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Abstract

Exhumed basin margin-scale clinothems provide important archives for understanding process
interactions and reconstructing the physiography of sedimentary basins. However, studies of
coeval shelf through slope to basin-floor deposits are rarely documented, mainly due to outcrop
or subsurface dataset limitations. Unit G from the Laingsburg depocentre (Karoo Basin, South
Africa) is a rare example of a complete basin margin scale clinothem (>60 km long, 200 m-high),
with >10 km of depositional strike control, which allows a quasi-3D study of a preserved shelf-
slope-basin floor transition over a ca. 1200 km? area. Sand-prone, wave-influenced topset
deposits close to the shelf-edge rollover zone can be physically mapped down dip for ca. 10 km
as they thicken and transition into heterolithic foreset/slope deposits. These deposits
progressively fine and thin over 10s of km farther down dip into sand-starved bottomset/basin
floor deposits. Only a few km along strike, the coeval foreset/slope deposits are bypass-
dominated with incisional features interpreted as minor slope conduits/gullies. The margin here
is steeper, more channelized, and records a stepped profile with evidence of sand-filled

intraslope topography, a preserved base-of-slope transition zone and sand-rich
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bottomset/basin-floor deposits. Unit G is interpreted as part of a composite depositional
sequence that records a change in basin margin style from an underlying incised slope with large
sand-rich basin-floor fans to an overlying accretion-dominated shelf with limited sand supply to
slope and basin-floor. The change in margin style is accompanied with decreased clinoform
height/slope and increased shelf width. This is interpreted to reflect a transition in subsidence
style from regional sag, driven by dynamic topography/inherited basement configuration, to
early foreland basin flexural loading. Results of this study caution against reconstructing basin
margin successions from partial datasets without accounting for temporal and spatial

physiographic changes, with potential implications on predictive basin evolution models.

Introduction

Clinothems that build basin margin successions can be subdivided into three physiographic
segments: shelf (topset), slope (foreset) and basin floor (bottomset) (Steel and Olsen, 2002;
Helland-Hansen and Hampson 2009; Prather et al., 2017). These segments are defined according
to the geometry and position of two critical sedimentary transition zones, the shelf-edge rollover
(SERZ) and base of slope (BOSZ). These zones are associated with major breaks in clinoform
gradient, and their stratigraphic record can provide information on relative sea-level change and
sedimentary process interactions (Mutti and Normark, 1987; 1991; Wynn et al., 2002a, b; Steel
et al., 2003; Porebski and Steel, 2003; Carvajal and Steel, 2009; Dixon et al., 2012a, b, Jones et
al., 2013; Poyatos-Moré et al., 2016; Brooks et al., 2018a). However, the complete stratigraphic
record of coeval shelf to basin floor segments along the same clinothem is rarely documented
(Pyles and Slatt, 2007; Carvajal and Steel, 2009; Carvajal et al., 2009; Wild et al., 2009; Grundvag
et al., 2014; Prélat et al., 2015; Koo et al., 2016), mainly due to outcrop or subsurface dataset
limitations. This limits our understanding of how the interplay of factors, such as pre-existing
basin topography, climate, sediment supply, accommodation and dominant process regime, are

recorded in different genetically-related positions along a single clinothem profile.
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Two-dimensional dip-parallel sections are widely used in clinoform trajectory analysis (Steel and
Olsen, 2002; Helland-Hansen and Hampson, 2009, Henriksen et al., 2009), to infer changes in
relative sea-level and to predict the timing of coarse-grained sediment delivery to deep water.
Clinoform trajectory analysis, however, tends to underplay the role of dominant process regime
and along-strike variability in basin margin physiography (Dixon et al., 2012b; Jones et al., 2015),
which limits predictability in sediment character and partitioning between the shelf, slope and
basin floor segments (Prather et al., 2017; Cosgrove et al., 2018). Modern and subsurface studies
demonstrate that along-strike variability in coastal process regime and shelf morphology
commonly results in a laterally variable stratigraphic record (Ainsworth et al., 2011; Olariu et al.,
2012; Sanchez et al., 2012; Jones et al., 2015; Laugier et al., 2016; Madof et al., 2016), which can
also be a key control on the nature of the SERZ (Pyles and Slatt, 2007; Olariu and Steel, 2009;
Dixon et al., 2012b; Gomis-Cartesio et al., 2016; Chen et al., 2017). Beyond this zone, the
efficient basinward bypass of sediment through the slope is also controlled by seabed
topography (Prather et al., 1998; Winker and Booth, 2000; Sinclair and Tomasso, 2002; Smith,
2004a; 2004b; Deptuck et al., 2012; Spychala et al., 2015). Slope gradient and length will control
the nature of the BOSZ and the amount and type of sediment that reaches the basin floor
(Hubbard et al., 2010; van der Merwe et al., 2014; Hodgson et al., 2016; Prather et al., 2017,

Brooks et al., 2018a).

Unit G of the Permian Fort Brown Formation, in the Karoo Basin, South Africa, is a rare outcrop
example of an exhumed basin-margin scale clinothem (>60 km long, 200 m-high) with 10 km of
along-strike control, which permits extensive analysis of a shelf-slope-basin floor transition. This
unit is stratigraphically well constrained by regionally mapped underlying slope-to-basin floor
systems and overlying basin margin clinothems. The key objectives for this study are: a) to
provide sub-seismic characterization of topset-foreset-bottomset deposits along the same basin
margin clinothem; b) to locate the sedimentary transition zones (SERZ and BOSZ) at outcrop and

study the facies distribution both down depositional dip and across depositional strike; c) to
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establish the sequence stratigraphy of a unit deposited during the transition of basin margin
style from erosional- to accretionary-dominated; and d) to discuss clinoform depositional
pattern variability in time and space, and its wider implications for stratigraphic models of basin

margin evolution.

Geological Setting

The Karoo Basin has traditionally been interpreted as a retro-arc foreland basin, developed
inboard of the Cape Fold Belt, in response to the northward subduction of the Panthalassan
(palaeo-Pacific) plate beneath the Gondwana plate (De Wit and Ransome, 1992; Veevers et al.,
1994; Lopez-Gamundi and Rossello, 1998). However, recent radiometric dating (Blewett and
Phillips, 2016) and tectonostratigraphic analyses (Tankard et al., 2009; 2012) support a Triassic
age for development of the Cape Fold Belt. Subsidence during the Permian pre-foreland basin
stage has been attributed to dynamic topography (mantle flow) associated with the subducting
plate, with variable foundering of basement blocks (Pysklywec and Mitrovica, 1999; Tankard et
al., 2009). A sedimentary source to the SW has been proposed, possibly near the Patagonian

Massif (Andersson et al., 2004; Van Lente, 2004; Vorster, 2013; Pangaro et al., 2016).

In the Laingsburg depocentre (Fig. 1), the Permian Lower Ecca Group comprises the Prince
Albert, Whitehill and Collingham formations, which record an overall deepening of the basin and
increasing siliciclastic supply during an icehouse to greenhouse transition (Johnson et al., 2006;
Scheffler et al., 2006; Linol et al., 2016). The overlying upper Ecca Group comprises a 1800 m-
thick progradational succession from basin-plain deposits (Vischkuil Formation; van der Merwe
et al., 2009; 2010; 2011) and basin-floor fans (Units A-B, Laingsburg Formation; Sixsmith et al.,
2004; Flint et al., 2011), through a channelized submarine slope (Units C-G; Fort Brown
Formation; Grecula et al., 2003; van der Merwe et al., 2014; Brooks et al., 2018b) to shelf-edge

and shelf deltas (Waterford Formation; Jones et al., 2015; Poyatos-Moré et al., 2016) (
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@). Regional palaeoflow is towards the NE and E throughout the succession with the main
sediment entry point located to the SW (Flint et al., 2011; van der Merwe et al., 2014), although
the time-equivalent up-dip depositional systems were eroded during the formation of the Cape
Fold Belt. The Ecca Group is conformably overlain by the fluvial/non-marine succession of the

Beaufort Group (Rubidge et al., 2000; Gulliford et al., 2014; Wilson et al., 2014).

Dataset and methods

This outcrop study focuses on characterizing Unit G, the youngest unit of the Fort Brown
Formation, and its relationships with its underlying and overlying stratigraphy. Unit G is exposed
along the limbs of post-depositional folds with W-E trending axes in the Laingsburg depocentre,

across a ca. 1200 km? area (

m). The stratigraphic position of Unit G is well constrained by regionally mapped underlying
deep-water slope to basin-floor systems and overlying shelf and deltaic deposits (Fig. 2). The
fieldwork dataset includes 23 detailed sections measured at cm-scale to characterize the range
of sedimentary facies and facies associations (Table 1), supported by 152 thickness logs for Unit

G from previous work (

@) (Figueiredo et al., 2010; Flint et al., 2011; van der Merwe et al., 2014; Jones et al., 2015).
A correlation framework established by walking out stratigraphic surfaces between sections was
used to build thickness and facies maps over tens of kilometres in depositional dip and strike.
Thickness distribution maps were created by fitting a surface to values obtained from logged
sections using the kriging tool within the ArcGIS® Geostatistical Wizard. By combining these
maps with sedimentary and stratigraphic information, a palaeogeographic reconstruction
representing the gross depositional environments of Unit G was built. This is further
complemented by restored palaeocurrent data from 236 measurements of cross-bedding

foresets, ripple cross-lamination, primary current lineation, basal tool marks and erosion surface
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orientations. These data are also supported by c. 50 km of oblique helicopter-based and UAV

photography.

