
bed thicknesses, (vi) deformation, (vii) trace fossils and
(viii) bioturbation index. The bioturbation index (BI) was
described on a 0-6 scale using the scheme of Taylor and
Goldring (1993), where 0 corresponds to non-bioturbated
sediment, and 6 corresponds to completely homogenised
sediment. The presence of calcium carbonate was assessed
by dropping 10% hydrochloric acid (v/v) onto the core sur-
face. The cores were subdivided into different mudstone
and sandstone facies based on distinct lithology, primary
sedimentary structures, lateral continuity of the beds and
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FIGURE 1 (A) Satellite view of south-West South Africa with location of the study area (Laingsburg depocentre, Karoo Basin)

indicated by the white square. (B) Satellite view of Laingsburg depocentre showing the outcrop belt of the Permian Laingsburg and Fort
Brown formations, and the location of the two cores described in this study (BAV 1A, BAV 1B). (C) Schematic stratigraphic log of the
Karoo Supergroup in the Laingsburg depocentre. The six mudstone units presented in this study are indicated by the red rectangles. The

stratigraphic package encompassed by the two cores is indicated by the black rectangles. Redrawn after Brooks, Hodgson, Brunt, Peakall,

Poyatos-Moré, and Flint (2018a). (D) Stratigraphic correlation of the Upper Ecca Group in the Laingsburg depocentre. The location of the
panel is shown in (B). The projected drilling location of the two cores described in this study (BAV 1A, BAV 1B) is indicated. Redrawn after
Poyatos-Moré et al. (2019)
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bioturbation intensity observed at core scale. Mudstone
facies were later refined by observations of microscopic
features in thin sections. The sedimentology of the mud-
stone units was not studied in detail in outcrop because
of the poor exposure and a strong pencil-like weathering
which prevents the observation of bedding and sedimen-
tary structures.

A total of 56 samples were collected from BAV 1A
and BAV 1B using an adjusted uniform sampling spacing
method of one sample per 4.5 m, to include every mud-
stone facies and features of interest (facies contacts, trace
fossils, diagenetic features). Thirty samples were selected
to represent all mudstone facies described at core scale, and
prepared for oriented polished thin sections (24 X 46 mm)
normal to the bedding orientation. Each thin section was
scanned using an Epson Perfection V600 flatbed scanner at
a resolution of 3200 dpi. Microscopic observations in both
plane-polarised light (PPL) and cross-polarised light (XPL)
were performed using a Nikon Eclipse LV100NPOL optical
microscope fitted with a Nikon DS-Fi2 camera. Microscopic
analysis focussed on characterisation of the millimetre-
scale variability in sedimentary features (grading, bed con-
tacts, laminae), grain size, composition and bioturbation
intensity. Each thin section was logged at sub-millimetre
scale, and photomicrographs were taken at different mag-
nifications to record sedimentary structures, bedding and
texture. Following the guidelines of Campbell (1967) and
Lazar et al. (2015), no thickness cut-off was used to dif-
ferentiate a bed and a lamination, and individual beds
were identified based on the recognition of bedding sur-
faces, marked by erosion, stratal terminations or changes
in bioturbation. Mudstones with more than half the grains
<10 pm were classified as fine mudstone, and mudstones
with more than half the grains >10 pm as coarse mudstone
(McCave et al., 1995). A composition modifier (siliceous,
calcareous, argillaceous and carbonaceous) was added
depending on the dominant grain type (quartz, carbon-
ate, clay and organic matter respectively). Stratigraphic
changes in bioturbation intensity, burrow size and ichno-
diversity were used qualitatively to infer palaeo-sea floor
physico-chemical conditions (oxygen level, sedimentation
rate, frequency of flow events) (Gingras et al., 2011).

Thickness data from the A-B, B-C and C-D mudstone
units, obtained by walking out exposures and logging sec-
tions across the 2500km* study area (Figure 1B), were
compiled from previous studies (Brunt et al., 2013b; Di
Celma et al., 2011; Figueiredo et al., 2010; Van der Merwe
et al., 2014). These data were used to produce thickness
maps, by plotting the thickness values using the kriging
tool within ArcGIS® Geostatistical Wizard. The thick-
nesses of the A/B and B/C sandstone units (Brooks
et al., 2018a) have been subtracted from the A-B and B-C
mudstone thickness maps respectively.

4 | FACIES ANALYSIS

Twelve sedimentary facies (F1-F12) were defined based
on the BAV 1A and BAV 1B core description. Three mud-
stone facies (F1-F3) are described in detail and interpreted
below (Figures 2 through 8). Nine sandstone-prone facies
(F4-F12) are summarised and illustrated in Table 1. These
12 facies stack to form nine facies associations (FA1-FA9),
which are summarised in Table 2. The sandstone-prone
facies and facies associations are based on previous works
(Brooks et al., 2018a; Brunt et al., 2013a, 2013b; Di Celma
et al., 2011; Figueiredo et al., 2010; Grecula et al., 2003a,
2003b; Hodgson et al., 2011; Morris et al., 2014a, 2014b;
Spychala et al., 2015, 2017; Van der Merwe et al., 2009,
2014), and are used here to contextualise the three-
dimensional depositional setting of the regional mudstone
units described from the one-dimensional core dataset.
Sedimentological logs are presented from the three basin-
floor mudstone units (Figure 9), the three slope mudstone
units (Figure 10), and representative core sections from
basin-floor (Figure 11) and slope mudstones (Figure 12).

4.1 | Facies 1 (F1): Very thin-bedded
mudstone

Facies 1 (F1) consists of light-grey to mid-grey, siliceous-
argillaceous, fine to coarse mudstone with well-developed
bedding (Figure 2A-C). Beds are laterally continuous at
core scale, and range in thickness from 0.04 to 1 cm (very
thin bedded sensu Campbell, 1967) (Figures 2A, 11E and
12E). Bioturbation in F1 is sparse to moderate (BI: 1-3), and
usually increases upward at bed scale. Individual trace fos-
sils are readily recognised due to lithological contrasts be-
tween burrow fill and surrounding sediment (Figures 11E
and 12E). Ichnotaxa consist mainly of Helminthopsis and
Phycosiphon, with rare Planolites, which are generally
<0.5 cm in diameter (Figures 11D,E and 12E,F).

To capture the variability of grading patterns and phys-
ical sedimentary structures recognised at thin-section
scale, beds within the thin sections of F1 have been subdi-
vided into six different bed types (Bed types A-F; Figures 3
and 4), which are described and interpreted below.

4.1.1 | Bedtype A

Description—Bed type A exhibits sharp to erosional bed
bases, with rare flame and load structures, and a bipartite
microstratigraphy (Figures 3A and 4). The lower micro-
stratigraphic subdivision is normally graded, with rare
laterally continuous to discontinuous planar-parallel lam-
inae (Figures 3A and 4). The upper subdivision is mottled
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Very thin-bedded mudstone
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Massive mudstone

FIGURE 2 Illustrations of the three mudstone facies identified in BAV 1A and BAV 1B cores. (A) Wet core photograph of Facies 1
(very thin-bedded mudstone) characterised by stacked millimetre-thick beds laterally continuous at core scale (BAV 1B; 211.63m). (B)
Thin section scan showing variably graded stacked very thin beds of Facies 1. (C) Photomicrograph (PPL) of the texture of Facies 1 with a
normally graded bed. (D) Wet core photograph of Facies 2 (faintly bedded mudstone) characterised by stacked millimetre-thick bioturbated
beds laterally discontinuous at core scale (BAV 1B; 198.46 m). (E) Thin section scan showing stacked bioturbated beds. Note the gradational
bed boundaries due to bioturbation. (F) Photomicrograph (PPL) of the texture of Facies 2. Texture is poorly sorted because of bioturbation.
(G) Wet core photograph of Facies 3 (massive mudstone) characterised by a massive texture at core scale (BAV 1B; 172.80m). (H) Thin

section scan showing a ‘starry-night’ texture. (I) Photomicrograph (PPL) of the texture of Facies 3. Texture consists of floating outsized very

fine to medium sand size particles (mudstone clasts, quartz, volcanic rock fragments) in a matrix of poorly-sorted mud. White squares in

thin-section scans indicate locations of photomicrographs

(Figure 3A). Rare normally graded beds are characterised
by a more complex microstratigraphy, with a basal len-
ticular laminated subdivision, overlain by convolute and
planar-parallel laminae, and capped by a mottled subdivi-
sion (Figure 4B).

Interpretation—Based on the presence of normal grad-
ing and planar parallel to lenticular laminae, Bed type
A is interpreted to represent deposition from waning,

low-density turbidity currents (sensu Lowe, 1982). The
sharp to erosional bases suggest incision and/or by-
pass of the frontal part of the forming or preceding flow
(Stevenson et al., 2015). The lower normally graded bed
subdivision with occasional planar-parallel and lentic-
ular laminae suggests deposition under tractional cur-
rents (Piper, 1978; Stow & Shanmugam, 1980). The upper
mottled subdivision is indicative of suspension fallout.
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A

<
o
o
=
o
@
(1]
B

5

Bed thickness: 0.05-0.4 cm.
Grading: Inversely graded.

Sedimentary structures: Occasional laterally continuous
to discontinuous planar-parallel laminae near bed tops.

Waxing, low-density turbidity current

Bed thickness: 0.06-0.5 cm.
Grading: Inversely to normally graded.

