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Abstract 13 

Intraslope lobe deposits provide a record of the infill of 14 

accommodation on submarine slopes and their recognition enables 15 

the accurate reconstruction of the stratigraphic evolution of 16 

submarine slope systems. Extensive exposures of discrete sand-17 

prone packages in Units D/E and E, Fort Brown Formation, Karoo 18 

Basin, South Africa, permit analysis of the sedimentology and 19 

stacking patterns of three intraslope lobe complexes and their 20 

palaeogeographic reconstruction via bed-scale analysis and physical 21 

correlation of key stratal surfaces. The sand-prone packages 22 

comprise tabular, aggradationally to slightly compensationally 23 
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stacked lobe deposits with constituent facies associations that can 24 

be attributed to lobe axis, lobe off-axis, lobe-fringe and distal lobe-25 

fringe environments. Locally, intraslope lobe deposits are incised by 26 

low aspect ratio channels that mark basinward progradation of the 27 

deepwater system. The origin of accommodation on the slope for 28 

lobe deposition is interpreted to be due to differential compaction 29 

or healing of scars from mass wasting processes. The stacking 30 

patterns and sedimentary facies arrangement identified in this study 31 

are distinct from those of more commonly recognised basin-floor 32 

lobe deposits, thereby enabling the establishment of recognition 33 

criteria for intraslope lobe deposits in other less well exposed and 34 

studied fine-grained systems. Compared to basin floor lobes, 35 

intraslope lobes are smaller volume, influenced by higher degrees of 36 

confinement, and tend to show aggradational stacking patterns. 37 

Keywords 38 

intraslope lobes; submarine slope; slope topography; facies stacking 39 

pattern; facies variability; Karoo Basin 40 

 41 

1. Introduction 42 

Basin floor lobe deposits are the dominant component of submarine 43 

fan successions and criteria for their recognition are well established 44 

(e.g., Harms, 1974; Hartog Jager et al., 1993; Sixsmith et al., 2004; 45 

Pyles, 2008; Prélat et al., 2009, 2010; Pyles and Jenette, 2009; 46 

Kilhams et al., 2012; Etienne et al., 2012; Burgreen and Graham, 47 
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2014). By contrast, the characteristics of intraslope lobes, which are 48 

also referred to as perched lobes (Plink-Björklund and Steel, 2002; 49 

Prather et al., 2012a) or transient fans (Adeogba et al., 2005; 50 

Gamberi and Rovere, 2011), which form in areas of slope 51 

accommodation, are poorly defined (Fig. 1). Intraslope lobes have 52 

been identified in several subsurface geophysical studies based on 53 

multibeam bathymetric data, CHIRP profiles and seismic imaging (2D 54 

and 3D). Documented examples include studies from the Gulf of 55 

Mexico (Prather et al., 1998; Fiduk et al., 1999; Pirmez et al., 2012; 56 

Prather et al., 2012b), the Niger Delta continental slope offshore 57 

Nigeria (Adeogba et al., 2005; Li et al., 2010; Barton, 2012; Prather 58 

et al., 2012a), the Lower Congo Basin, offshore Angola (Oluboyo et 59 

al., 2014), the Algarve Margin, offshore Portugal (Marchès et al., 60 

2010), the Gioia Basin, southeastern Tyrrhenian Sea (Gamberi and 61 

Rovere, 2011; Gamberi et al., 2011) and the Baiyun Sag, South China 62 

Sea (Li et al., 2012). 63 

The geophysical expression of intraslope lobes is described as 64 

layered (high amplitude reflectors) to transparent seismic facies by 65 

most authors (Booth et al., 2003; Adeogba et al., 2005; Li et al., 66 

2012), though Marchès et al. (2010) report cases that are 67 

represented by chaotic seismic reflectors. These seismic facies have 68 

been interpreted as channel-lobe systems and associated mass 69 

transport deposits, respectively. Different mechanisms are invoked 70 

to explain the development of intraslope accommodation needed 71 

for intraslope lobe deposits to form, including tectonics (Marchès et 72 

al., 2010; Li et al., 2012), mud diapirism (Adeogba et al., 2005), 73 
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halokinesis (Booth et al., 2003; Oluboyo et al., 2014) or slide scars 74 