Facies and facies associations

Table 1 summarizes a process-based facies scheme, which includes 21 lithofacies, with a
description and interpretation of lithology, grain size, sedimentary structures, bed thickness and
boundaries and geometries. These lithofacies stack in different facies associations (Table 2),
which are used to characterize architectural elements and their interpreted environments of
deposition. Because of its stratigraphic position, Unit G includes both shallow and deep water

facies associations.

Map data

Palaeocurrent analysis

Figure 3A shows palaeocurrent data for Unit G. Most of the unidirectional data are consistent
with the long term depositional dip direction to the E and ENE in underlying (Flint et al., 2011,
van der Merwe et al., 2014) and overlying (Jones et al., 2015; Poyatos-Moré et al., 2016) strata.
The spread of current directions is higher in the most proximal south-western exposures, and is
related to either multiple sediment entry points or redistribution processes. The bidirectional
data are from symmetrical ripples restricted to the SW of the study area, and have a NE-SW
azimuth, which is consistent with a NW-SE orientation of the basin margin, almost perpendicular

to the orientation of wave reworking.

Thickness analysis

Figures 3B, C and D show the thickness distribution of the stratigraphic package between top

Unit F and base Unit G (Fig. 3B), Unit G (Fig. 3C), and from top Unit G to the top of the second
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shallow marine parasequence (WfC 2) of the Waterford Formation (Fig. 3D; Jones et al., 2013;
2015). These packages were chosen to be plotted due to their good stratigraphic control, and
because they show thickness information from below and above Unit G.

The mudstone-dominated package between top Unit F and base Unit G shows a relatively
constant basinward (eastward) thinning (ca. 120-20 m; Fig. 3B). The overall wedge-shaped
thickness distribution of this package is taken to record the slope physiography prior to
deposition of Unit G. The thickness map of Unit G shows an initial abrupt eastward thickening
(only seen in the SW) followed by an overall thinning trend that is disrupted in the central
northern area by a “thick” (Fig. 3C). This thicker area is located slightly up-dip of a N-S oriented
thick in the underlying Unit F to G mudstone (Fig. 3B). The mudstone-dominated package
between top Unit G and top WfC 2 shows an eastward thickening in the westerly up-dip area
(Fig. 3D), to a thickness maximum of ca. 180 m, followed by an eastward (basinward) thinning.
The basinward thickening-then-thinning pattern observed in both Unit G and the mudstone
package between Unit G and WfC 2 is evidence of two clinothem topset-foreset-bottomset
geometries, with the inferred location of the respective clinoform rollover zones landward of
the thickness maximum. The mudstone thickness maps (Fig. 3B, 3D) also provide evidence for
the progradation of successive, mud-dominated clinothems between Unit F and WfC 2. This is
evidenced by the location of the clinoform rollover, which in Unit G is to the SW of the study

area, whereas by WfC 2 time the shelf had prograded by at least 20 km.

Architecture and facies distribution of Unit G

The stratigraphic architecture of Unit G is reconstructed using three depositional dip-orientated
correlation panels, from south (A) to north (C; Fig. 4), which also illustrate the depositional strike
variability. Previous work in the underlying/overlying stratigraphy has established recognition
criteria to place each studied section within a basin margin position based on geometry,

depositional architecture, sedimentary processes and resulting deposits (e.g. Jones et al., 2013;
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Brooks et al., 2018a). These criteria are combined here with the map data and used to divide
Unit G into three spatial segments: proximal (topset), intermediate (foreset) and distal
(bottomset), separated by the shelf-edge rollover (SERZ) and base-of-slope (BOSZ) zones. A
similar topset-foreset-bottomset nomenclature has been employed for clinothems of similar
scale that developed above deep shelves (e.g., Anell et al., 2014; Patruno et al., 2015; Hodgson
et al., 2018; Pellegrini et al., 2018) or in lakes (e.g., Fongngern et al., 2016; 2018), and are also
comparable in scale to other systems where topsets are referred to as the shelf, foresets as the

slope, and bottomsets as the basin floor (e.g., Carvajal et al., 2009).

Proximal (topset) segment

Description

Between the BS1 and BS3 localities in the SW of the study area (Figs. 1, 4) Unit G is separated by
ca. 100 m of regional mudstone (Fal facies, Table 1) from the underlying Unit F. Here, Unit G is
32 m-thick and is overlain by a regional ca. 30 m-thick mudstone package and the distal prodelta
facies of the lowermost deltaic parasequence (WfC 1, Jones et al., 2015). Unit G is divided into
three sub-units (G1, G2, G3; Fig. 5) each of which is topped by m-thick fine siltstone-dominated
sections of regional extent (Fa2). In the BS2 locality, sub-unit G1 comprises a 2 m-thick, upward
coarsening, heterolithic package (Fa4 to Fa5) that is cut by a shallow, sandstone-filled erosion
surface that can be mapped for several hundreds of metres before it pinches out to the east of
BS1 and to the west of BS3. The surface is overlain by a mudstone clast conglomerate (Fal7; Fig.
5), and the fill comprises very fine- to fine-grained structureless sandstone (Fa6), cross-bedded
sandstone (Fa7), and mud-clast rich horizons (Fal7). An overlying 8 m-thick fining- and thinning-
upward section of thin beds (Fa5 to Fa4) is capped by a 0.5 m siltstone (Fa2).

The base of sub-unit G2 is marked by a 0.4 m-thick poorly sorted muddy sandstone bed (Fa21)
(Fig. 5). The overlying succession comprises heterolithic deposits (Fa4, Fa5), abruptly overlain by

a 2 m-thick coarsening- and thickening-upward package characterised by several 5-15 cm-thick
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sandstone beds with hummocky cross stratification (Fal3). The upper two thirds of sub-unit G2
comprise ca. 10 m of fining- and thinning-upward thin beds (Fa5 to Fa4) with wave-modified
current-ripple-laminated sandstones (Fal2) punctuated by 10 cm-thick climbing ripple
laminated sandstone beds (Fal4). Sub-unit G2 is capped by a regionally mapped siltstone (Fa2)
(Fig. 5).

Sub-unit G3 in the BS1 to BS3 localities is marked by an overall increase in grain size, bed
thickness and amalgamation, and sandstone content (Fig. 5). Sandstones are poorly sorted and
have a characteristic light brown colour, with common mud-filled burrows. G3 sandstones have
poorly preserved bedding and generally lack primary sedimentary structures. The top of sub-
unit G3 in this proximal setting is marked by an abrupt transition into the overlying mudstone

(Fal) (Fig. 5), and is characterized by abundant vertical burrowing and reddish staining.

Interpretation

The presence of incision surfaces at the base of Unit G mantled by mudstone clast
conglomerates (Fig. 5B) is consistent with several phases of erosion and sediment-bypass,
forming a lag deposit. The overlying fining- and thinning-upward heterolithic section of sub-unit
G1 (Fig. 5A) either represents a landward stepping due to transgression and increased
accommodation, or the final infill of a deeper incision (see Gomis-Cartesio et al., 2018). The
presence of hummocky-cross stratification in sub-unit G2 (Fig. 5C) indicates deposition above
storm wave base and the absence of sediment bypass indicators suggests a setting that
transitioned from bypass to accretion-dominated. The regional siltstone capping sub-unit G2 is
interpreted as containing a flooding surface (Fig. 5A, ca. 25 m). Sub-unit G3 is interpreted as
progradational, sand-prone, wave/storm-influenced distal mouth bar/lower shoreface deposits.
Here, Unit G is interpreted as deposited in a shallow-marine shelf/topset setting (Fig. 5D),

representing the most proximal facies observed. The highly bioturbated top of Unit G is
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interpreted to mark a major transgression and deepening prior to deposition of a thick

hemipelagic mudstone unit (Figs. 2, 5D).