Sedimentary structures: Laterally continuous to
discontinuous planar-parallel laminae.

Waxing-to-waning, low-density
turbidity current

(mm)

e Bed thickness: 0.1-0.6 cm.

e Grading: Ungraded, normally graded, inversely graded or
inversely to normally graded.

e Sedimentary structures: Normally graded laminae with
gradational or sharp contacts.

Multi-pulsed, low-density turbidity current

Facies 1: Very thin-bedded mudstone

Bed type E n Bed type D [

e Bed thickness: 0.06-0.4 cm.
e Grading: Bipartite bed. Normally graded lower subdivision.
Ungraded clast-rich upper subdivision.

e Sedimentary structures: Laterally continuous to
discontinuous planar-parallel laminae near bed bases.

Transitional flow or co-genetic turbidity

current and cohesive debris flow

(mm) "tm cm

e Bed thickness: 0.04-0.6 cm (usually <0.5 cm).
e Grading: No preserved grading.

e Sedimentary structures: No preserved sedimentary
structures.

Bioturbated bed

Bed boundaries
» = Qutsize particles

FIGURE 3 Representative photomicrographs (PPL), descriptions, and process interpretations of the six bed types identified in Facies

1 (very thin-bedded mudstone). (A) Bed type a is normally graded, and interpreted as deposited by waning, low-density turbidity current

(BAV 1B; 505.25m). (B) Bed type B is inversely graded, and interpreted as deposited by waxing, low-density turbidity current. (C) Bed type

C is inversely to normally graded, and interpreted as deposited by waxing-to-waning, low-density turbidity currents (BAV 1B; 505.25m).

(D) Bed type D is characterised by stacked normally graded laminae, and interpreted as deposited by multi-pulsed, low-density turbidity

currents (BAV 1B; 198.79m). (E) Bed type E exhibits an internal bipartite microstratigraphy, and is interpreted as deposited by transitional

flows or co-genetic turbidity currents and cohesive debris flows (BAV 1B; 167.57 m). (F) Bed type F grading and sedimentary structures are

not preserved due to strong bioturbation. This type of bed may have been primarily deposited by any of the processes responsible for the

accumulation of bed types A-D before intense reworking by bioturbation (BAV 1A; 240.91 m)

The occurrence of convolute laminae suggests loading
into unconsolidated mud (Stow & Shanmugam, 1980).

4.1.2 | BedtypeB

Description—Bed type B exhibits inverse grading and
is characterised by a gradational base, and a sharp
upper contact (Figure 3B). Sedimentary structures

consist of laterally continuous to discontinuous
planar-parallel laminae located in the upper part of the
bed (Figure 3B).

Interpretation—The inversely graded characteristic of
Bed type B suggests deposition to have occurred as a result
of waxing, low-density turbidity currents, with evidence
for traction transport (Kneller & McCaffrey, 2003; Mulder
& Alexander, 2001). The occurrence of a sharp upper bed
contact, in addition to the absence of overlying normally

85U8017 SUOWWOD SAEaID 3|dedl|dde auy Aq peusenob a1e sooiie VO ‘85N JO Sa|nJ 1oy ArIq1T8U1UO AB]IA LD (SUOTHPUOD-PUR-SLLIBI WO A8 | 1M ARe.dl1jBul 1 [UO//:SchL) SUORIPLOD pue SWLB | 8L 88 *[£202/20/LT] U0 Akeiqiauljuo (1M in‘de'spee|@auew-<ye|oqqius> A T6T 2dep/200T 0T/I0p/Wod A8 | im Ale.d 1 |pul|uoy/sdny Wwoj papeo|umod ‘g ‘220z ‘L.8vS502



BOULESTEIX ET AL.

965

FIGURE 4 Thin-section scans
illustrating the bed stacking pattern of
Facies 1 (very thin-bedded mudstone).
(A) Basin floor, Vischkuil-A mudstone
(BAV 1B; 505.25m). Note the dominance
of graded laminated beds (bed type D),
and the inversely to normally graded beds
(bed type C) near the top. (B) Base-of-
slope, A-B mudstone (BAV 1B; 167.57 m).
Note the dominance of normally graded
beds (bed type A). (C) Lower slope, B-C
mudstone (BAV 1B; 198.79 m). Note the
dominance of graded laminated beds (Bed
type D). (D) Mid slope, C-D mudstone

Vischkuil-A mudstone

A-B mudstone |

Load
< structure

Plane-
<€ parallel
laminae

—= Plane-
===_|<« parallel
laminae

Flame and
< |oad
structures

<€ Scour
Convolute
F7> laminae
Lenticular
laminae

Graded
< laminae

<€ Scour

T Flame and
= < load
structure

(BAV 1A; 72.50m). Note the dominance
of bioturbated beds (bed type F), with rare
intercalated normally graded (bed type A)
and graded laminated (bed type D) beds

B-C mudstone

Bioturbated
bl beds 1

Bioturbated
beds

Graded
laminae

Graded
laminae

Graded
laminae

Bed £ E
type T °©

I:‘ Bed type A - Normally graded
. Bed type B - Inversely graded

. Bed type C - Inversely-to-normally graded

D Bed type D - Graded laminated

Bed type E - Bipartite (lower normally graded
subdivision, upper ungraded and poorly-sorted subdivision)

. Bed type F - Bioturbated

graded deposits, suggest sediment bypass (Poyatos-Moré
et al., 2016; Stevenson et al., 2015), similar to the incom-
plete hyperpycnites of Mulder et al. (2003).

41.3 | BedtypeC

Description—Bed type C shows a sharp to erosional base,
with rare flame and load structures (Figure 3C). This type
of bed is inversely to normally graded, and sedimentary
structures include laterally continuous to discontinuous
planar-parallel laminae (Figure 3C). The upper part of the
bed is generally mottled.

Interpretation—The sharp to erosional base suggests
incision and/or bypass of the frontal part of the forming or
preceding flow (Stevenson et al., 2015). The flame and load
structures and inverse-to-normal grading motif of Bed type C
suggests relatively rapid deposition from sustained, waxing-
to-waning, low-density turbidity currents (i.e. hyperpycnal
flows) (Mulder et al., 2003; Mulder & Alexander, 2001).

4.1.4 | BedtypeD
Description—Bed type D is characterised by a sharp
to erosional base, with rare flame and load structures
(Figure 3D). Internal bed structure consists of stacked
normally graded laminae (<1 mm thick), with gradational
or sharp contacts (Figures 3D and 4C). Laminae are either
thinning and fining upward or thickening and coarsening
upward within individual beds (Figure 4C).
Interpretation—The stacking of normally graded laminae
and the several types of grading observed within Bed type
D suggests deposition from pulsating, low-density turbidity
currents, with internal flow fluctuations (Ho et al., 2018).

4.1.5 | BedtypeE

Description—Bed type E is characterised by a sharp
to erosional base, with rare flame and load structures
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(Figure 3E). This type of bed displays a bipartite mi-
crostratigraphy (Figure 3E). The lower subdivision is
normally graded with laterally continuous to discon-
tinuous planar-parallel laminae (Figure 3E). The upper
subdivision is ungraded and characterised by a poorly
sorted muddy matrix that supports outsized very fine to
fine sand size grains (quartz, altered feldspars, volcanic
and metamorphic rock fragments, mudstone clasts)
(Figure 3E).

Interpretation—The sharp to erosional base suggests
incision and/or bypass of the frontal part of the forming
or preceding flow (Stevenson et al., 2015). The bipartite
organisation of Bed type E with a lower normally graded
subdivision, overlain by an ungraded and poorly sorted
subdivision suggests deposition from strongly stratified
transitional flows (Baas et al., 2011; Kane & Pontén, 2012),
or from co-genetic turbidity currents (lower subdivision)

FIGURE 5 Examples of the key
features of Facies 2 (faintly bedded
mudstone). (A) Wet core photograph

of laterally discontinuous very thin
beds. White arrows indicate the

base of mudstone beds (BAV 1A;

231.10 m). (B) Wet core photograph

of laterally discontinuous very thin
beds. White arrows indicate the base

of mudstone beds (BAV 1A;217.35m).
(C) Thin section of stacked laterally
discontinuous very thin beds (BAV 1A;
79.10 m). (D) Photomicrograph (PPL)
of preserved normally graded bed. (E)
Photomicrograph (PPL) of a bioturbated
mudstone bed. Location of part D and E
are shown in part C

and cohesive debris flows (upper subdivision) (Haughton
et al., 2003).

41.6 | BedtypeF

When a bed type within F1 could not be determined confi-
dently due to the presence of moderate bioturbation, but the
bed is laterally continuous at core scale and stratification is
preserved, the bed was assigned to Bed type F (Figures 3F
and 4). The absence of preserved grading and sedimentary
structures in Bed type F, and its stratigraphic association with
the other bed types of F1, suggest primarily deposition by
any processes responsible for the accumulation of Bed types
A-D (waning, waxing-to-waning, waxing, or pulsating low-
density turbidity currents), prior to biogenic reworking, over-
printing pre-existing grading and sedimentary structures.
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Mudstone clasts /

bed base ?