(Morris et al., 2014a). Several commonly observed features of 75 

intraslope lobes are considered as diagnostic indicators: 1) a smaller 76 

lateral extent and lower aspect ratio than basin floor lobes (Plink-77 

Björklund and Steel, 2002; Deptuck et al., 2008); 2) common 78 

evidence for incision due to their transience that is linked to a lower 79 

base level on the basin floor (Adeogba et al., 2005; Flint et al., 2011; 80 

Barton, 2012; Prather et al., 2012b) or to slope profiles that are not 81 

in equilibrium (Ferry et al., 2005); 3) association with mass transport 82 

complexes (MTCs) (Adeogba et al., 2005; Gamberi and Rovere, 2011; 83 

Li et al., 2012); 4) deposits delimited by onlap and downlap 84 

terminations (Booth et al., 2003; Li et al., 2012); 5) prevalence of 85 

coarse sand sediment that is deposited in response to hydraulic 86 

jumps due to a break-in-slope related to a stepped slope profile 87 

(Komar, 1971; Ferry et al., 2005); and 6) mounded or tabular 88 

morphologies (e.g., Oluboyo et al., 2014). 89 

Intraslope lobes are important features in the reconstruction of the 90 

evolution of the slope and the analysis of sediment dispersal 91 

patterns, and indicate the presence of an uneven slope profile 92 

during deposition. Although attempts have been made to determine 93 

the importance of submarine slope deposits within a source-to-sink 94 

system (Eschard et al., 2004), intraslope lobes have rarely been 95 

identified in outcrop studies (Plink-Björklund and Steel, 2002; 96 

Sinclair and Tomasso, 2002; Beaubouef et al., 2007; Figueiredo et 97 

al., 2010; Bernhardt et al., 2012; van der Merwe et al., 2014). 98 

Therefore, the sub-seismic depositional architecture of intraslope 99 
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lobes can be considered as one of the missing pieces in 100 

understanding the stratigraphic record of deep-marine systems and 101 

their preserved successions. 102 

 103 

Extensive fieldwork carried out in the Laingsburg depocentre of the 104 

Karoo Basin, South Africa (e.g., Grecula et al., 2003a; Sixsmith et al., 105 

2004; Di Celma et al., 2011; Flint et al., 2011; Hodgson et al., 2011; 106 

Brunt et al., 2013a; Morris et al., 2014b; van der Merwe et al., 107 

2014), has established the stratigraphic and palaeogeographic 108 

framework in detail and enables the identification of lobes that 109 

were deposited in a slope setting. In this study, we focus on a more 110 

detailed characterisation of some of the intraslope lobes of the 111 

Karoo Basin. Specific objectives are: 1) to determine the 112 

characteristic facies associations and anatomies of the intraslope 113 

lobes in the study area; 2) to compare their characteristics with 114 

those of basin floor lobes; and 3) to discuss the origin of the 115 

transient slope accommodation. The establishment of recognition 116 

criteria for the identification of intraslope lobes will help reduce 117 

uncertainties in the interpretation of depositional environments 118 

observed in core and outcrop where the palaeogeographic context 119 

is not clear. 120 

 121 

2. Geological and Stratigraphic Settings 122 
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The evolution of the Karoo Basin has long been associated with a 123 