Intermediate (upper foreset) segment - southern area

Description

Down-dip (eastward) of locality BS3, there is a pronounced facies change, and Unit G is much
thicker here than in the more up-dip exposures (Figs. 3C, 4A). Facies are typified by the BN2
locality, where Unit G is 27 m-thick, and has an overall symmetrical vertical profile (coarsening-
and thickening- then fining- and thinning-upward, Fig. 6F) with two internal siltstones that mark
the subdivision into G1, G2 and G3 (Fig. 6E). The base of sub-unit G1 is marked by a 0.3 m-thick
laminated siltstone (Fa2, Table 1) overlain by a sharp-topped 2.5 m-thick, heterolithic
coarsening- and thickening-upward package (Fa4 to Fa5) dominated by 2-5 cm-thick
unidirectional ripple-laminated silty sandstone beds (Fall). A 1 m-thick laminated siltstone (Fa2)
and a muddy unit with siderite concretions (Fal) separates sub-unit G1 and G2. The lower 6 m
of sub-unit G2 coarsens- and thickens-upward and comprises heterolithic deposits (Fa5) and
unidirectional ripple laminated sandstones (Fall), overlain by thicker climbing ripple dominated
sandstones (Fal4) (Fig. 6A). The top of sub-unit G2 is sharp and overlain by a 0.4 m-thick
laminated siltstone (Fa2) with a basal concretion-rich horizon (Fal). Sub-unit G3 (22 m-thick)
consists of fining- and thinning-upward thin bedded, unidirectional ripple and stoss-side
preserved climbing ripple-laminated sandstones and siltstones (Fa5, Fall, Fal4, Fig. 6G). Thicker
beds (5—-10 cm-thick) have a characteristic inverse to normal grading (Fa9). The lower inverse
graded division is cut and overlain by a strongly unidirectional or climbing ripple laminated
coarse-grained sandstone that fines and thins upward into a capping bioturbated siltstone (Fa2)

(Fig. 6H).
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Interpretation

The coarsening- and thickening- then fining- and thinning-upward trend of Unit G is interpreted
to represent progradation followed by retrogradation of the system (Fig. 6E). The significant
thickening combined from the west of this location with a change from an asymmetric to a more
symmetrical profile are consistent with a basinward increase in accommodation. The intensive
basal scouring and erosion in the more proximal (west) localities is no longer present and Unit
G in intermediate localities has a more accretionary style of deposition. These changes are
interpreted to be consistent with a position close to the shelf-edge, and are also associated with
a change in the dominant process regime. The presence of lenticular bedded sandstones with
strong unidirectional, climbing and stoss-side preserved ripple lamination and the absence of
wave reworking (symmetrical ripples, HCS and SCS) suggests rapid deceleration of flows
escaping confinement or expanding onto an upper slope setting, below storm wave base. The
“composite” internal architecture of many of the beds (Fig. 6A) (inverse to normal grading and
internal erosional surfaces) is considered to represent frequent sediment bypass and a potential
direct linkage to the fluvial feeder system, and are therefore interpreted as hyperpycnal flow
deposits (Mulder et al., 2003; Plink-Bjérklund and Steel., 2004; Bhattacharya and MacEachern,

2009; Zavala et al., 2011, Dixon et al., 2012a).

Intermediate (upper foreset) segment - northern areas

Description

Intermediate localities of Unit G in the north of the study area (Figs. 4C, 6A) retain a similar
threefold internal sub-division, and the overall coarsening- and thickening-upward then fining-
then thinning-upward profile. The FB2 log represents the type locality for the intermediate
northern area (Fig. 6A). Sub-unit G1 here is characterized by a 2-m thick coarsening- and
thickening-upward package of heterolithic thin beds (Fa4 to Fa5, Table 1), cut by small

sandstone-filled erosive features up to 3 m-wide and 0.5 m-deep. This is overlain by a section of
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sigmoidal bedded sandstones (4 m-thick, Fig. 6C) with stoss-side preserved climbing ripple
lamination (Fal5), capped by a 2 m-thick package of heterolithic thin beds (Fa5) and a 1 m-thick
siltstone with siderite concretions (Fal), which marks the boundary between sub-unit G1 and
G2 (Fig. 6A).

The base of sub-unit G2 is marked by two 2 m-thick fining- and thinning-upward heterolithic
packages (Fa5 to Fa4), which are overlain by a 13 m-thick coarsening- and thickening-upward
section of heterolithic (Fa5) and thin bedded sandstones dominated by unidirectional ripple
lamination (Fall). Sub-unit G2 is capped by a 0.5 m-thick folded unit (Fal9), and a 2 m-thick
laminated siltstone (Fa2). Sub-unit G3 comprises a lower coarsening- and thickening-upward
heterolithic package (Fa4 to Fa5; 3 m-thick) overlain by a 2 m-thick deformed deposit comprising
undulating and contorted heterolithic facies (Fa19), and a 13 m-thick upper section that fines-
and thins-upward into the overlying mudstone (Fa2).

Exposures along the Zoutkloof/Faberskraal panel (Figs. 1, 4C) indicate that Unit G thins markedly
over 18 km from its thickest position at FB1 (Zoutkloof River; 85 m-thick) to the FB5 locality (6
m-thick; Figs. 3C, 4C). The three-part division, as seen in Fig. 6E, is identified at most localities.
Elsewhere in the western localities, sub-unit G1 is characterized by sigmoidal sandstone beds
with internal stoss-side preserved climbing ripple laminations (Fal5). Typically, the basal surface
of Unit G is gradational from the underlying mudstone (Fig. 6A). However, in the FB4 log the
base is marked by small, sand-filled erosive scours (Fal6, Fig. 6B) that cut into the underlying
mudstone (Fal). These erosive features are sharp-topped, highly discontinuous and pinch out

abruptly (laterally) into background mudstone.

Interpretation
Unit G in the north of the study area displays an overall similar symmetrical vertical profile to
the south, but it shows major differences in both thickness trends and facies (Fig. 4C). The lower

part (sub-unit G1) is dominated by interbedded, strongly unidirectional, stoss-side preserved
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climbing ripple-laminated sandstone (Fal4 and Fal5). Deposits show no evidence for wave
reworking, which suggests rapid deposition of unconfined flows below storm wave base,
consistent with an upper slope setting. The stoss-side preserved climbing ripple lamination
observed in sub-unit G1 is similar to that described for external levee facies in the underlying
deep water slope units (Morris et al., 2014). The presence of erosive features around the FB4
locality are also consistent with local sediment bypass and gullying. The westernmost exposures
of Unit G in the northern areas show an upper slope system dominated by instability and mass-
wasting processes, with debrites infilling erosion surfaces, slump scars and associated deformed
strata. These coupled with the relatively more abrupt thickness decrease point towards the

presence of a steeper, northern margin.

Intermediate (lower foreset) segment

Description

In the south, Unit G has been mapped for 40 km along the Baviaans South Panel (Fig. 1), where
it thins down depositional dip from 63 m (BS4) to <1m in the most distal locality (BS8) (Fig. 4A).
On the Baviaans North Panel (Fig. 1), Unit G can be also correlated for about 35 km down dip,
where it thins from 48 m (BN1) to 3 m (BN5) (Fig. 4B). However, in the north of the study area,
Unit G does not display a simple basinward thinning. From a maximum thickness of 85 m in FB1,
it thins to 6 m over a dip length of 20 km at the FB5 locality, where it comprises only two
heterolithic packages separated by a 0.45 m-thick intra-unit mudstone (Fig. 4C). Basinward of
this position (FB6), the base of Unit G is marked by a 10 m-thick, erosive-based amalgamated
sandstone-dominated package (Fig. 7), which comprises structureless, normally-graded fine to
medium-grained sandstones (Fa6 and Fa8) (Fig. 7A). Numerous erosion surfaces mantled with
mudstone clasts (Fal7) (Fig. 7C, D) cut down into the underlying mudstone with a relief of up to
5 m (Fig. 7C). Flute marks are common and indicate E- to NE-directed flows (Fig. 3A). The top of

the lower sand-dominated section is characterized by an abrupt transition into 1 m-thick
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laminated siltstone dominated facies (Fa3) cut by up to 0.3 m-deep sandstone-filled erosive
scours (Fal6) (Fig. 7E). This laminated siltstone is overlain by a 13 m-thick coarsening- and
thickening-upward package of heterolithic facies (Fa4 to Fa5), which fines- and thins-upward
abruptly into the overlying mudstone (Fal) (Fig. 7A). Lack of exposure between FB5, where the
three subdivisions of Unit G are still clearly visible, and FB6 precludes the correlation of internal
divisions (Fig. 4C). Therefore, the relationship between the amalgamated sandstone unit and
the up-dip heterolithic subdivisions of Unit G observed at FB5 remains poorly constrained. The
lower sandstone-dominated package is mappable for ca. 1.5 km down dip (east), where it thins
abruptly. Farther east, Unit G is only represented by a siltstone-dominated interbedded package

(Fa4) in the FB7 locality (Fig. 4C).

Interpretation

The overall coarsening-upward profile of Unit G in distal localities is interpreted as the fine-
grained expression of a lower clinothem foreset in a slope setting. However, in the Faberskraal-
Zoutkloof profile (Fig. 4C), the m-scale erosive-based fine to medium-grained sandstone
packages with mudstone clast-rich horizons at the base of Unit G shows evidence of recurrent
sediment bypass. These lower erosive beds are sharp-topped, highly discontinuous and tend to
pass abruptly into the background siltstone-dominated sediments (Fig. 7E). They are interpreted
as sand-rich intraslope deposits in a bypass dominated part of the slope (Spychala et al., 2015;

Brooks et al., 2018b), and are overlain by heterolithic lower foreset deposits of sub-unit G3.