FIGURE 6 Example of Facies 3 (massive mudstone) with a ‘starry-night’ texture (BAV 1A; 219.25m). (A) Thin-section scan. Note

the ‘starry-night’ texture in the bed interpreted as deposited from low-strength, cohesive debris flow, prior to intense post-depositional
bioturbation. (B) Photomicrograph (PPL) showing a zoomed in view of the dashed square in part A. Note the example of a deformed bed
base, and the poorly sorted texture. (C) Photomicrograph (PPL) showing a zoomed in view of the dashed square in part A, and illustrating
the poorly sorted texture within the bed. Mineralogy consists of quartz and feldspar crystals, volcanic and metamorphic rock fragments, and
mudstone clasts

FIGURE 7 Photomicrographs £ 28555 2 Volcanic rock fragment (PPL) e Volcanic rock fragment (XPL)|
showing examples of different types o LEGR 2o el o
of outsized particles (yellow arrows)
identified in thin sections of Facies 3
(massive mudstone). (A, B) Volcanic
rock fragment of medium sand size in

a matrix of mud (PPL and XPL) (BAV
1B; 172.80m). Note the differential
compaction around the outsized particle.
(C, D) Metamorphic rock fragment of
fine sand size in a matrix of mud (PPL
and XPL) (BAV 1B; 172.80m). Note the
foliations within the fragment. (E, F)
Crystal of quartz of fine sand size in a
matrix of mud (PPL and XPL) (BAV 1B;
203.10 m)
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FIGURE 8 Photomicrographs
(PPL) showing examples of mudstone
clasts (yellow arrows) and deformations
(white dotted lines) identified in thin
sections of Facies 3 (massive mudstone).
(A) Rounded mudstone clast in a
matrix of mud (BAV 1B; 172.80m).

(B) Sub-rounded mudstone clast in a
matrix of mud (BAV 1B; 172.80m).

(C) Sub-angular mudstone clast in a
matrix of mud (BAV 1B; 203.10 m). (D)
Mudstone clast characterised by plastic
deformations in a matrix of mud (BAV
1B; 181.85m). (E) Deformation within
F3 (BAV 1B; 177.81m). Note the highly
deformed mudstone clast to the left. (F)
Deformation in F3 (BAV 1A; 224.15m)

4.2 | Facies 2 (F2): Faintly bedded
mudstone

4.2.1 | Description

Facies 2 (F2) consists of light-grey to mid-grey,
siliceous-argillaceous, fine to coarse grained mudstone
with poorly developed bedding (Figures 2D,E,F and 5).
Beds in F2 range in thickness from 0.03 to 1 cm (very
thin bedded sensu Campbell, 1967), but are typically
<0.5 cm thick (Figure 5). Bioturbation in F2 is moder-
ate to high (BI: 3-4), and beds are distinctively laterally
discontinuous at core scale, with poorly defined bed
boundaries (Figures 2D, 5A,B, 11D and 12B). At micro-
scopic scale, no sedimentary structures are identified
(Figures 2E and 5C,D,E). Grading is usually obscured
by moderate to high bioturbation, but rare normally
graded beds are preserved (Figure 5D). Individual trace
fossils are readily recognised due to grain-size contrasts
between burrow-fill and host bed, and burrows are usu-
ally larger than in F1 (<1 cm in diameter in F2 ver-
sus <0.5 cm in F1) (Figures 11B,D and 12B). Ichnotaxa
consist mainly of Helminthopsis and Phycosiphon, with
rare Chondrites, Nereites and Planolites (Figures 11B,D
and 12B).

422 |

Interpretation

Remnant bedding suggests F2 was deposited by sediment
gravity flows. Rare preserved normally graded beds sug-
gest deposition from dominantly waning, low-density
turbidity currents (sensu Lowe, 1982). The higher biotur-
bation intensity, higher ichnodiversity and larger burrows
in F2 compared to F1 suggest less physico-chemically
stressed conditions for organisms, potentially linked to
lower sedimentation rates, longer depositional breaks
and/or variation in the geochemistry of bottom waters and
porewaters (Gingras et al., 2011; Heard & Pickering, 2008;
Wetzel, 1984).

4.3 | Facies 3 (F3): Massive mudstone

4.3.1 | Description

Facies 3 (F3) consists of mid-grey to dark-grey,
argillaceous-siliceous, fine to coarse grained mudstone
(Figure 2G,H,I). In comparison to F1 and F2, F3 is char-
acterised by a massive texture at core scale (Figures 2G,
11B,C,D and 12C). At microscopic scale, F3 exhibits
a ‘starry-night’ texture (Haughton et al., 2003), which

35USD| SUOILLOD DAITERID (D! (ddke U Aq pauLBACD e S3OILE YO ‘36N J0 S3INJ 104 AR1q 1T 3UIIUO AB|1A UO (SUORIPUCD-PLE-SWLIR}WI0D" 43| 1M AR 1[oUl1JUO//SHNY) SUONIPUOD PUe SLLLB L 3L} 39S *[£202/60/LT] U0 A%iq1T8u1iuO 4811 Sin"0e'spss|@ equislu-<uP|oqd US> Aq T6T Zdep/z00T OT/10p/wod" A5 1M Akeiq1jou uo//SaNY o1y papeo|umod ‘g ‘220z ‘£L8vSS02



20554877, 2022, 2, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/dep2.191 by <Shibboleth>-member@leeds.ac.uk, Wiley Online Library on [17/03/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

| 969

BOULESTEIX ET AL.

““ m <

ydeiSojoyd
a10)

(€007 “Te 32 uojydney) (uorsiarpqns roddn)
SMOTJ SLIQIP SAISAYO0D PUE (UOISIAIPQNS I9MO]) SJUSLIND
£1p1qany onpuasd-09 10 (Z10Z ‘UIUOJ 2 dUue STT0T T8 19
seeq) SMO[J [eUOnISULI) paynens A[SUonS :spaq JUaAd pLIgAH
MO[J 3U3 JO [1e} S3n{Ip 3Y3 £q payisodap pnyl (8961 “Iox[em
2 Surpdor ¢£.6T ‘I)UNng) Inojrej uorsuadsns jo sajer
yS1y pue smofy Suruem [jm pajeroosse UoTjeurte] AAep
(T10T “Te 32 290f ¢LL6T ‘IIUNH) sajel uonepeidde Y3y
U3 pajeroosse 11odsuel) peo[paq Iapun SULIO} UOIBUTIER]
s[ddur-Surquir) *(2661 ‘@SpHd 29 19 T86T ‘US[[V) SMO[J
anyip £q sdoy paq jo Surjromar [euonoen) £q paonpoid
uoneurure] 9[ddII-}usIINd pue JBUL[J :SAPIQIN} AJISUSP-MOT

(ar1oT “Te 39

suoJA) A1pider Sunisodop pue juswauyuod urdesss

smorj woly paysoda (ZT0Z “'Te 32 9qOf ‘LL6T “19JUnH)

uonIsodap Jo saje1 Y1y Yiim pajeroosse UOTjeuTle|
9rddir-8urquir pue [eprosnuis :$931p1qiny AJISusp-mo]

(2T0Z “Te 12 3qOf ‘£L6T ‘I9IUNE) Sa1el uonepeidse ysy
M PajeIdosse 110dsuel) peo[paq Iapun SWLIO UOT)BUIUIR]
orddu-Zurquir) (66T 98P 2 159d 861 ‘US([V) SMO[F
nyp £q sdoy paq jo Sursjromai [euonoen) Aq paonpoid
uoneurwe] 9[ddLI-)UaIIND pUE JBURJ :SOIIPIGING AJISUSP-MOT

(6861 ‘PUBH 2 JOUIY) JNO[[E]

Ppeo[ JuawWIpas Y31y YIm (86T OMOT (5661 ‘Aouuetg

29 I9[[OUY ) MO[J PoIeIIudU0d ATyS1y woxy uonisodap
$1$933NS UONBINJONIIS JAISSBIAl :SAIPIqIn] AIsuap-y3ry

sassadso0ad reuonisodaq

sdoj dreys ‘seseq [BUOISOId

10 dreys ‘syuswidery poom pue sdryo
Juojspnu durstdwod oriqey Ayoyed
pue AIIMS )M dUO0)SPUES PIJIOS
Apr00d ‘snoaoeqqidie (7) Xiyeur
JUB3[O, YIIM [OLI JSB[O-9U0ISpNUT

(1) :9q ued (g) uorsialpqns 1oddn
"9UO0)SpUES ,UBID, PUB PJIOS [[om (V)

-0 UOISIAIPQNS 19MO'] "SUOISIAIPQNS OM],

sdoj euonepeisd usO

'saseq dreys 10 [eUONIEpEID "dRUIWE]
Jeueld ym saderp auoispny
‘uoneurure] oyddir Surquurpo
paAI1osa1d opIs-ssols pue Surquiro
‘orddur-juariny ‘reuerd ‘euonepeidde

€0 ‘KAeM SPNOUT SOUOISPUES AU AT A\

sdoj [euonepern ‘saseq

dreys -uoneurwe] ojddix ajSue-mor
10 reueld ‘9rddir-juariny "uoneurure]
orddrx Surquurpd paazesaid apis

-$S0JS "UOT)BUTWE] [EPIOSNUIS

7-0 YIm urIojpaq padeys reprowdis

sadeIp suoispny

‘Sunenpun Afuowrwoo ‘sdoy
reuonepeid 1o dieys ‘saseq papeoy
1o dreys -uoneurwe] o[ddur-Surquuiro

-0 913ue-mof 1o o1ddiI-jusIno ‘reue[d

sdoy dreyg ‘syrew
00} PUE IN[J UOUIWO)) "SISLq PIPLO]
1o [euorsold ‘dreys saysip pue sadid

0 WEEOHNBOU [euoISedd() "SS9[a.INIdNIS

Id uondusaq

wdOST-0¢

WRST-T

wo0e-¢

WO 0L=S

w2 00¢-01

aSuex

SSOUNOIY)
pad

pues
oury A1oA
0} pnuI ULy

pues
ouly A19A 0}
pnuw asIeo)

pues aulj A1

pues auny
0} aulj AI0A

pues auyy
0} ury AI9A

9ZIS urern

(8d) P3q
JUIAS PLIQAH

(L)
Quojispnur
pue
Quolspues
pappaqIaiug

(94)
Quojspues
[eprowsis

((39)
Quojispues
paimdnns

()
wEOumUENm
mmvﬁmﬁdozbw

ureu sae

sydei3ojoyd 2100 aanejussaidar pue ‘uonejordroyur ssaooxd ((Z11-.d) uondrrosap sorey suoid-ouojspues T ATdV.L



20554877, 2022, 2, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/dep2.191 by <Shibboleth>-member@leeds.ac.uk, Wiley Online Library on [17/03/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

BOULESTEIX ET AL.