magmatic arc and the tectonics of a fold-thrust belt (Cape Fold Belt; 124 

Fig. 2a), thus characterising it as a retroarc foreland basin (Visser 125 

and Prackelt, 1996; Visser, 1997; Catuneanu et al., 1998). Recent 126 

studies (e.g., Tankard et al., 2009) suggest that an early phase of 127 

subsidence enabled a basin fill that pre-dates the initiation of the 128 

Cape Orogeny, and was induced by dynamic topography. This 129 

topography is thought to have been derived from the coupling of 130 

mantle flow processes to distant subduction of the palaeo-Pacific 131 

Plate (Pysklywec and Mitrovica, 1999). 132 

The Laingsburg depocentre is located in the south-western part of 133 

the Karoo Basin and adjacent to the present-day Cape Fold Belt 134 

(Flint et al., 2011). The stratigraphic unit of study is the Fort Brown 135 

Formation of the Ecca Group, which is exposed along the limbs of 136 

large, post-depositional folds (Fig. 2b). The Fort Brown Formation is 137 

a 400 m-thick submarine slope succession (Di Celma et al., 2011; 138 

Flint et al., 2011; Hodgson et al., 2011) that overlies the Laingsburg 139 

Formation, a 550 m-thick sand-rich basin floor and base-of-slope 140 

succession (Sixsmith, 2000; Grecula et al., 2003a, 2003b; Sixsmith et 141 

al., 2004; Brunt et al., 2013b). The Fort Brown Formation is divided 142 

into Units C to G (Flint et al., 2011; van der Merwe et al., 2014). 143 

These sand prone-units are each separated by regional hemipelagic 144 

claystones that locally include additional thin (1-15 m-thick) 145 

intercalated sand-prone units informally referred to as interfans 146 

(B/C interfan and D/E interfan) (Grecula, 2003a; Hodgson et al., 147 

2011). The sequence stratigraphy of the Fort Brown Formation has 148 
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been proposed by Flint et al. (2011) to comprise two composite 149 

sequence sets, the lower one containing units B/C, C and D and the 150 

upper one containing units D/E, E and F. Each individual unit 151 

represents a lowstand sequence set, with subunits. For example 152 

Unit E is divided into Subunits E1, E2, and E3 based on the 153 

occurrence of claystone layers of regional mapped extent. Each 154 

subunit is interpreted as a lowstand systems tract. In this 155 

framework, the regional claystones that separate the units are 156 

interpreted as associated transgressive (TST) and highstand (HST) 157 

sequence sets and the equally widespread claystones between sub-158 

units are interpreted as combined transgressive and highstand 159 

systems tracts that record the deep-water expression of maximum 160 

flooding surfaces (Flint et al., 2011). Limited chronostratigraphic age 161 

control in the Fort Brown Formation (McKay et al. 2015) precludes 162 

establishment of the duration of depositional sequences. 163 

This study focuses on two areas. Exposures of the Unit D/E interfan 164 

and Subunit E1 in the NW area of Zoutkloof (Fig. 2b) have been 165 

interpreted previously as lobes that formed in a slope setting 166 

(Figueiredo et al., 2010), but have not been hitherto characterised in 167 

detail. Four correlation panels were constructed (Zoutkloof S, 168 

Zoutkloof N, Roggekraal and Roggekraal N) to illustrate down-dip 169 

and strike variations in the successions. Unit E2 in the Geelbek area 170 

(Fig. 2b) comprises tabular sand-rich deposits, which, based on a 171 

detailed regional dataset, are interpreted to be intraslope lobes that 172 

formed above a stepped slope profile up-dip of a ramp dominated 173 

by sediment bypass (van der Merwe at al., 2014). The existence of 174 
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these intraslope lobe deposits demonstrates the location and timing 175 