Distal (bottomset) segment

Description
Unit G in distal settings is usually characterized by a thin coarsening- and thickening-upward

package of siltstone-prone bioturbated thin beds (Fa4), which fine and thin down dip into the
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mudstone-dominated background sedimentation (Fal). However, in the easternmost (most
distal) locality in the northern Zoutkloof/Faberskraal panel (FBS, Fig. 4C), Unit G shows an abrupt
basal transition from the underlying mudstones (Fal) into a ca. 10 m thick sandstone-dominated
package (Fig. 8). Commonly, this sharp and erosive contact is accompanied by underlying
discordant sandstones with lineations on top and base surfaces, interpreted as clastic injectites
(Fal18; see Cobain et al., 2015) (Fig. 8B, C). The basal sandstone package is composed of several
discrete erosive-based, clean and structureless fine-grained sandstone beds (Fa6), with a sub-
tabular geometry (although with common erosional and/or amalgamation surfaces),
interbedded with muddy debrites (Fa20) and hybrid event beds (Fa21) (Fig. 8D). They are
abruptly overlain by a silt-rich, heterolithic and moderately bioturbated upper package (Fa4)

(Fig. 8A).

Interpretation

The progressive down dip thinning of Unit G towards the eastern part of the
Zoutkloof/Faberskraal syncline suggests a lower foreset-to-bottomset geometry. This thickness
trend combined with the sandstone-dominated deposits at the FB8 locality is interpreted to
represent proximal basin-floor lobe deposits at the clinoform base-of-slope. Their relatively
sharp tops may suggest avulsion-driven lobe abandonment (Prélat and Hodgson, 2013), or
sediment bypass (Stevenson et al., 2015). The overlying siltstone-prone thin beds are
interpreted as the distal clinoform toes of the upper coarsening and thickening-upward subunits
of Unit G, better developed in positions upslope. Injectites are commonly associated with abrupt

up-dip pinchouts in basin-floor settings (Cobain et al., 2017).

Palaeogeography of Unit G

Integration of thickness patterns, palaeocurrent trends and facies distributions constrain the

palaeogeographic configuration of Unit G (Fig. 9). The location of the shelf-edge in Unit G
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separates the gullied shallow marine topset facies exposed between BS1 to BS3 (Figs. 4, 5) from
the hyperpycnal foreset deposits of BN2/BS4 (Figs. 4, 6). Unit G is predominantly composed of
heterolithic prodelta deposits distributed along a NW-SE trending shelf-edge rollover zone (Fig.
3C), with wave-reworked shelf/topset distal shoreface deposits in the south-western corner of
the Laingsburg depocentre (Fig. 9). In the foreset segment, Unit G shows a significant strike
variability, with a simple basinward clinoform thinning in the south (Fig. 4A) and a more complex
configuration in the north (Fig. 4C). Here, slumps and erosional features are present in the west
(up-dip), and two ‘thicks’ (Fig. 3C) coincide with basal sandstone packages in the FB6 and FB8
localities (Figs. 4C, 7, 8). The thickening of Unit G at FB6 is coincident with a zone of thinning of
the mudstone package between top Unit F and base Unit G (Fig. 3C), suggesting that underlying
seabed topography played a significant role in the location of intraslope sandstone-dominated
packages, as also described for the underlying units (Spychala et al., 2015; Brooks et al., 2018b).
The abrupt top of the intraslope sandstone body suggests that the feeder system might have
abruptly propagated basinward lateral to this area when the available accommodation was
filled, to feed a proximal basin-floor fan beyond the base-of-slope near the FB8 locality (Figs. 4C,

8).

Discussion

Basin-fill evolution

A regional-scale dip-parallel correlation panel (2 km-thick, 50 km-long) flattened on the top of
Waterford parasequence WfC8 of Jones et al. (2015), shows the stratigraphic architecture of the
Laingsburg depocentre succession (Fig. 10A), and highlights the asymmetric geometry of the
basin-fill. Above the basal Collingham Formation, which has a constant thickness at the scale of
the depocentre (Viljoen, 1994), interbedded basinal mudstone and mass-transport deposits of
the Vischkuil Formation show a constant eastward (basinward) decrease in overall thickness,

from 380 to 150 m (van der Merwe et al., 2009). This thinning trend is also present in the
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overlying sandstone-rich basin floor fan deposits of Units A and B, accompanied by a progressive
down dip facies change from proximal (west) to distal (east) (Grecula et al., 2003; Sixsmith et al.,
2004; Flint et al., 2011; Brunt et al., 2013a, b). The overlying slope deposits of Units C to F also
thin towards the east from slope valley-fills through channel-levee deposits to basin floor lobe
complexes (Grecula et al., 2003; Flint et al., 2011; van der Merwe et al., 2014). Over time the
slope system progressed from the progradational sand-attached systems of Units C and D to
relatively fixed sand-detached systems with well-preserved channel-lobe transition zones in
Units E and F (van der Merwe et al., 2014; Brooks et al., 2018a). The regional mudstone-rich
packages between the deep-water units also thin basinward, resulting in a marked wedge-
shaped geometry (Fig. 10A). Thus, the Vischkuil Formation to Unit F succession shows a
persistent area of sediment accumulation in the western part of the Laingsburg depocentre
through time, which influenced sediment distribution through the continued generation of
subtle seabed topography during deposition of the deep water units (Brooks et al., 2018b, see
also Fig. 3B).

Unit G itself marks a major transition in the stratigraphic arrangement of the basin fill. The
mudstone package between units F and G is the youngest unit to record a thicker accumulation
in the western part of the depocentre (Fig. 3D), although its wedge geometry is more
pronounced than in the underlying units, with eastward thinning from >100 m to a few tens of
metres over <50 km (Fig. 3D, 10B). Above this, Unit G displays an overall basinward thickening
then thinning clinothem geometry from proximal (west) to distal (east), punctuated by local
sand-filled intraslope topography in the north (Figs. 3C, 4C, 9). The younger mudstone package
that separates Unit G from the overlying stratigraphy records a clear eastward step in its thickest
development (Fig. 3B) and is overlain by the progradationally stacked seaward-dipping WfC1-8
clinothems of the Waterford Formation (Jones et al., 2015; Fig. 10B). Differential thickness
distribution of Unit G across strike, with more accommodation towards the northern part of the

depocentre (Fig. 3C), is a possible control on the overall steeper gradient and increased sediment
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bypass, as has also been reported in the overlying Waterford Formation parasequences (Jones

et al., 2015).

Linking deep- and shallow-water sequences

Using the same criteria as for earlier studies on underlying units E and F (Flint et al., 2011), the
presence of two regional internal fine siltstones suggest that Unit G can be interpreted as a
lowstand sequence set comprising 3 internal depositional sequences, which can be identified in
most locations (Fig. 4). At a larger scale, Unit G, the regional overlying mudstone and the lower
part of the Waterford Formation are interpreted as a composite sequence set (Flint et al., 2011;
Jones et al., 2015).

Internally, depositional sequences within Unit G preserve sandy highstand shelf deposits in the
southern up-dip area, with slope thin-beds and overall basin floor lowstand fine-grained
deposits. However, the widespread evidence for erosion and indicators of sediment bypass in
the shelf segment suggest limited accommodation conditions. Along strike to the north, where
the coeval foreset to bottomset stratigraphy of the clinothem is exposed, Unit G exhibits sand-
rich lowstand deposits, either healing intraslope topography or beyond the clinoform base-of-
slope. This lateral variability in the expression of systems tracts and nature of bounding surfaces
has been highlighted in other studies (e.g., Martinsen and Helland-Hansen, 1995; Burgess and
Prince, 2015), but rarely documented in exhumed clinothem successions (e.g. Laugier and Plink-
Bjorklund, 2016). In the Karoo Basin margin succession, this along-strike variability is inherited
from the underlying units, persists through the whole deep-water stratigraphy (Brooks et al.,
2018b) and is also observed in overlying shelf units (Jones et al., 2015). This variability has
different expressions and controls in different depositional environments. In the underlying
deep-water section, it marked by the south to north switch of the main feeder system, between
Unit D and Unit E (Figueiredo et al., 2010). In Unit G, the variability is expressed in terms of slope

gradient and morphology, with intraslope lobes and basin-floor fan deposits restricted to the
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north (Figs. 4C, 9). In the overlying shelf deposits, the along-strike variability is marked by
changes in the dominant process regime, with more river-dominated deltas to the north and
lateral variability in rate of progradation, shelf width and distribution of sand on the upper slope
(Jones et al., 2015).

Unit G marks a change in the arrangement of depositional sequences within the basin-fill (Fig.
11A). In the deep-water succession, depositional sequences are characterised by mappable
erosional sequence boundaries on the slope and thick sand-prone LST deposits on the basin-
floor, overlain by a thin and muddy combined TST/HST (Flint et al., 2011). These depositional
sequences underlying Unit G contrast with the almost absent LST, thin TST and thick HST
dominated sequences in the overlying Waterford Formation, together with the absence of
evidence for subaerial exposure, shelf-incised valley-fills, or clear sequence boundaries (Jones
etal.,, 2013, 2015) (Fig. 11B). HST deposits in deep-marine sequences are recorded by sand-poor
interfan mudstones, suggesting absence of significant sand delivery or that sufficient shelf
accommodation must have existed to sequester most of the sand component (e.g., Porebski and
Steel, 2006). Although the coeval up-dip part of the underlying deep-water sequences is now
absent through later uplift and erosion, their highstand deltas could have backstepped to inner
shelf positions, leaving temporary conditions of mudstone-dominated shelf margins (see
Poyatos-Moré et al., 2016). This contrasts with the overlying highstand deltas during the
Waterford Formation times, which repeatedly reached shelf-edge positions, but accreted most
of the sand fraction on the shelf, suggesting that a significant change occurred in the Karoo Basin

margin style over time.