970

ydeiSojoyd
10D

Jnojyre; uorsuadsns [eonIaa £q
pajisodap spaq papeidun ‘syualInd AIpiqiny Asuap-mor £q

pajisodap paq paperd A[[ewIoN :SHN}/saIpIqIn) AJISuap-mo| 119
UOT}EULIOJOP
amIq ATuo Suro3Ispun pue SIPI[S SB PISI[IqOWT
SI [ELI9JEUI SAISIYOD SB POUIIO] ISED) "UOT)RUIOJOP
9[monp Surogiopun ‘Surppaq Areurrid asirqowax
SopI[s pue sdun|s se paurLIoy ejens paplo, :sapiys/sdwnys 0
(6L6T “Te 19 UIPIBN L66T ‘UOSIDA])
SMOTJ SLIQAP AAISAY0D JO SUTZIDI] aSSOUL UF SANTIGIT €-0
adexp/Sey [ouueyd se payrsodop pue SMO[J pAUGUOD [jeauaq
uonoen) ul pajrodsuen) syse[opnA :sedeip/sde| [puuey) 0
$9ss990ad euonisodaq 19

INOJod YsIuaaigd

0 YSIuUMOIg "SaSeq [BUOISOID 10

dreys ‘papeidun 10 papeid A[[euIoON
‘uonjeurwre] 9[ddir-juarmd pue Jeue(q

sdoj pue saseq
dreys o) [eUOEPRID "SAINIONIIS
Surrayema( "siserd uryim pasrasard
oM SuIppaq [euIu] “S)Ney
ArejuowIpas-uAs Yrm (91eds wo
S,0T 0} UID) SJSE[O PIP[OJ PUE PAJIOIUOD)
sdo) pue saseq dieys
"saIn3ons SULIS)eMIp [BUOISEIIQ
‘syuowidery juerd pue sjse[d auoIspnux
9[eds wo-ww ‘9e3uo(d ‘rendue
-qns pasIadsIp UTEIUOd pue pPalIos
Ap100d a1e sageyord 100 XITEW
ouoid-suojspnur pajios A1ood € £q
paroddns s3SB[O QUOISPUES PIIIOJUOD)

A111qIpoIs 91e1sqns Y3 03
parea1 AydeiSodos [eoo) Yy reuerd
A[[euriou ‘saseq [euoisord pue dieys

‘9jeIowo[duod pajroddns xiyew

0) pajzoddns ISe[O UOIIBIIUIUOD

Y31y WwoI ‘S9oeJIns dAIsoI1d urdep
sjsed auojspnur payoed APySiL,

uondrosaq

wo0e-¢

w jo
SOT-U 0T

w
[eI2AdS
0] W G0

wd OT-T
9Suex

SSOUITY)
pod

(1)
pues auyy Juojspues
0} ouyy AI9A YOL-USY
pues auyy (T1)
0) pnuI duIg syisodop papiod
pues suyy (01D)
oypnw aul]  sysodep onoey)
(64)
9jeI9WOo[3U0d
pues aurj JSB[0 SUOISPNIA

9ZIS ureryn uwreu same

(ponupuo)) T HTAV.L



BOULESTEIX ET AL.

971

TABLE 2 Facies associations (FA1-FA9) descriptions

Facies
association

FA code name

Sandstone-prone FA

FA1l Proximal
lobe (axis
to fringe)

FA2 Distal lobe
(distal
fringe)

FA3 Channel fill

FA4 Levee

FA5 Intraslope
frontal
lobe

FA6 Remobilised

Mudstone-prone FA

FA7 Basin-floor
mudstone
bedset

Common facies

Structureless sandstone (F4), structured sandstone
(F5), sigmoidal sandstone (F6), interbedded
sandstone and mudstone (F7), bipartite bed
(F8), mudstone clast conglomerate (F9), chaotic
deposits (F10)

Very thin-bedded mudstone (F1), faintly bedded
mudstone (F2), interbedded sandstone and
mudstone (F7), ash-rich sandstone (F12)

Structureless sandstone (F4), structured sandstone
(F5), interbedded sandstone and mudstone
(F7), mudstone clast conglomerate (F9), folded
deposits (F11)

Sigmoidal sandstone (F6), interbedded sandstone
and mudstone (F7)

Structured sandstone (F5), sigmoidal sandstone
(F6), interbedded sandstone and mudstone (F7),
bipartite bed (F8)

Chaotic deposits (F10), folded deposits (F11)

Very thin-bedded mudstone (F1), faintly bedded
mudstone (F2), interbedded sandstone and
mudstone (F7), ash-rich sandstone (F12)

Main characteristics

10’s of cm to a few m thick. Tabular-shape
deposits. Decrease of sand content from axis
to fringe. Axis: directly downdip of the feeder
channel, common erosion, bypass and bed
amalgamation. Off-axis: Alternation of bedded
sandstones and mudstones. Fringe: Lower sand
content; alternation of bedded sandstones and
mudstones with common hybrid event beds
(F8) in frontal position

Few cm to a few m thick. Tabular-shape deposits
that correlate laterally to proximal lobe
deposits. Very thin-bedded mudstone (F1)
deposited in more proximal environment
compared to faintly bedded mudstone (F2)

Few m thick. Lens shape deposits filling
concave-up surfaces. Axial zones with repeated
phases of erosion/deposition and common
amalgamation and bypass surfaces. Gradual
thinning and fining away from axial zone, with
low angle erosional surfaces identified through
bed truncation

Few m to 10’s of m thick. Wedge-shape geometry
away from channel over 100’s of m. Fining
and thinning-upward rhythmic alternations.
Deposits closer to coeval channel exhibit
highly tractional and rapidly deposited
structures, often recording multi-directional
current ripple and climbing ripple lamination.
Sandstone content decreases non-linearly away
from the channel

Few m thick. Mounded geometry. High rates
of suspension fallout linked to rapid flow
expansion and deposition directly downdip of
slope channels

Few m thick. Chaotic and remobilised deposits
filling slide scars and topography created by
mass-transport deposits

Few cm to a few m thick (up to 1.7 m thick). Do
not correlate laterally to any sandstones on
the basin-floor. Most dominant bed type of F1
is graded laminated (Bed type D), followed by
normally graded (Bed type A), bioturbated (Bed
type F), inversely to normally graded (Bed type
C), bipartite (Bed type E) and inversely graded
(Bed type B). Rare ash-rich sandstones (F12)
and carbonate-rich concretions

85U8017 SUOWWOD SAEaID 3|dedl|dde auy Aq peusenob a1e sooiie VO ‘85N JO Sa|nJ 1oy ArIq1T8U1UO AB]IA LD (SUOTHPUOD-PUR-SLLIBI WO A8 | 1M ARe.dl1jBul 1 [UO//:SchL) SUORIPLOD pue SWLB | 8L 88 *[£202/20/LT] U0 Akeiqiauljuo (1M in‘de'spee|@auew-<ye|oqqius> A T6T 2dep/200T 0T/I0p/Wod A8 | im Ale.d 1 |pul|uoy/sdny Wwoj papeo|umod ‘g ‘220z ‘L.8vS502



972 |

BOULESTEIX ET AL.

TABLE 2 (Continued)

Facies
association

FA code name Common facies

FA8 Slope
mudstone
bedset

FA9 Massive
mudstone
package

consists of outsized very fine to medium sand sized parti-
cles supported by a poorly sorted matrix of fine to coarse
grained mudstone (Figures 2H,I, 6, 7 and 8). Outsized
particles consist of sub-rounded to sub-angular individ-
ual crystals (quartz, feldspars) and composite particles
(volcanic and metamorphic rock fragments, mudstone
clasts) (Figures 7 and 8). Mudstone clasts are recognised
based on sharp edges, differential compaction around
them, and/or different internal grain orientation, and are
characterised by the same composition as the surround-
ing matrix (Figure 8). Rarely, F3 exhibits microdeforma-
tions, marked by circular and arcuate grain alignment
(Figure 8E,F). Some mudstone clasts also exhibit plastic
deformations (Figure 8D,E). Rare bedding contacts are
identified in thin sections, and beds are less than 2 cm
thick and ungraded (Figure 6A). Bioturbation is intense to
complete (BIL: 5-6), and individual trace fossils are usually
hard to identify due to the lack of lithological contrasts
(Figure 2G). However, observations of wet core surfaces
allowed identification of a similar trace fossil assem-
blage as F2, which consists of Chondrites, Helminthopsis,
Nereites, Phycosiphon and Planolites, which are generally
<2cm in diameter (Figures 11B,C and 12C).