of slope accommodation and can be used to constrain the 176 

stratigraphic evolution of the Laingsburg submarine slope system. 177 

 178 

3. Methodology and Dataset 179 

For this study, 125 measured sections (each ranging from 3 to 36 m 180 

in length and totalling 2.8 km in cumulative thickness) were logged 181 

at 1:50 scale in the field, recording grain size, sedimentary 182 

structures and the nature and extent of bounding surfaces. In the 183 

Zoutkloof area (Fig. 2b,d), 80 sedimentary logs and 422 184 

palaeocurrent measurements from ripple lamination and climbing-185 

ripple lamination were collected over three large, adjacent fold 186 

limbs to reconstruct the large-scale geometries of exhumed 187 

intraslope complexes (Fig. 2b). In the south-eastern study area 188 

(Geelbek area; Fig. 2b,e), 45 sedimentary logs and 173 palaeoflow 189 

measurements were collected from ripple lamination, climbing 190 

ripple lamination and tool marks along an oblique dip section. In 191 

areas of specific interest, 11 additional detailed short sections were 192 

measured and correlated (Fig. 2e). This has permitted the 193 

development of a detailed sedimentological model to account for 194 

facies distributions and small-scale geometries. Correlation panels 195 

for the Geelbek area are hung from the regional claystones 196 

separating subunits E2 and E3. The Zoutkloof correlation panels are 197 

hung from the base of Unit D/E that overlies a regional claystone 198 

above Unit D. 199 
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 200 

4. Facies associations 201 

Six facies associations (FA) are identified based on inferred 202 

sedimentary processes and depositional environment. Five of the six 203 

facies associations represent particular lobe sub-environments (lobe 204 

axis, lobe off-axis, lobe fringe and distal lobe fringe) and have been 205 

modified from Prélat et al. (2009) according to the observed facies 206 

in the intraslope lobe deposits. FA1-5 represent lobe axis to lobe 207 

distal fringe, whereas FA 6 represents hemipelagic background 208 

sedimentation. 209 

4.1 FA 1: Thick-bedded sandstone 210 

Observations. This facies association is dominated by structureless, 211 

0.7 to 2.5 m-thick beds of lower to upper fine-grained sandstone 212 

that commonly contain parallel lamination with some lenticular 213 

mudstone chips (mm-sized) aligned parallel to the laminae. Overall, 214 

beds are moderately to well sorted. Most beds lack grading, though 215 

weak normal grading is observed towards the tops of some beds 216 

that consist of 2 to 10 cm-thick caps of mica-rich, moderately sorted 217 

silty sandstone. Intraformational mudclasts are rarely observed at 218 

bed bases. Bed bases are sharp, loaded or erosive and can preserve 219 

tool marks. Bed amalgamation is common and can lead to > 10 m-220 

thick packages of structureless sandstones (high-amalgamation 221 

zones; Fig. 3a). Amalgamation surfaces are indicated by 222 

discontinuous layers of mudclasts or subtle grain size breaks. 223 
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Amalgamated sandstone packages can overlie surfaces that truncate 224 

underlying strata by up to 5 m. These surfaces are mantled with thin 225 

layers of mudstone clast conglomerates. Thick-bedded sandstones 226 

show tabular geometries. They are laterally extensive for up to 6 227 

kms. 228 

Interpretation. Thick-bedded, structureless and amalgamated 229 

sandstones with weak normal grading are interpreted to be the 230 

deposits of high-density turbidity currents (Kneller and Branney, 231 

1995) with high aggradation rates (Arnott and Hand, 1989; Leclair 232 

and Arnott, 2005; Talling et al., 2012). Their geometries, thickness 233 

and facies conform to lobe- or channel-axis settings (e.g., Prélat et 234 

al., 2009; Brunt el al., 2013a). 235 

 236 

4.2 FA 2: Medium- to thin-bedded structured sandstone 237 

Observations. This facies association comprises lower fine- to very-238 

fine-grained, normally graded sandstone beds that are well sorted. 239 

Bed thicknesses range from 0.1 to 0.7 m. Sedimentary structures 240 

present include planar lamination, wavy lamination, current-ripple 241 

lamination and climbing-ripple lamination (Fig. 3b). Climbing-ripple 242 

lamination can be observed with supercritical angles of climb 243 

whereby stoss sides are preserved. The majority of beds contain two 244 

or more of these sedimentary structures. A common pattern is the 245 

vertical repetition of climbing-ripple laminations that are 246 

transitional to wavy laminations. Ripple foresets can be draped by 247 
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thin (<0.1 cm thick) silty laminae. Individual beds can preserve 248 

multiple flow directions. Carbonaceous material and mud chips are 249 

dispersed in the sandy matrix. Bed bases are sharp or loaded. 250 

Medium- to thin-bedded sandstones show tabular geometries and 251 

can be traced for kms down-dip and in strike section. 252 

Interpretation. This facies association is interpreted to be deposited 253 

by low-density turbidity currents in a lobe off-axis setting. Bedforms 254 

such as planar lamination and current-ripple lamination are 255 

produced beneath dilute turbulent flows, which rework sediment 256 

along the bed (Allen, 1982; Southard, 1991; Best and Bridge, 1992). 257 

Beds with opposing palaeocurrent indicators suggest reflection and 258 

deflection of the flow (Edwards et al., 1994). Beds with repeating 259 

patterns of climbing-ripple and wavy lamination are interpreted to 260 

indicate highly unsteady flow behaviour due to either long-lived 261 

surging or collapsing flows (Jobe, 2012). 262 

 263 

4.3 FA 3: Interbedded thin-bedded sandstones and siltstones 264 

Observations. This facies association comprises thin-bedded (0.01 to 265 

0.2 m), very-fine-grained sandstone interbedded with sandy 266 

siltstone and coarse to fine siltstone. Sandstone beds show planar, 267 

current-ripple or wavy lamination, whereas siltstone beds 268 

commonly display planar lamination with rare isolated starved 269 

ripple forms at their base where there is a sand component to the 270 

siltstone (Fig. 3c). Contacts between sandstone and siltstone beds 271 
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are sharp, undulating or loaded. Stoss-side preservation of climbing 272 