From erosion- to accretion-dominated margin style
The change in basin margin style, from erosion- to accretion-dominated, was fundamental in
controlling where sand was partitioned over time within the Laingsburg depocentre. Figure 12A

is a schematic representation of our understanding of the changing Karoo Basin margin
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configuration. The time-equivalent up-dip configuration is unknown during the deep-water
phase, due to later uplift and erosional removal of the time equivalent shelf and continental
stratigraphy. However, we interpret that the early margin had a relatively fixed position and
entry point of sediment, perhaps controlled by the underlying basement block configuration
(Tankard et al., 2009) and resembled the bypass-dominated fixed margin model of Hadler-
Jacobsen et al. (2005). Results of this and previous work suggest that this configuration evolved
to a more linear sourced, progradational margin style over time (Fig. 12A, see also Jones et al.,
2015 and Poyatos-Moré et al., 2016).

A similar change in the nature of the basin margin, from erosion/bypass-dominated to accretion-
dominated, was also suggested by Wild et al. (2009) for the equivalent slope to shelf succession
in the adjacent Tanqua depocentre, and by Ryan et al. (2009), in the Porcupine Basin, offshore
Ireland. In both cases, during the late progradational margin style, or accretion-dominated
phase of the basin-fill, a subsiding shelf was able to accommodate all the sand, which suggests
sediment supply broadly kept pace with accommodation generation. However, in the Laingsburg
depocentre, increased subsidence in the shelf area and relatively constant sediment supply
cannot account for the change from an erosion- to accretion-dominated margin, as under these
conditions the basin margin should have remained underfilled. Accretion needed to be
enhanced by progressive shallowing of the clinoform slope (both in gradient and depth), which
reduced the amount of incision on the slope and sediment bypass to the basin-floor (Fongngern
et al., 2016). This is consistent with the overall upward reduction in clinothem thickness in the
upper Waterford Formation, and the absence of major conduits on the coeval slope (Poyatos-
More et al., 2016) (Figs. 10, 12A).

Regional correlations show the Laingsburg depocentre displays a highly asymmetric sedimentary
fill (Fig. 10), indicating a differential subsidence pattern (greater in the W-SW, less in the E-NE),
particularly in the deep-water stratigraphy (van der Merwe et al., 2014; Brooks et al., 2018b).

These areas of greater subsidence were infilled by progressively lower gradient clinothems as

FOR REVIEW PURPOSES ONLY

Page 20 of 51



Page 21 of 51

oNOYTULT D WN =

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

Basin Research

sedimentation outpaced subsidence. The differential subsidence in the early basin fill may have
been related to the configuration of pre-existing basement fault blocks (Tankard et al., 2012).
However, the subsidence responsible for the increased accumulation of sand on the shelf during
the later accretion-dominated phase could also be related to initiation of flexural loading, as the
Karoo Basin transitioned into its well documented retro-arc foreland basin setting (De Wit and

Ransome, 1992; Veevers et al., 1994; Lépez-Gamundi and Rossello, 1998).

Comparison with other basin margin studies

The shelf-edge rollover trajectory and clinoform architecture of the Laingsburg basin margin
(Figs. 10, 12A) shows a progressive upward decrease in clinoform slope and length, and an
associated change from strongly progradational to aggradational style. This pattern has been
also described in the Porcupine Basin, offshore Ireland (Ryan et al., 2009), the mid-Norwegian
continental shelf (Bullimore et al., 2005), and the Magallanes Basin margin, Chile (Hubbard et
al., 2010; Daniels et al., 2017). The Miocene clinothems of the New Jersey margin (Mountain et
al., 2010; Miller, et al., 2013; Proust et al., 2018) also display similar trajectory and gradient
evolution, including flat progradational (like Unit G to WfC2), rising aggradational (like WfC 3-5),
and flat-to-falling progradational trajectory (like WfC 6-8) (Fig. 12A). However, in the New Jersey
example, the dominant process regime had a stronger control than clinoform rollover trajectory
on the character and quality of sand onto the foreset and bottomsets segments (Cosgrove et al.,
2018). A similar architecture to the Laingsburg depocentre, with an upward-shallowing
clinoform geometry and the progressive reduction of sand-rich deep-water systems over time,
is observed in cases like the Po River wedge in the Adriatic Sea (Pellegrini et al., 2018), the
southern margin of the Neuquén Basin (Loss et al., 2018), and in the Pannonian Basin fill (Leever
et al., 2011; Matenco & Andriessen, 2013) (Fig. 12). However, in these cases, the resulting
clinoform is due to progradation against confining basin topography, a condition not observed

in the present study (Fig. 12).
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Results of this work complement studies that have identified a close relationship between shelf-
edge trajectory, basin margin-scale stacking patterns and deep-water sedimentation styles (e.g.
Gong et al., 2015). We propose that differential subsidence and asymmetric basin physiography
can influence sediment pathways and styles of deep-water sedimentation through time, and
potentially limit the extent, height and gradient of basin margin clinothems, resulting in an
overall upward decrease in deep-water sediment delivery and increased accumulation of sand
on the shelf during an erosion-to-accretion transition. This study therefore emphasizes the
potential influence of inherited basement configuration and changing nature of basin margins

through time on clinothem geometry and resulting sediment distribution.

Conclusions

Unit G in the Laingsburg depocentre is a rare example of an exhumed seismic-scale basin margin
clinothem, preserving a >60 km long, complete shelf-slope-basin floor transition. A thin, sand-
rich, bypass-dominated and wave-influenced topset (shelf) segment is preserved in the south,
passing down-dip through the shelf edge rollover zone (SERZ) into a coeval thick and heterolithic
foreset (slope), which progressively thins and decreases in grain size into a sand-starved
bottomset (basin floor). Along strike, the foreset segment is steeper, dominated by erosive
processes and sediment bypass, and displays a marked stepped geometry, with a shallower zone
of intraslope sand deposition, and a preserved base-of-slope zone (BOSZ) with sand-rich
bottomset deposits.

Unit G is interpreted as part of a composite sequence that records a transition in the large-scale
stratigraphic arrangement, from sandstone-rich lowstand systems tract-dominated deep-water
sequences, to thicker, highstand systems tract-dominated shallow-marine sequences. This
change is related to the transition from an incisional shelf and slope to a younger, accretion-
dominated shelf, marking a major change in basin margin style through time. The inherited basin

configuration and physiographic evolution of the Karoo Basin margin fundamentally affected the
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bypass or storage of sediment, and the distribution of seabed topography influenced
significantly the along-strike variability of systems tracts and the resulting clinothem geometry.
This work demonstrates that mechanisms of sediment transfer and the nature of depositional
systems and sedimentary transition zones change through time and space during basin margin
evolution. Delivery of coarse clastic material to deep marine settings is not only controlled by
relative sea-level changes at or around the shelf-edge rollover zone, but can also be driven by
longer-term changes in basin margin physiography and slope angle. This cautions against the
use of analogue data from persistently progradational successions that do not account for the
influence of inherited basement configuration and changing nature of basin margins through
time on clinothem geometry and resulting sediment distribution, with potential implications in

predictive basin evolution models.
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Figure captions

Fig. 1. Location map of the study area in the Laingsburg depocentre, showing the outcrop belt
of the Fort Brown (dark grey) and Waterford (light grey) formations, and the different

stratigraphic sections included in this study.

Fig. 2. Regional stratigraphic correlation of the upper Ecca Group in the northern part of the
Laingsburg depocentre, showing the main stratigraphic units, from the basin-floor Collingham
Formation, to the top of the WfC8 parasequence in the shelf/deltaic deposits of the Waterford
Formation. Note the asymmetric thickness distribution of the deep-water units (Vischkuil
Formation to Unit F), and the effect of this on the geometry of the overlying seaward-dipping
and wedge-shaped units (Unit G to WfC8), associated with the progradation of basin margin
clinothems. SERZ = shelf edge rollover zone, CLTZ = channel-lobe transition zone, SOT =

shoreface-offshore transition deposits.

Fig. 3. (A) Palaeocurrent data from Unit G, showing consistency with E to ENE depositional dip
direction. (B) Thickness map of the mudstone package between top of Unit G and base of WfC2.
(C) Thickness map of Unit G. (D) Thickness map of the mudstone package between top of Unit F

and base of Unit G.

Fig. 4. Correlation fence-diagram of Unit G in the Laingsburg depocentre, reconstructed from
selected logs, showing the along-strike stratigraphic architecture and facies variability of Unit G,
from south to north. See the position of different panels in Figure 1. See Table 2 for further

information about facies associations.

Fig. 5. Detail of BS2 type locality showing facies associations and depositional features found in
topset (shelf) settings of Unit G. (A) BS2 log from the Baviaans South panel (see colour code in

Fig. 4). (B) Erosive sandstone filled bypass scours (base Unit G). (C) Wave ripples and hummocky
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cross-stratified sandstones formed above storm wave base. (D) Coarsening-upward lower

shoreface deposits (top Unit G).