4.3.2 | Interpretation

The outsized very fine to medium sand-sized particles
supported by a poorly sorted mud matrix suggests F3 was
deposited from either: (1) suspension fallout through
the water column as dropstones of glacial (ice-rafted de-
bris) or non-glacial origins (e.g. gastroliths, vegetation
rafting, aeolian transport) (Bennett et al., 1996); or (2)
low-strength, cohesive debris flows, in which sand-sized

Very thin-bedded mudstone (F1), faintly bedded
mudstone (F2), ash-rich sandstone (F12)

Massive mudstone (F3), ash-rich sandstone (F12)

Main characteristics

Few cm to few m thick (up to 8 m thick). Do
not correlate laterally to any sandstones on
the slope. Most dominated bed type of F1 is
bioturbated (Bed type F), followed by normally
graded (Bed type A), graded laminated (Bed
type D), inversely to normally graded (Bed type
C) and inversely graded (Bed type B). Common
ash-rich sandstones (F12) and carbonate-rich
concretions. Higher bioturbation intensity and
larger burrows compared to FA7

Few cm to few m thick. Packages of massive
mudstones are thicker in the basin-floor
compared to the slope

particles were not vertically segregated from mud parti-
cles during deposition (Talling et al., 2012). The rare pre-
served bed contacts, the poorly sorted mud matrix, and
the microdeformations support the interpretation of F3
as low-strength, cohesive debris flow deposits (i.e. deb-
rites), which were subsequently biogenically reworked.
The similar composition of the mudstone clasts and the
mud matrix suggests clasts are derived from up-dip ero-
sion of partially consolidated sea floor mud (Boulesteix
et al., 2019; Fonnesu et al., 2016; Haughton et al., 2003;
Patacci et al., 2014; Schieber et al., 2010; Talling
et al., 2004). Some of the mudstone clasts are relatively
well-rounded (Figure 8A,B), which suggest progressive
disintegration and abrasion in sediment gravity flows
with a component of turbulence (Boulesteix et al., 2019;
Fonnesu et al., 2015; Haughton et al., 2003). Therefore,
it is proposed that some of the massive mudstones (F3)
may represent the distal expression of flows that under-
went transformation from turbulent to laminar along
their flow path (Baas et al., 2011; Baker & Baas, 2020;
Kane et al., 2017). The intense to complete bioturbation
of F3 suggests deposition under a lower sedimentation
rate when compared to F1 and F2, associated with a rela-
tively low frequency of flow events (Gingras et al., 2011;
Heard & Pickering, 2008; Wetzel, 1984).

5 | STACKING PATTERNS AND
DEPOSITIONAL ARCHITECTURE

The description of the facies and facies associations
(Tables 1 and 2) provides the sedimentological building
blocks to describe the stacking patterns of the six mud-
stone units analysed (Figures 9 and 10). The stratigraphic
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FIGURE 9 Sedimentological logs and facies abundance of the three basin-floor to base-of-slope mudstone units (from BAV 1B). (A)
Schematic stratigraphic log of the Upper Ecca Group from the Laingsburg depocentre, with locations of the studied regional mudstone units.
(B) Basin floor, Vischkuil-A mudstone unit. (C) Basin floor, A5-A6 mudstone unit. (D) Basin-floor to base-of-slope, A-B mudstone unit. The
pie chart represents facies percentage for the entire A-B mudstone unit. Logs include facies (F), facies associations (FA), bioturbation index
(BI), presence of pyrite nodules, presence of ash-rich sandstones (F12), and locations of thin sections. Fm = fine mudstone, cm = coarse
mudstone, vfs = very fine sandstone
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A B-C mudstone

C2-C3 mudstone

FIGURE 10 Sedimentological logs
of the three slope mudstone units (from
BAV 1A). See stratigraphic locations in
Figure 9A. See legend in Figure 9. (A)
Lower slope, B-C mudstone unit. (B) Mid
slope, C2-C3 mudstone unit. (C) Mid
slope, C-D mudstone unit. Logs include
facies (F), facies associations (FA),
bioturbation index (BI), presence of pyrite
nodules, presence of ash-rich sandstones
(F12), and locations of thin sections.

Fm = fine mudstone, cm = coarse
mudstone, vfs = very fine sandstone
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distribution of the facies and the bed types of F1 are sum-
marised in Figure 13. The thickness maps of the A-B, B-C
and C-D mudstone units are presented in Figure 14.

5.1 | Basin-floor mudstones

The Vischkuil Formation is dominated by debrites
and turbidites accumulated in a distal basin-floor

environment (Van der Merwe et al., 2009, 2010), and
the overlying Unit A and Unit A/B of the Laingsburg
Formation are dominated by basin-floor fan to base-of-
slope deposits (Brooks et al., 2018a; Grecula et al., 2003a;
Prélat & Hodgson, 2013; Sixsmith et al., 2004). This sug-
gests that the intercalated Vischkuil-A (Figure 9B), A5-
A6 (Figure 9C) and A-B (Figure 9D) mudstone units were
probably deposited in a similar basin-floor to base-of-
slope environment.
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FIGURE 11 (A) Representative 195.64 m
9.26 m thick core section and
sedimentological log of the basin-floor to
base-of-slope A-B mudstone unit (BAV
1B; see Figure 9 for stratigraphic position).
Note the repeated and predictable facies
stacking pattern, with individual very

thin beds of F1 and F2 that stack to form
basin-floor mudstone bedsets (FA7),
vertically separated by massive mudstones
of F3 with common ash-rich sandstones
(F12) to form massive mudstone packages
(FA9). (B) Close-up view of an isolated
very thin bed of F2 within FA9 dominated
by F3 (196.32m). Note the millimetre-
scale pyrite nodules. (C) Close-up view of
FA9 dominated by F3 with a carbonate
cemented Planolites burrow (197.28 m).
(D) Close-up view of a bioturbated vertical
transition from FA7 dominated by F1 and
F2, to darker and more bioturbated FA9
dominated by F3 (198.23 m). (E) Close-up
view of FA7 dominated by F1 (198.60 m).

Facies (F):
[F1] Very thin-bedded mudstone [l Massive mudstone  [Elll] Basin-floor mudstone bedset <= Carbonate-rich concretion
[F2] Faintly bedded mudstone [l Ash-rich sandstones [FX] Massive mudstone package ®Py  Pyrite nodule

: *E; Fig. 11B

&> CaC03 Fig. 11C

*
& Fig. 11D
< Fig. 11E

FA
mo 6
Facies associations (FA): XXX  Ash-rich sandstone (F12)

25 CaC03 Cemented burrow

Ch = Chondrites, He = Helminthopsis,
Ph = Phycosiphon, Pl = Planolites

Cemented
burrow

From core logging, the basin-floor mudstone units
(Vischkuil-A, A5-A6, A-B) are dominantly composed
of massive mudstone (F3; 45%) and very thin-bedded
mudstone (F1; 31%), associated with minor faintly bed-
ded mudstone (F2; 13%), interbedded sandstone and
mudstone (F7; 5%), ash-rich sandstone (F12; 3%), struc-
tured sandstone (F5; 2%) and hybrid event bed (F8;
1%) (Figure 13; Table 1). Within the analysed thin sec-
tions of F1 in the basin-floor mudstones (see locations
in Figure 9), the most common bed type identified is
graded laminated (Bed type D; 39%), followed by nor-
mally graded (Bed type A; 26%), bioturbated (Bed type
F; 24%), inversely to normally graded (Bed type C; 7.6%),
bipartite (Bed type E; 3%) and inversely graded (Bed type
B; 0.4%) (Figure 13).

Inthecoredataset, the basin-floor mudstones stack with
a repeated alternation of bedsets (sensu Campbell, 1967)
composed of F1, F2 and F7 (FA7; Table 2), and massive
packages dominated by F3 (FA9; Table 2). This pattern
occurs at two scales (Figures 9 and 11A):

(i) At the smallest scale (0.01-2 m), bedsets (FA7) are
0.01-1.70m thick, and are vertically separated by rel-
atively thin massive packages (FA9; <0.5 m thick),
which are locally associated with ash-rich sandstones
(F12), and isolated beds of F1, F2 and F7. Contacts
between the bedsets (FA7) and the massive packages
(FA9) are commonly sharp (Figure 11D).