ripple lamination in sandstone beds is observed in 2D, and ripple 273 

geometries are locally preserved as sigmoid-shaped bedforms 274 

where 3D observations are possible (see Fig. 12b in Kane and 275 

Hodgson, 2011,). Commonly, interbedded sandstones and siltstones 276 

form stacked, aggradational packages up to 5 m thick, which 277 

internally show no discernible trends in grain size or bed thickness. 278 

Individual packages dominantly comprise ripple and climbing-ripple 279 

laminated sandstones in their lower part and planar laminated 280 

sandstones in their upper part. 281 

Interpretation. Ripple lamination formed due to reworking by dilute 282 

turbulent flows with moderate aggradation rates, whereas climbing-283 

ripple lamination is indicative of high aggradation rates (Allen, 1971; 284 

Allen, 1982; Southard, 1991). Ripple and planar laminated packages 285 

correspond with TC and TD divisions of Bouma (1962). This facies 286 

association is interpreted as a combination of deposition from 287 

sluggish, small-volume flows (Jobe et al., 2012) and flows that 288 

underwent rapid deceleration that led to high rates of sediment 289 

fallout. This implies that some flows were responding to changes in 290 

confinement, similar to flows that undergo expansion and rapid 291 

deposition when exiting channel confinement (e.g., Morris et al., 292 

2014b). Observed facies and thicknesses of this facies association 293 

conform to an interpretation of a lobe-fringe setting. 294 

 295 

4.4 FA 4: Bipartite beds 296 
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Observations. Bipartite sand-prone beds (0.01 to 1.5 m thick) are 297 

composed of a lower and upper division. The well sorted lower 298 

division that comprises relatively clean, structureless sandstone with 299 

low mud content. The upper division comprises poorly sorted mica-300 

rich argillaceous sandstone that contains sand grains that are 301 

coarser than in the lower division, and varied proportions of 302 

subangular to subrounded mudstone clasts (mm to cm sized), 303 

mudstone chips and carbonaceous material (plant fragments) (Fig. 304 

3d). Mudstone clasts show no preferred orientation. Typically, the 305 

boundary between the lower and upper divisions is gradational. Bed 306 

bases are sharp, whereas bed tops can be undulose. 307 

Interpretation. Bipartite beds are interpreted to be the result of a 308 

juxtaposition of a high-density turbidity current and a genetically 309 

linked cohesive debris flow - a type of hybrid bed (Haughton et al., 310 

2009). Several authors have identified an increase in the number of 311 

turbidites with linked debrites in distal parts of basin floor lobes 312 

(e.g., Ito, 2008; Hodgson et al., 2009; Talling et al., 2012; Grundvåg 313 

et al., 2014). Therefore, bipartite beds are interpreted to be 314 

deposited in lobe-fringe settings. 315 

 316 

4.5 FA 5: Thin- bedded siltstone 317 

Observations. Thin-bedded (sandy), fine- to coarse-grained 318 

siltstones (0.05 to 0.1 m) form metre-scale packages with rare thin 319 

(>0.05 m), very fine-grained sandstones that are well sorted (Fig. 320 
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3e). Typically, beds are structureless or planar laminated and some 321 

incorporate mudstone chips (up to 20% of the bulk volume). Some 322 

sandy siltstone beds show isolated starved ripple forms at their 323 

base. Thin-bedded siltstones can show minor bioturbation. 324 

Interpretation. Siltstone deposits are interpreted as the preserved 325 

products of dilute turbidity currents in distal lobe-fringe settings. 326 

Structureless beds are attributed to direct suspension fallout 327 

(Bouma, 1962), whereas planar laminated beds are produced by 328 

traction (Stow and Piper, 1984; Mutti, 1992; Talling et al., 2012). 329 

 330 

4.6 FA 6: Regional claystone 331 

Observations. Homogenous intervals of (silty) claystone (Fig. 3f) are 332 

up to 22 m thick. Layers of concretions are common and tend to be 333 

associated with distinct horizons in the deposits. Claystone intervals 334 

are laterally extensive for tens of kilometres, except where eroded 335 

by channelised flows. Thin (<10 cm) ash layers and thin-bedded 336 

(mm-scale) graded siltstone units are locally intercalated with the 337 

claystones. 338 

Interpretation. Claystones are interpreted as hemipelagic 339 

background deposits. Where mapped over large areas, they mark 340 

episodes of sediment starvation to the deep basin, and are 341 

interpreted to contain the deep-water expression of maximum 342 

flooding surfaces (e.g., Flint et al., 2011). Such packages therefore 343 

serve as useful correlation intervals. 344 
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 345 