Fig. 6. Detail of facies associations and depositional features found in intermediate upper foreset
(slope) type localities of Unit G in the southern (BN2 log) and northern (FB2 log) areas of the
Laingsburg depocentre. Unit G in intermediate settings differs significantly across depositional
strike. (A) FB2 log from the Baviaans North panel (see colour code in Fig. 4). (B) Sand-filled gulleys
with mudstone clast-rich erosive surfaces (FB4 locality). (C) Very fine sandstones/siltstones with
sigmoidal bedforms (FB2 locality). (D) Slumped heterolithic sandstone/siltstone deposits (FB1
locality). (E) BN2 log from the Zoutkloof/Faberskraal panel. (F) Coarsening to fining up log section
of Unit G beyond the SERZ (BS4 locality). (G) Inversely-to-normally graded beds with ripple cross
lamination (BS4 locality). (H) Polished hand speciment of bioturbated heterolithic deposits (BS4

locality).

Fig. 7. Detail of FB6 type locality showing facies associations and depositional features found in
the lower foreset (slope) of Unit G in the northern areas of the Laingsburg depocentre. (A) FB6
log from the Zoutkloof/Faberskraal panel (see colour code in Fig. 4). (B) UAV photo of Unit G at
the FB6 locality, with amalgamated erosive sandstones cutting into slope mudstones. (C) Highly
incisional erosive surface at the base of stacked-sandstone unit. (D) Mud-clast conglomerates
draping erosion and amalgamation surfaces. (E) Erosive, sharp top surface of sandstone unit

filled by thin-bedded heterolithics.

Fig. 8. Detail of FB8 type locality showing facies associations and depositional features found in
bottomset (basin) settings of Unit G in the northern areas of the Laingsburg depocentre. (A) FB8
log from the Zoutkloof/Faberskraal panel (see colour code in Fig. 4). (B) UAV photo of Unit G at
the FB8 locality, with erosive lobes cutting into basinal mudstones, with sand injections. (C)

Basin-floor lobe structureless sandstone. (D) Stacked hybrid-event beds.
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Fig. 9. Conceptual block diagram of Unit G, based on data observations, showing the complex
lateral variability between an accretion-dominated, shelf-edge rollover zone preserved in the
south, with a coeval thick and sandy foreset passing to a sand-starved bottomset, and a steeper,
erosion-dominated and stepped foreset in the north, with sandstone-filled intra-slope
topography and passing downslope to sand-rich basin floor fan deposits through a preserved

base-of-slope zone.

Fig. 10. A) Seismic-scale correlation panel of the Ecca Group (from Collingham Formation to
Waterford Formation) in the Laingsburg depocentre, reconstructed from integrating data from
this study with regional correlation panels from previous works (Flint et al., 2011; van der Merwe
et al., 2014; Jones et al., 2015). Field correlation horizons were recreated as well top surfaces in
PETREL. The succession is datumed on the flooding surface above the WfC8 parasequence (Jones
et al., 2015), and shows the spatial-temporal evolution of the basin fill and the position of
sedimentary transition zones (SERZ and BOSZ) through time. B) Overlap of top Unit F, top Unit
G and top WfC 8 surfaces, showing development of the seaward-dipping, wedge-shaped

mudstone packages between Units F and G and between Units G and WfC 1.

Fig. 11. A. Schematic representation of the long-term change from a bypass-dominated margin
with well-developed lowstand-dominated deep-water sequences, to an accretion-dominated
shelf, characterized by shallow marine deposits and thick highstand systems tract. B. Relative
thicknesses of systems tracts between the underlying deep-water sequences, Unit G, and the

overlying shallow-marine sequences.

Fig. 12. Comparison of the Karoo Basin margin with other published examples. A. Conceptual
diagram showing the evolution of the Karoo Basin margin style through time. Grey box
represents window of outcrop exposure. B) Seismic profile and C) line drawing of the late
Pleistocene Po River Lowstand Wedge (PRLW) in yellow, showing development of clinothems

within a confining basin configuration. D) Conceptual stratigraphic section of the PRLW. From
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Pellegrini et al. (2018). E) Interpreted seismic profile of the Jurassic Cuyo Group clinothems in
the southern margin of the Neuquén Basin (Loss et al., 2018). F) Synthetic numerical modelling
of the clinoform succession of the Panonian Basin (Leveer et al., 2011). Note the similarity with
the evolution proposed for the Karoo Basin margin with limited early topset accommodation,
continual bottomset aggradation, progressive shallowing and resulting increase in shelf width

and decrease in basinward sand delivery.

Table 1. Unit G facies classification, description and interpretation of the main processes and

environments of deposition. For further information about facies associations see Table 2.

Table 2. Facies associations of Unit G, with the typical lithofacies found, and a summary of the

main characteristics. Same colour code as in Figure 4.
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1 LITHOFACIES STRUCTURES ::II)CKNESS BED BOUNDARIES OUTCROP THICKNESS/GEOMETRY | TRACES AND OTHER PROCESS INTERPRETATION FACIES ASSOCIATION
2
3 Normally
4 Fal Typically structureless. grada.tlonal, From 10 c.m t.o 10s m-th!ck. No bioturbation observed. . . .
. R occasionally sharp Gradual thinning down dip. . Hemipelagic suspension fallout and .
Structureless Little to no internal lcm-1m. . Concretionary nodules and ash . Py Basinal mudstone.
5
mudstone stratification bases. Sharp, Mappable laterally and down-dip beds rare dilute turbidity currents.
6 ’ occasionally for 10’s km. '
7 erosional tops.
g Normally
. gradational,
10 Fa2 Typlca.IIy structureless, occasionally sharp From 10s of cm to 10s of m-thick. . ) . .
Structureless to but thin coaser . L . Settling of fine grained fraction of .
11 . N S lcm-1m. and rare erosional Gradual thinning down dip. None. X A Basinal mudstone, prodelta.
thinly laminated laminations can be bases. Sharp Extensive (10s km) dilute turbidity currents.
::; siltstone observed. occasionally
erosional tops.
14
15 Fa3 Siltstone beds are <11 Dil idite fl ith peri ¢
Rhythmically structureless with 0 c'm, Gradational bases <5-20 m-thick. Difficult to follow llute turbidite wac' with periods o
16 ) R beds thin and None. shutdown and pelagic Channel (abandonment).
bedded siltstone occasional planar fine upwards and tops. for more than 1km at outcrop. sedimentation
17 and mudstone laminations. ’ '
18
19 Fad Very fine sandstones
X often structureless but Packages range from 10 m to >100 | Some areas can be intensely Dilute turbidite flows. Bioturbated Channel (margin), prodelta,
20 Siltstone-prone . <5-20cm. . . o - - ) . ; o
. also wavy, ripple and Gradational bases m-thick. Individual thin-beds bioturbated. Few erosion surfaces | intervals from periods between shoreface-offshore transition
interbedded . (>50% . . R .
21 parallel laminated. R and tops. traceable for up to 100 m. associated with bed dip changes events or changes in (SOT), degraded slope, levee,
sandstone and ) siltstones) X . .
22 siltstone Siltstones planar Packages traceable for up 10s km. | above. oxygen/nutrient. lobe off-axis, lobe fringe.
23 laminated.
24 Very fine sandstones
2 incl h | (axi i
5 Fa5 include V\./avy, ' o e e G e, Channel (axis, margin), delta
26 aggradational, planar, Gradational bases Packages up to 150 m in thickness. . . . front, shoreface, prodelta,
Sandstone-prone . L 2-15 cm. . L . . Aggradational facies, with some e
. current ripple, climbing Occasional sharp, Individual thin-beds traceable for | Erosion surfaces and . X shoreface-offshore transition
. () . .
27 interbedded (>50% erosion surfaces. The higher the
and stoss-side preserved non-erosive. Often up to 250 m. Packages traceable amalgamated contacts observed. (SOT), degraded slope, levee,
28 sandstone and L . sandstones) . sand content, the closer to the .
siltstone climbing ripple gradational tops. for up to 10s km laterally. feeder system channel-lobe transition zone,
29 lamination. Siltstones 4 ' lobe (off-axis, fringe).
30 planar laminated.
31
32 F Very fine to fine-grai h f
af» ery fine to |n.e grained. sharp based, often <1 m to amalgamated sections of ) ) Medium-to-high density flows Channel (axis), delta front,
33 Thick-bedded Normally massive. shows large degree . L Widespread amalgamation along . ) .
. . <10-200cm. . >30 m-thick. 100 — 400 m in width. ) escaping confinement and deposited | degraded slope, channel-lobe
34 structureless Occasional dewatering of erosion. Normally , ) erosive surfaces. . . " L .
. X 100’s m of down-dip extent. rapidly. High rate of deposition. transition zone, lobe (axis).
35 sandstone pipes and dishes. sharp tops.
36
37
38
39
40
41
42
43 FOR REVIEW PURPOSES ONLY
44
45
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Very fine to fine-grained.
Current and climbing
ripples common. Cross-