(ii) At a larger scale (2-5 m), one or more bedsets (FA7),
individually separated by relatively thin massive
packages (FA9; <0.5 m thick), form bedset packages.
Successive bedsets (FA7) within a bedset package can
together form fining and thinning-upwards, coarsening
and thickening-upwards, or coarsening and thickening-
upward followed by fining and thinning-upward pack-
ages, or can be characterised by a more disorganised
stacking pattern (Figures 9 and 11A). These bedset
packages are vertically separated by thicker massive
packages (FA9; >0.5 m thick), commonly associated
with ash-rich sandstone (F12) (Figures 9 and 11A).
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233.77m

241

242

242.85m

(m) 0 5

Facies (F): Facies associations (FA):
[F1] Very thin-bedded mudstone - Folded deposits [FA8] Slope mudstone bedset

m Massive mudstone

XXX Ash-rich sandstone (F12)
<=> Carbonate-rich concretion
[E2]Faintly bedded mudstone  [llll Ash-rich sandstones m Massive mudstone package Py Pyrite nodule

Fig. 128 FIGURE 12 (A) Representative

< 9.08 m thick core section and
sedimentological log from the lower
slope B-C mudstone unit (BAV 1A; see
Figure 10 for stratigraphic position). F1
and F2 stack to form slope mudstone
bedsets (FA8) up to 8 m thick, intercalated
with packages dominated by F3 to form
massive mudstone packages (FA9). (B)
Close-up view of FA8 dominated by
. F2(233.80m). (C) Close-up view of an
isolated very thin bed of F2 within FA9
(236.60m). (D) Close-up view of FA8
with folded deposits (F11) characterised
by discordant beds (238.50m). (E) Close
up view of FA8 dominated by F1 beds,
. Fig. 12E] which are usually more bioturbated in
the slope mudstones than in the basin-
floor mudstones (241.70m). (F) Close-
up view of a carbonate-rich concretion
within FA9 surrounded by F1 (241.90m).
Ch = Chondrites, he = Helminthopsis,

Ph = Phycosiphon, Pl = Planolites

Facies proportions, nature of contact with bounding
sandstone-prone units, and noticeable features are sum-
marised below for the three basin-floor mudstone units.

5.1.1 | Vischkuil-A mudstone

The Vischkuil-A mudstone (7.3 m thick in BAV 1B)
sharply overlies remobilised, mass-transport depos-
its (FAS8; Table 2) of the Vischkuil Formation, and is
sharply overlain by lobe axis deposits (FA1) of Unit A of
the Laingsburg Formation (Figure 9B). This mudstone
unit exhibits soft-sediment deformation and is domi-
nated by F1 (38%) and F3 (29%), associated with F7
(13%), F2 (9%), F12 (6%) and F5 (5%) (Figures 9B and
13). The unit is also characterised by intercalated lobe
fringe deposits (FA1) <50 cm thick (Figure 9B).

51.2 | A5-A6 mudstone

The A5-A6 mudstone (12.15m thick in BAV 1B)
sharply overlies lobe distal fringe deposits (FAZ2;
Table 2) of Sub-unit A5 (after Sixsmith et al., 2004),
and is sharply overlain by lobe fringe deposits (FA1)
of Sub-unit A6 (Figure 9C). This mudstone unit is
dominated by F3 (68%), associated with minor F1
(14%), F2 (14%), F7 (1%), F5 (1%), F8 (1%) and F12
(1%) (Figures 9C and 13).

51.3 | A-B mudstone

The A-B mudstone (39.7 m thick in BAV 1B) sharply
overlies lobe distal fringe deposits (FA2; Table 2) of Unit
A, and it is sharply overlain by lobe off-axis deposits
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(FA1) of Unit B (Figure 9D). This unit is dominated by F1
(42%) and F3 (40%), with minor associated F2 (16%), F12
(1%) and F7 (1%) (Figures 9D and 13). The A-B mudstone
is also characterised by the presence of carbonate-rich
concretions (Figure 9). A 5.10 m thick sandstone-prone
package is intercalated in the succession (Unit A/B),
bound by sharp contacts above and below, and is inter-
preted as disconnected basin-floor lobe deposits (Brooks
et al., 2018a). The A-B mudstone unit shows a relatively
constant basinward thinning towards the east-northeast
(i.e. from 50 to 5 m), associated with a wedge-shape ge-
ometry (Figure 14B).

5.2 | Slope mudstones

Unit B of the Laingsburg Formation consists of weakly
confined channel complexes and extensive levees

(to the west), interpreted as a base-of-slope succes-
sion, and mapped for 25km basinward (to the east)
into basin-floor lobe complexes (Brunt, et al., 2013b).
Therefore, the overlying B-C mudstone is interpreted
as a lower slope succession. It also contains a thin
sandstone-prone package (Unit B/C), interpreted by
Brooks et al. (2018a) as an intraslope lobe, deposited
on a topographic step. However, this package is not
encountered in the subsurface dataset reported here
because of erosional removal by Unit C (Figure 10A).
Unit C comprises channel-levee complexes (Hodgson
et al., 2011; Morris et al., 2016) typical of a slope set-
ting, and has been mapped for 80 km down deposi-
tional dip into basin-floor lobe complexes (Di Celma
et al., 2011; Van der Merwe et al., 2014). Unit D in-
cludes deeply incised slope valley-fills, indicative
of a mid-slope setting (Hodgson et al., 2011; Morris
et al., 2016), with a basin-floor fan complex developed
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FIGURE 14 (A)Satellite view of
the Laingsburg depocentre with drilling

m Laingsburg and Fort
Brown formations

location of the two cores described in
this study (BAV 1A and BAV 1B) and the
outcrop belt of the Laingsburg and Fort
Brown formations. (B) Thickness map

of the A-B mudstone unit (basin-floor

to base-of-slope). (C) Thickness map of
the B-C mudstone unit (lower slope).
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(D) Thickness map of the C-D mudstone
unit (mid slope). Note the overall gradual
basinward thinning to the north-east and
the resulting wedge shape geometry of
each mudstone unit
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70-100 km down depositional dip (Van der Merwe
et al., 2014). This well-constrained palaeogeographi-
cal and stratigraphic context allows for confident in-
terpretation of the C2-C3 and C-D mudstone units as
mid slope deposits.

From core logging, the most dominant facies in the
slope mudstone units (B-C, C2-C3, C-D) are faintly bed-
ded mudstone (F2; 43%) and very thin-bedded mudstone
(F1; 36%), associated with minor massive mudstones
(F3; 18%), interbedded sandstone and mudstone (F7;
1%), folded deposits (F11; 1%), and ash-rich sandstones
(F12; 1%) (Figures 10 and 13; Table 1). The most com-
mon bed type identified within the thin sections of F1
in slope mudstones (see locations in Figure 10) is bio-
turbated (Bed type F; 52%), followed by normally graded
(Bed type A; 33%), graded laminated (Bed type D; 7%),
inversely to normally graded (Bed type C; 5%), inversely
graded (Bed type B; 3%) (Figure 13). Bipartite beds

(Bed type E) have not been observed in the thin-section
dataset.

Similar to basin-floor deposits, slope mudstones
consist of a repeated alternation of bedsets composed
of F1, F2 and F7 (FA8; Table 2) and massive packages
dominated by F3 (FA9; Table 2) (Figures 10 and 12A).
However, the distinctive and predictable two-scale or-
ganisation recognised for the basin-floor mudstones
(i.e. bedsets and bedset packages) is not observed in the
slope deposits. Slope bedsets (FA8) are usually thicker
(0.01-8 m thick), more bioturbated, and more com-
monly associated with carbonate-rich concretions when
compared to basin-floor bedsets (Figures 10 and 12A).
The massive mudstone packages (FA9) are 0.02-1.4 m
thick (Figures 10 and 12). Facies proportions, nature
of contacts with bounding sandstone-prone units, and
noticeable features are summarised below for the three
slope mudstone units.
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52.1 | B-C mudstone

The B-C mudstone (49.3 m thick in BAV 1A) grada-
tionally overlies Unit B external levee deposits (FAS5;
Table 2), and is truncated by slope valley-fill deposits
(FA4) of Unit C (Figure 10A). This unit is dominated
by F2 (56%) and F3 (27%), associated with minor F1
(15%), F12 (1%) and F11 (1%) (Figures 10A and 13). The
B-C mudstone unit displays a thinning pattern towards
the north, north-east and east (i.e. from 65 to 5 m), as-
sociated with a more radial wedge-shape geometry
(Figure 14C).

5.2.2 | C2-C3 mudstone

The C2-C3 mudstone (7.7 m thick in BAV 1A) grada-
tionally overlies external levee deposits (FAS5; Table 2) of
Sub-unit C2, and is gradationally overlain by frontal lobe
deposits (FA7) of Sub-unit C3 (Morris et al., 2014b, 2016;
Figure 10B). This unit is dominated by F2 (58%) and F1
(31%), associated with minor F3 (7%), F7 (3%) and F12
(1%) (Figures 10B and 13).

5.2.3 | C-D mudstone

The C-D mudstone (22.6 m thick in BAV 1A) sharply
overlies frontal lobe deposits (FA7; Table 2) of Sub-Unit
C3, and it is sharply overlain by external levee deposits
(FAS5) of Unit D (Kane & Hodgson, 2011; Figure 10C).
This unit is dominated by F1 (62%), with minor associated
F3(19%), F2 (17%), F7 (1%) and F12 (1%) (Figures 10C and
13). The C-D mudstone unit exhibits a relatively constant
basinward thinning towards the north-east (i.e. from 30 to
5 m), forming a wedge-shape geometry (Figure 14D).

6 | DISCUSSION

6.1 | What do basin-floor and slope
mudstones represent?