Common erosion surfaces

Medium-to-high density flows

Fa7 . Sharp bases. Range 5 - 200 cm, mostly 5 - 30 ) . e . ) . Channel (axis), degraded slope
beds up to 50 cm-high. P . 8 . o v associated with multidirectional escaping confinement and deposited (axis), g. K RE
Structured . 5-70 cm. Gradational tops, cm-thick. Individual beds . . R . X . channel-lobe transition zone,
Soft-sediment ) ) current ripple laminae. Little rapidly. Evidence of a high rate of . .
sandstone . commonly rippled. continuous for >100 m. X ; " lobe (axis, off-axis).
deformation and bioturbation. deposition.
mudstone drapes. Little
mud material.
Sharo or Packages are in the range of 2-4 m
Fa8 Very fine to fine-grained. P . thick. Individual beds tabular at Channel (axis, margin), delta
gradational, loaded . . . " . .
Normally-graded, | Structureless, parallel outcrop scale. Units amalgamate Amalgamation and dewatering Deposition from waning medium to | front, prodelta, shoreface-
. . 5-50cm. base. Sharp or K . . . I o .
moderate to well- | bedding, ripple . and display sheet or lenticular common. Mudclast-rich bases. low-density flow conditions. offshore transition, lobe (axis,
oo gradational top, . .
sorted sandstone | lamination. . bodies that extend 10s to 100s of off-axis).
commonly rippled. m
Packages are in the range of 2-4 m
Very fine to fine-grained. . g - &
Fa9 thick. Individual beds tabular at . .
Structureless or parallel . . Plant debris and mica, and . . T
Inverse to . . Sharp or gradational | outcrop scale. Units amalgamate X Waxing to waning flow deposition in | Delta front, prodelta,
bedding. Occasional 5-50cm. X . development of composite . . .
normally-graded rioole or climbing riople bases and tops. and display sheet or lenticular (waxing-waning) beds river-flood periods. shoreface-offshore transition.
sandstone pp' . & ripp bodies that extend 10s to 100s of & &
lamination.
m.
. Packages are in the range of 2 - 4
Sharp erosive base, X o A .
m thick. Individual beds tabular at | Parting lineation, mud clasts, . .
Fal0 ) . . usually loaded. . L . Late stage of rapid flow deposition .
Very fine to fine-grained. X outcrop scale. Units amalgamate oxidized organic matter and plant Channel (axis), delta front, lobe
Parallel-bedded 20 cm —>1 m. | Rarely gradational. X . A under upper phase plane bed .
Upper phase plane bed. . and display sheet or lenticular fragments observed in parallel . (axis).
sandstone Sharp erosive top, . . conditions.
) bodies that extend 10s to 100s of | laminae.
rarely gradational.
m.
Packages up to 3 m thick. .
Fall ) . : ‘g P Traction features developed under . .
e . Very fine-grained. . Individual beds tabular to R . Channel (axis, margin), delta
Unidirectional g . R Sharp erosive base . . lower flow regime conditions. K
L . Unidirectional ripple 10-50 cm. lenticular at outcrop scale. Units None. . R front, prodelta, lobe (axis, off-
ripple-laminated S and top. . Asymmetrical current ripples .
lamination. display a sheet to wedge geometry L . axis)
sandstone produced by unidirectional flows.
over 10s of m to several 100s m.
Bed bases are sharp.
Packages have
) X . > Packages up to 4 m thick. . . .
Fal2 Very fine to fine-grained. gradational bases. A 'g P . Alternating periods of rapid
; . Individual beds tabular to Well-sorted, rounded grains. . .
Wavy or wave Micro HCS, symmetrical Bed tops are sharp . . X o deposition and reworking by storm Shoreface, shoreface-offshore
. R . . 10-50 cm. . lenticular at outcrop scale. Units Common superimposition of h "
ripple-laminated ripple laminae, low angle to gradational. . . . and wave generated oscillatory transition.
s display a sheet to wedge geometry | interference ripples.
sandstone cross lamination. Packages generally currents.
R over 10s of m to several 100s m.
have gradational
tops.
Packages in the range of 2-4 m
) ] . thick. Locally occurring lenticular .
Fal3 Very fine to fine-grained. . X v . g Amalgamation common. Mud
Combined-flow Low angle, swaley and Gradational base. geometries with occasional scours; clasts, oxidized organic matter Migration of subaqueous bedforms
gle, 4 20 cm —1 m+. | Sharp erosive or pinching and swelling of beds. ! g 5 9 Shoreface.

cross-bedded
sandstone

hummocky cross-
stratification.

gradational top.

Units amalgamate and display
tabular sheet bodies that extend
10s to 100s of m.

and plant fragments observed in
the cross-sets.

affected by combined flows.
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1
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T ) ea
3 I‘;"m_bmg ripple- \C/Ery fine-grained. rch
4 minated rrent and/or | Pa
. i ow a ckage
sandstone climbing ripple nle Indi ges ub to 3 m thick
5 lami P 20-50 sh ividual b :
amination. cm. arp erosiv N eds tabular
6 and e bases lenticular at to
0 nd tops. can amalga outcrop scale. Units Locally with
mate a - with st
3 scale clinothems t:;"ttjls.pl;,\y delta | bedforms pres‘)eis and lee side of | Deposi
Fals Very fine-grai separate down di thinand terrigenou ved. High posited by unidi i
9 . grained L ip ove s content under | rectional
Sigmoidal Sigmoidal shapedA ateral extent is narro r (2 km. wave influence and fack of and/ r C;]Wer flow regime co C‘;Jrrents
10 sandsto bedfo w (< 6 km) i or high en nditions
ne rms. Stoss-sid Sharp b ) confin ergy flows exiti Channel (axi
11 preserved climbi € 2-30 ases. EMEnt ing fr is, margin), d
b : cm. Gradati Pac| ont, le , delta
1 lamination ing ripple adational tops, | thi kages <5-25 m thick. Indivi vee, lobe (axis, off-axi
2 : unis become fi in beds t . Individu , off-axis)
thi efiner |P raceable for +2 al | Aggradati
13 inner upwards ackages traceabl 50 m. < ional facies, with
. km | e for up t mall-scale e . , WIth some .
14 aterally. 010s | cutting2-1 rosion features Medium-to-high d
Fal6 Very fi ) -10cma escapi ensity fl
15 y fine sandsto width nd <50 cm i ping confi ows
ne . in ; inem
o |ooured sitstone often structureless ? Sharp or erosive e e o PO
and sandstone Siltstones planar ' uneven bases ' deposition. of a high rate of Levee, lob .
17 laminated. Soft sedi 2cm-12m sharp and erO'Siv(g Amal Bedded siltsto ylobe (@xds)
: 2m. i , a ne wi .
18 deformation com,~nlc|;nent irregular tops thickg mated packages 3-4 m and poorly sort:d\,\“~th lenticular
1 n. overlain b - overlyi silty sandst
y bypass Occurring i ying and cut ones
lags or thinl kms i ginareasupt surface by erosional
20 | . Y ms in width o several s. Scours ¢
21 aminated siltstone and length. asymmetric dow a(;\' be Erosi
: steeper he n dip with rosion by numero
22 sh len adwalls < 3- 1 ) turbidit us by-passi
th 1-3m i 5m y curr Ing
Fa17 Tight! arp and erosion length, 1-3 m in widt " ents. c
23 y packed mudst bases, no al in depth hand<1m hannel-lobe transiti
24 Mudclast clasts draping ero ->one plana;« rmally i ransition zone
[¢ s sive with lo :
25 onglomerate and czrfaces, From high topography c|al L
mudclast mantled ncentration clast MCMS one or to the subst elated dOCa| accumulations i
26 surfaces (MCMS) zupported to matrix two clasts erodability rate cepressionS 5-10 Cmntic'o;red Well-round
27 upported thick Ty : an drape th ~thick. . nded clast
: y e full wi s, <1-
28 conglomerates thi?mlcba;g/dove”ai” py | Channels (50-40L:JII W)Idth of (zj!)amemr' up to 20 lecz: o M
: ed bypass where inci m), exce ne gene . Clast-rich udcla
; ) nc pt rally pr sts deposi
29 :i‘(}les' Minimal MCMS Carl]sed by later erosion the base of Sanz sszrved at/"&ar Iag/drape_ Clapsisned as a channel
30 ickness means side of cha also drape downstrea and/or mud clast edsasMCMs | Seonder injects‘ can show
37 easily lost to nnel bars. m | Locally mediu conglomerate. clast congl ion. MCMS and m
Internally structurel erosion. present m sandstone depositeg/omerate ud | Channel (axis)
32 Fa very fine sand o b moved in tracti transition zone channel-lobe
18 B stone eath confi on n zone, (I
33 Injectite hounding surfaces S.h nfined flows. , (lobe axis).
ydroplastic ow
st Sub- .
34 due to erOSioanCtures <lcm-10s Ver thibkcentlmetre scale to 10
35 dyke/sill of the of m. y sharp bases ck. Dykes 2-25 cm wi s of m-
36 injecti walls during the and tops. exceptional 100’ m wide, with | Vi
jection process. penetrate m s m-wide. Can ery clean pale col Seismicity and rapi
37 Sills cm to to .105 of m-deep sandstones. Verti oured by overpressu a-pld fluid migration
38 Fal9 tra m-thick. Can be ! ptygmatic foldi ical dykes with rapid buri re into parent sa
F ceable for 100’s of of ho olding by compacti sedi rial or instability of nds,
39 olded and Dewaterin m. st mudstones ction iments. Fluidized s ydo overlying
mega g struct ) propa, an ch i
40 de gaclast and syn-sedime ores (bedd_gates through weakne hannel (axis), lobe (axi
4 posits faults ntary om ing planes and sses pinch out are Xis),
1 : -10s of m, | Gradational to sh surrounding siltst Ea s o %
42 bases a arp | Upto 10 Cla . one.
nd tops. fo 0’s of m-thick. Tr 'StS vary in scale fr Folded
43 ¢ up to several km aceable 10’s cm scale. Fract om small slide strata formed as sl
: dis - ured s remobilise pri umps a
44 bejgigr:egatEd at edges ;::m | Undergoingk:;::sf_lprlmary beddingnd
gIs ) a ctile A ;
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Fa20

Sharp bases, can be

Creates 10’s m-thick packages.

Two types: 1) Thick and sand-rich,
lower division (>50 cm-thick) with
mud clast layers, and poorly
sorted upper division with fine

Entrainment of mud clasts and fine-
grained sediment suppress
turbulence and produce high-
concentration to pseudo-laminar

Hybrid event bed Dewatering strl.Jctu.res, 20em - 1.5 erosive. Occurring in outcrop continuously | sand component. 2) Thin and silt- | flows. Bipartite beds form through Channel-lope trz?msmon L
(HEB’s) rare planar lamination m- Sharp tops. for several kilometres. rich, lower sandstone division deposition of the lower division from Iefbt (@liFegs, iinEe)

(<20 cm-thick), and poorly sorted | sand-rich turbidity currents with

upper division, with a minor fine ‘linked’ poorly sorted upper division

sand component. from co-genetic debris flow.

From 10s of cm to 10s of m-thick, | Organic-rich, grey coloured and High de.nS|ty coh(.eswe o
Normally structureless. typically thickening down-dip. crumbly weathered. Plant preserving .or.ganlc fragments. . .

Fa21 Can show dewatering 5 mm to Sharp bases and Limited by shape of containing fragments often in large Reduced friction effects of debris Channel (axis), delta front,
Debrite several m. tops. flows riding over de-watered sands degraded slope, lobe (fringe).

structures.

scour / bed topography or show
lateral extents of many kilometres.

proportion, and rise to top of
beds.

deposited by precursor turbidity
current.

Table 1. Unit G facies classification, description and interpretation of the main processes and environments of deposition. For further information about facies associations

see Table 2.
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1 FACIES
! ASSOCIATION TYPYCAL LITHOFACIES MAIN CHARACTERISTICS
3 10’s of m-thick fine-grai i i i i
grained packages separating coarser-grained units, found above flooding surfaces. Clastic starved
4 Mudstone: structureless mudstone (Fal), structureless to laminated siltstone (Fa2) background deposition in offshore, basinal settings. Excellent correlation markers, mappable laterally and down-dip
5 throughout the study area. Thicken significantly basinward, to the north and east.
M : ) ) , ) . . .
6 udstone strgctureless to laminated siltstone (Fa2) 10’s of m-thick coarsening and thickening-up packages of rhythmically interbedded silty mudstones and very fine-
7 Interbedded: silt-prone (Fa4.), (Fa5) grained sandstones. Distal river-dominated deposits. Regionally extensive, sheet to wedge geometry along 100s of m
8 Sandstone: phormal (Fa8) to inversely-graded (Fa9), unidirectional ripple-laminated (Fall) | to several km, thicken basinward. Conformably found above offshore mudstones.
9 Interbedded: sand-prone (Fa5)
10 Sandstone: structureless (Fa6), structured (Fa7), normal (Fa8) to inversely-graded (Fa9), Several m-.thlf:k coarsening and thickening-up packages of interbedded to bedded very fine to fine-grained micaceous
1 parallel-bedded (Fa10), unidirectional (Fa11) to climbing ripple-laminated (Fa14) and organlc—rlch sandstones, often deformed and occasionally channelized. Proximal river-dominated deposits. Sheet
. Conglomerate: mudclast conglomerate (Fa17) Tco lenticular geometrY along 10s to 100s of m, thin laterally and basinward passing to more marginal and distal
2 Other: folded and megaclast depositsI(Fa19),|debrit |(Fa21) interbedded prodeltaic equivalents. Conformably found above prodelta deposits.
14 10’s of m-thick rh i i i i
. ythmic alternations of thin-bedded sandstones and siltstones reworked by waning, storm and wave-
15 Isnte;bedde:d. 5|It-p.rone (Fa4.), sand-prone (Fa5) . generated oscillatory currents and combined flows. Low and high-concentration flow deposits above storm weather
16 andstone: wave ripple-laminated (Fa12), combined-flow cross-bedded (Fa13) wave base. Regionally extensive, sheet to wedge geometry along 100s of m to several km, thicken basinward.
17 Conformably found above offshore mudstones.
18 Sandstone: structured (Fa7), normal (Fa8) to inversely-graded (Fa9), parallel-bedded . .
19 (Fa10), wave ripple-laminated (Fa12), combined-flow cross-bedded (Fa13) Several m-thick amalgamated and medium to thick-bedded low-angle to swaley cross-bedded sandstones. Migration
I Conglomerate: mudclast conglomerate (Fa17) of subaqueous bedforms affected by combined flows, occasionally deformed. Abrupt facies changes occur over short
Other: folded and megaclast deposits (Fa19), debrite (Fa21) distances. Sheet to lenticular geometry along 10s to 100s of m. Conformably found above SOT deposits.
21
22 Mudstone: rhythmically bedded siltstone and mudstone (Fa3) )
- Interbedded: silt-prone (Fad), sand-prone (Fa5) Few m-thick, lens-shape deposits filling concave-up, erosional surfaces. Subaqueous channel deposits. Axial zones with
2 c-ﬁ" - Sandstone: structureless (Fa6), structured (Fa7), normally-graded (Fa9), parallel-bedded repea'lt"ed phases of erosmn/depgsitiqn, wiFh amalgamated structured and structureless sandstones. Gradual thinning
(Fa10), unidirectional (Fa11) to climbing ripple-laminated (Fa14) and fining Ia.terally away from axis, with thin-bedded sandstone and siltstones. Low angle erosional surfaces through
25 Conglomerate: mudclast conglomerate (Fa17) be.d truncat|9n and changes in depositional dip. Common asymmetric fills, with sandstones onlapping one margin and
2% Other: injectite (Fa18), folded and megaclast deposits](Fa19),[debritd (Fa21) axis to marginal transition at the other. Lenticular geometry along 10s of m.
27 :
Mudstone: spill-over siltstone-prone (Fa4)
28 Interbedded: silt F Few m-thick, chaotic and remobilised deposits infilling accommodation fi lid
TIRITT rbedded: silt-prone (Fad), sand-prone (Fas) f . . -g odation from slide scars and topography created by
29 _'-'I - Sandstone: structureless (Fa6), structured (Fa7), normally-graded (Fa8) mass-t.ransport deposits (MTDs), and thinner layers interbedded with turbidites. Graded beds when ponded in 3D
30 Other: folded and megaclast deposits (Fa19), debrite (Fa21) enclosing topography. Sharp-topped lateral continuous beds indicate filling and overspill of slide scar surfaces.
31 ;
Interbedded: silt-prone (Fa4), sand-prone (Fa5)
32 Sandstone: structureless (Fa6), structured (Fa7), normally-graded (Fa9), parallel-bedded Few m-thick, tabular-shape deposits. Basin-floor lobe deposits. Axial zones with high sand content and bypass
33 (Fa10), unidirectional (Fa11) to climbing ripple-laminated (Fa14), sigmoidal (Fa15) ft.eatures, commo.n scoured bases and amalgamation. Off axis alternating bedded sandstones and thin-bedded
Conglomerate: mudclast conglomerate (Fa17 siltstones reflecting lobe switching. Fringes with progressive sand reduction with distance. Thin-bedded sandstones
34 . . . . .
- Other: hybrid-event bed (Fa20), debrite (Fa21) and siltstones, with organic-rich hybrid beds. Sheet to lenticular geometry along 100s of m.
36 , e - .
> : Interbedded: silt-prone (Fad), sand-prone (Fa5) 10’s of m-thick f.lnlng and thinning-upward rhythmic alternations of thin-bedded sandstones and siltstones. Levee /
-!m Sandstone: (Fa15) overbank deposits reflefting proximity as well as increasing confinement and channel switching/avulsion. Sandstone
38 content decreases non-linearly away from channel. Wedge geometry along 100s of m to several km, thin basinward.
39
40
41 . .. . . . . . . ..
i Table 2. Facies associations of Unit G, with the typical lithofacies found, and a summary of the main characteristics. Same colour code as in Fig. 4.
43
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