Although at a regional scale (tens to hundreds of kilo-
metres), the geometry of basin-margin clinothems vary
spatially and temporally (Steventon et al., 2020), they are
characterised by limited along-margin thickness changes
compared to their basinward tapering wedge geometry,
from foreset (slope) to bottomset (basin-floor). Controls
on clinothem geometry include the location of sediment
source(s) and the complex shelf process regimes, such as
the interaction of reworking by tidal and wave processes,
diffusion, and slope remobilisation and bypass (Nittrouer

et al., 1986). The description of the one-dimensional core
dataset (Figures 9 and 10) combined with regional thick-
ness mapping from continuous outcrop (Figure 14), and
the three-dimensional contextual knowledge from pre-
vious studies of the Laingsburg succession, allow for a
palaeogeographical reconstruction of the depositional
environments recorded by the deep-water regional mud-
stone units (Figure 15). This permits investigation of the
up-dip controls on slope and basin-floor mudstones.

6.1.1 | Basin-floor mudstones

Physical mapping across the Laingsburg depocentre
has shown that the regional basin-floor mudstone units
(Vischkuil-A, A5-A6, A-B) do not correlate laterally to co-
eval sandstones (Brunt, Hodgson, et al., 2013b; Sixsmith
et al., 2004; Van der Merwe et al., 2014). The thickness
map displays a basinward wedge-shape tapering ge-
ometry to the north-east and relatively constant lateral
(across depositional strike) thicknesses (Figure 14B). This
regional-scale architecture suggests that basin-floor mud-
stone units are the distal bottomset part of basin margin-
scale clinothems, associated with a laterally extensive
supply of mud beyond the shelf edge when deltas were sit-
uated in the inner shelf (Poyatos-Moré et al., 2019; Prather
et al., 2017; Reading & Richards, 1994). Numerical strati-
graphic models of delta-scale clinoforms combine advec-
tion and diffusion process to simulate across-margin and
along-margin sediment transport and deposition (Driscoll
& Karner, 1999; Pirmez et al., 1998). Similarly, in low-
energy submarine slope and basin-floor environments,
along-margin transport (Thiéblemont et al., 2019) com-
bined with laterally extensive supply over the shelf-edge
rollover (Poyatos-More et al., 2016), will result in basin-
margin clinothems that change thickness basinward more
abruptly than along-margin.

The basin-floor mudstones from the Laingsburg dep-
ocentre in the specific borehole locality stack in a repeated
and predictable facies organisation, which occurs at two
scales: (1) relatively thin massive packages dominated
by debrites (FA9; <0.5 m thick) separate bedsets 0.01-
1.70m thick dominated by low-density turbidites (FA7);
(2) thicker massive packages (FA9; >0.5 m thick) separate
a group of bedsets to form bedset packages 2-5 m thick
(Figures 9 and 11; Table 2). The well-ordered nature of the
succession in the one-dimensional core dataset suggests
both a laterally extensive supply of mud to form the wedge
shape geometry of the units, and local feeder systems that
delivered fine-grained sediment to the basin-floor.

The coeval up-dip shelf and slope deposits to the
basin-floor mudstone units to the west and south-west
of the study area are not preserved due to later uplift
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environments during accumulation of the
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and erosion; therefore, the physiography of the sedi-
ment feeder systems is unknown. However, Units A and
B of the Laingsburg Formation consist of base-of-slope
to basin-floor sand-prone lobes, interpreted to be point
sourced from a long-term fixed slope canyon system di-
rectly up depositional dip to the west-southwest of the
study area (Brunt et al., 2013b; Grecula et al., 2003a).
Local sea floor topography was produced on the basin-
floor to base-of-slope regions during the accumulation
of the mudstone units (Brooks et al., 2018a). Thus, the
inferred presence of sea floor topography and long-term
slope conduits directly up depositional dip of the study
area suggest that mud, in the specific borehole locality,
may have also been sourced from: i) flows stripped from
intraslope or basin-floor confinement to build spillover
fringes on the basin-floor (Brooks et al., 2018b; Sinclair
& Tomasso, 2002), with some potential sand being
trapped up depositional dip (intraslope lobes; Plink-
Bjorklund & Steel, 2002; Spychala et al., 2015); and/
or (ii) flows delivered through partially filled subma-
rine slope conduits to build basin-floor mudstone lobes
(Boulesteix et al., 2020). Spillover fringe deposits orig-
inate from the uppermost dilute part of flows breach-
ing up-dip topography (Sinclair & Tomasso, 2002), and

therefore, only waning, low-density turbidity currents
are expected to be deposited in the downdip environ-
ments (Brooks et al., 2018b). However, microscope ob-
servations suggest the basin-floor mudstone bedsets
(FA7) accumulated from a wide range of sediment
gravity flows, mostly low-density turbidity currents
(Figures 3 and 13), with evidence of flow fluctuations
(Bed type D; Figure 3D). Also, the low to high degree
of bioturbation (BI: 1-4) of the basin-floor mudstone
bedsets (FA7) points towards variably stressed sea floor
conditions, potentially linked to periods of more fre-
quent and efficient sediment gravity flows reaching the
basin-floor and/or variations of the geochemistry of bot-
tom waters and porewaters (Heard & Pickering, 2008;
Wetzel, 1984). The variable vertical stacking pattern
of successive bedsets (FA7; Figure 9) separated by thin
massive mudstones (FA9; <0.5 m thick) may also sug-
gest compensational stacking (Boulesteix et al., 2020;
Prélat et al., 2009; Prélat & Hodgson, 2013). The well-
ordered and potentially compensational nature, the
sedimentological evidence for flow fluctuations, and
the ichnological evidence for frequent sediment deliv-
ery to the basin-floor, support an interpretation of the
mudstone bedsets (FA7) as basin-floor mudstone lobes
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(Figure 15), supplied via underfilled slope canyons. The
higher bioturbation intensity (BI: 5-6) associated with
the massive mudstone packages (FA9) suggests more
favourable physico-chemical conditions for burrowing
organisms, linked to less frequent debris flows reaching
the basin-floor (Heard & Pickering, 2008; Wetzel, 1984).
The debrite-rich packages (FA9) are therefore inter-
preted as accumulated outside the mudstone lobes,
potentially linked to autogenic compensational stack-
ing and/or allogenically-controlled backstepping of the
sediment delivery system (Boulesteix et al., 2019, 2020).
The relatively thick massive mudstone packages (FA9;
>0.5 m thick) are more commonly associated with ash-
rich sandstones (F12; Table 1), which suggests longer-
term decrease of sedimentation rate on the basin-floor.

The relatively high proportion of debrites (F3: 45%;
Figure 13) in the basin-floor mudstones is consistent
with a distal position, more prone to flow transforma-
tions from turbulent to laminar (Baker & Baas, 2020;
Haughton et al., 2003; Hodgson, 2009; Kane et al., 2017;
Talling et al., 2004). The high mud content on the sea
floor during the interpreted relative sea-level highstand
periods in the Karoo Basin (Flint et al., 2011) and its
incorporation in sediment gravity-flows may have fa-
voured flow transformations by enhancing the damping
of flow turbulence (Baas et al., 2011; Baas & Best, 2002).
Deep-water massive mudstones are commonly inter-
preted as hemipelagites based on their homogeneous
texture in cores and outcrops. However, this study, along
with other recent studies of deep-water mudstones
(Boulesteix et al., 2019, 2020; Emmings et al., 2020;
Konitzer et al., 2014; Newport et al., 2018) indicate that
massive-looking mudstones at macroscopic scale may
contain microscopic outsized particles, which suggest
they are often deposited by much higher energy pro-
cesses than previously assumed.

6.1.2 | Slope mudstones

Similar to the basin-floor deposits, the slope mudstone
units (B-C, C2-C3, C-D) do not correlate laterally to any
coeval sandstones, and show a basinward wedge-shape ta-
pering geometry and relatively constant lateral thicknesses
(Figure 14C,D). This suggests they also form part of basin
margin clinothems (i.e. foresets), associated with a later-
ally extensive supply of mud beyond the shelf edge when
deltas were shelf-confined (Poyatos-Moré et al., 2019;
Prather et al., 2017; Reading & Richards, 1994). However,
in contrast to the basin-floor mudstones, the slope depos-
its show: (i) a higher proportion of low-density turbidites
(82% in the slope versus 55% in the basin-floor) compared
to debrites (18% in the slope versus 45% in the basin-floor);

(ii) a less predictable stacking pattern; (iii) more common
carbonate-rich concretions and carbonate-cemented bur-
rows; (iv) higher bioturbation intensity; and v) larger bur-
rows (Figures 10, 12 and 13). Units C and D of the Fort
Brown Formation consist of channel-levee systems in a
submarine slope setting in the Baviaans area (Di Celma
et al., 2011;Hodgson et al., 2011; Morris et al., 2016), with
evidence for a stepped profile (Brooks et al., 2018a; Van
der Merwe et al., 2014). The composite erosion surface of a
Unit D slope valley remained underfilled during the aban-
donment phase (Hodgson et al., 2011; Morris et al., 2016),
which suggests slope conduits may have remained par-
tially open and active during the accumulation of the in-
tercalated regional mudstone units. Sea floor topography
was generated on the slope during the accumulation of
mudstones, producing steeper segments, which may have
influenced sediment gravity flows (Brooks et al., 2018a).
Slope mudstone bedsets (FAS8; Table 2) may therefore
locally represent spillover fringe deposits (Figure 15)
(Brooks et al., 2018b; Sinclair & Tomasso, 2002), with
some sand-prone parts of flows being trapped up depo-
sitional dip to form intraslope lobes (Plink-Bjorklund &
Steel, 2002; Spychala et al., 2015). However, slope bedsets
(FA8) may also be derived from flows escaping lateral
confinement from slope conduits to build external levees
(Figure 15) (Beaubouef, 2004; Buffington, 1952; Kane &
Hodgson, 2011; Normark et al., 1980). The aggradational
stacking of FAS8 deposits, with packages up to 8 m thick
(Figures 10 and 12), may be also explained by local flow
confinement in slope accommodation (Ferry et al., 2005;
Spychala et al., 2015, 2017). The less predictable stacking
pattern of the slope mudstones in the one-dimensional
core dataset (Figure 10), and the three-dimensional pal-
aeogeographical control, suggest that mud may have
accumulated by a combination of processes along a topo-
graphically complex slope, and in a wider range of depo-
sitional sub-environments compared to the basin-floor
(Figure 15).

The higher proportion of low-density turbidites in
the slope mudstones (82%) compared to the basin-floor
mudstones (55%) may be explained by the more proximal
position relative to the shelf edge, with more common
low-density turbidity currents reaching this part of the
margin profile. The higher bioturbation intensity, larger
burrows and more common carbonate-rich concretions of
FAS deposits (slope bedsets) compared to FA7 (basin-floor
bedsets) are consistent with periods of slower sediment
accumulation of the FA8 deposits, which may be ex-
plained by a lateral position relative to slope conduits. The
strong bioturbation of the intercalated massive mudstone
packages (FA9; Table 2) suggests they accumulated from
more infrequent debris flows (Heard & Pickering, 2008;
Wetzel, 1984), and are interpreted to represent periods of
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significantly reduced sediment input, potentially linked
to allogenic and/or autogenic backstepping or avulsion of
the sediment delivery system (Boulesteix et al., 2019).

6.2 | Implications for the delivery of
mud to deep-water environments

The Laingsburg deep-water succession exhibits an or-
ganised alternation of sandstone-prone and mudstone-
prone units (Figure 1C). This stratigraphic motif has been
commonly observed in other deep-water successions
in outcrops (Gardner et al., 2003; Grundvag et al., 2014;
Hodgson et al., 2006; Mutti & Normark, 1987; Pickering
& Cantalejo, 2015; Pyles, 2008; Terlaky et al., 2016), and
in subsurface datasets (Beaubouef & Friedmann, 2000;
Gervais et al., 2006; Prather et al., 2017; Sweet et al., 2019;
Sylvester et al., 2012; Wynn et al., 2000). In the Laingsburg
depocentre, the sandstone-prone deep-water units have
been interpreted to be lowstand systems tracts, when del-
tas reached the shelf edge, or when the shelf was exposed,
supplying sand directly to the heads of submarine canyon-
channel systems (Flintet al., 2011). The regional mudstone
units investigated in this study (Vischkuil-A, A5-A6, A-B,
B-C, C2-C3, C-D) have been interpreted to be combined
transgressive and highstand systems tracts, deposited
during relative sea-level rise and highstand, when deltas
were shelf-confined, resulting in deactivation of slope
canyon-channel systems and cessation of sand supply to
deep-water environments (Flint et al., 2011). Commonly,
deep-water regional mudstones are interpreted to be dom-
inated by hemipelagic fallout deposits, passively draping
the sea floor (Flint et al., 2011; Posamentier & Kolla, 2003;
Posamentier & Walker, 2006; Pyles, 2008). However, this
study challenges this paradigm, and shows that: (i) mud
can be delivered to the slope and the basin-floor by a com-
bination of laterally extensive supply, and point-source
delivery systems; and (ii) deep-water mudstones can be
dominated by the product of multiple sediment gravity
flows, including a wide range of low-density turbidity cur-
rents and low-strength cohesive debris flows (Figure 15).
Several physical processes must be considered to explain
the relatively continuous transfer of mud to the shelf edge
and the heads of shelf-incised slope conduits during the ab-
sence of the sand-dominated systems. Monitoring programs
of modern shelf environments have revealed that mud can
be transported by energetic processes, such as hyperpycnal
flows, and resuspension of mud by waves and storms, gen-
erating turbulent transport of fluid mud that migrates either
along, or across the shelf (Cacchione et al., 1995; Kineke
et al., 1996; Ogston et al., 2000; Traykovski et al., 2000;
Wright et al., 2001). Some of this mud may be stored on
the shelf to form mud belts (Lee & Chu, 2001; Wells &

Coleman, 1981). Mud can also be efficiently advected
to the shelf edge and the canyon heads, and transferred
down the slope through canyon-channel systems (Bourrin
et al,, 2015; Palanques et al., 2006; Puig et al., 2003; Walsh &
Nittrouer, 1999). The coeval shelf of the deep-water succes-
sion investigated here is now absent because of later uplift
and erosion, and therefore, the sedimentary processes that
were acting on the shelf up depositional dip are unknown.
However, the overlying shelf succession of the Waterford
Formation shows evidence for recurrent supply of mud
to the shelf edge and the upper slope, mainly through the
action of wave and/or storm reworking of mud previously
deposited from river floods (Poyatos-Mor¢ et al., 2016). This
suggests that similar processes may have acted on the coeval
shelf to the Laingsburg and Fort Brown formations, during
high accommodation times, to efficiently transfer mud be-
yond the shelf edge and to the head of underfilled slope
canyons. The basinward wedge-shape tapering geometry of
the mudstone units at regional scale suggests that most of
the mud was transported and deposited on the slope and
in proximal basin-floor environments by recurrent gravity-
driven supply from a laterally extensive supply (Figure 15).
However, the sedimentological and stratigraphic evidence
for the accumulation of point-sourced basin-floor mud-
stone lobes also suggest that slope conduits were not nec-
essarily deactivated during the backstepping or avulsion of
the sand-dominated part of the system, and could deliver
mud to some parts of the basin-floor (Figure 15). These
findings have important implications for the correct inter-
pretation of deep-water mudstone depositional processes,
and indicate that significant energetic processes can still
occur in deep-water systems during periods when sand is
stored on the shelf.

7 | CONCLUSION

Analysis of two cores from research boreholes tied to re-
gionally continuous outcrops and a well-constrained three-
dimensional stratigraphic and palaeogeographical context
established from previous studies has allowed the variabil-
ity in depositional processes and stacking patterns between
slope and basin-floor mudstones to be documented within
the same basin margin succession (Laingsburg depocen-
tre, Karoo Basin, South Africa). Traditionally, deep-water
mudstones are interpreted as dominated by the prod-
uct of hemipelagic fallout, but the mudstones from the
Laingsburg depocentre are heterogeneous and dominated
by sediment gravity flow deposits. In the one-dimensional
core dataset, basin-floor mudstones exhibit a repeated al-
ternation of bedsets and massive packages. Microscopic
observations indicate bedsets consist of six bed types de-
posited by a wide range of low-density turbidity currents
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(waning, waxing, waxing-to-waning, multi-pulsed), and
occasional transitional flows. The intercalated massive
mudstones are pervasively bioturbated, contain outsized
sand particles, and are interpreted as being deposited by
low-strength cohesive debris flows, with evidence of flow
transformations from turbulent to laminar. The slope
mudstones show a similar facies assemblage, but are char-
acterised by a higher proportion of low-density turbidites
(82% in the slope versus 55% in the basin-floor) compared
to debrites (18% in the slope versus 45% in the basin-floor),
a less predictable facies stacking pattern, more common
carbonate-rich concretions, a higher bioturbation inten-
sity, and larger burrows; the last three being the result of
periods of lower sedimentation rate. The thickness maps of
the mudstone units across the 2500 km” study area show a
basinward wedge-shape tapering geometry but rather uni-
form along margin thickness changes. These geometries
are consistent with forming the distal part of basin margin
clinothems, and thus a laterally extensive source of mud
supply beyond the shelf edge when deltas were situated in
the inner shelf combined with along-margin transport pro-
cesses. However, the stratigraphic context, as well as the
well-ordered and repeated organisation of the basin-floor
mudstones in the core locality, suggest that some of the
mud was locally point-sourced through underfilled slope
conduits, associated with relative sea-level change, and au-
togenic compensational stacking of basin-floor mudstone
lobes. The less predictive stacking pattern of the slope
mudstones suggests they probably accumulated in a wider
range of depositional environments within a topographi-
cally complex slope (i.e. ponded accommodation, minor
gully/channel-fills, levees). The development of recogni-
tion criteria to distinguish between slope and basin-floor
mudstones has implications for the palaeogeographical
interpretations of other deep-water mudstone successions.
The wide spectrum of depositional processes and environ-
ments recognised within these deep-water mudstones sug-
gest that mud-rich submarine canyon-channel systems can
still remain as pathways to deliver recurrent sediment grav-
ity flows to the slope and basin-floor during times when
sand is sequestered on the shelf. This study shows that flow
energy conditions in deep-water mud-prone environments
can be significantly higher than previously assumed, and
may provide insights to improve models for the transport
and deposition of fine-grained particles, such as microplas-
tics and other pollutants in the deep oceans.
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