5. Architecture 346 

Unit D/E and Subunits E1 and E2 of the Fort Brown Formation have 347 

been recognized as tabular, sand-prone units within the submarine 348 

slope succession (Grecula et al., 2003b; Figueiredo et al., 2010). Flint 349 

et al. (2011) placed these packages into the overall sequence 350 

stratigraphic framework and van der Merwe et al. (2014) confirmed 351 

their palaeogeographic position on the slope. For the first time, the 352 

distribution of architectural elements and facies associations of 353 

these units are presented and discussed. 354 

The identification of architectural elements is based on cross-355 

sectional geometry, spatial extent, distribution of sedimentary facies 356 

and bounding surfaces marked by abrupt changes in facies (Fig. 4). 357 

Interpreted architectural elements include lobe deposits, channel-358 

fills and drapes (Fig. 4). 359 

5.1 Zoutkloof area 360 

Unit D/E. Unit D/E is a tabular sandstone package, informally 361 

referred to as an interfan (Flint et al., 2011), with a basal interval of 362 

interbedded siltstones and very fine-grained sandstones and a sharp 363 

top (Fig. 4a). The spatial extent of Unit D/E is limited to the 364 

Zoutkloof and Roggekraal study area (81 km
2
; Figueiredo et al., 365 

2010). Overall, palaeocurrent direction is to the ENE, but climbing 366 

ripple-laminated sandstones at Zoutkloof S show some readings to 367 

the west (Figs. 5, 6). Unit D/E is thickest (10 m) in the Zoutkloof N 368 
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and Roggekraal areas where it comprises amalgamated thick-369 

bedded structureless sandstones (FA 1) (Fig. 5). Across strike to the 370 

south (Zoutkloof S), a 6 m heterolithic package (FA 3) sharply 371 

overlies very fine- and fine-grained structured sandstones (FA 2). 372 

Unit D/E is not observed 6 km along strike to the south, which 373 

constrains the southward (lateral) pinch-out (Fig. 6). Across strike to 374 

the north (Roggekraal North; Fig. 4b), a 7 m-thick succession of 375 

structured sandstone (FA 2) is sharply overlain by structureless 376 

sandstones (FA 1). 377 

Interpretation. Overall, the axis of Unit D/E is in the Zoutkloof N and 378 

Roggekraal areas, with more off-axis and fringe deposits in the south 379 

and north. The stratigraphic changes in facies in the Zoutkloof S and 380 

Roggekraal N areas suggest that Unit D/E comprises at least two 381 

lobes, and therefore represents a lobe complex (sensu Prélat et al., 382 

2009). The lower lobe extends further south than the upper lobe, 383 

with lobe off-axis deposits (FA 2) overlain by lobe-fringe deposits (FA 384 

3) in Zoutkloof S and lobe off-axis deposits (FA 2) overlain by lobe-385 

axis deposits (FA 1) in Roggekraal N (Fig. 5) suggesting a minor 386 

compensational stacking pattern. The lobe axes are amalgamated in 387 

the central part of the study area. 388 

The westward palaeocurrents in deposits in Zoutkloof S are 389 

interpreted to indicate rapid deposition of turbidity currents 390 

deflected and reflected off seabed topography at the fringes of the 391 

intraslope lobe (Fig. 6). There is no evidence of incision into the Unit 392 

D/E deposits and no deposit of this age directly down-dip has been 393 
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recognized (van der Merwe et al., 2014). The abandonment of Unit 394 

D/E suggests that either the sediment routing system avulsed 395 

outside of the study area or sand-grade sediment supply ceased 396 

prior to the complete infill of the slope accommodation. 397 

 398 

 399 

Subunit E1. E1 is separated from Unit D/E by a 10 m thick mudstone, 400 

and has a basal ~0.5 m-thick interval of interbedded mudstone, 401 

siltstone and very fine-grained sandstone. The dominant palaeoflow 402 

is to the E, which is consistent with regional trends, whereas some 403 

deposits show palaeoflow to the W in the Zoutkloof S area (Figs. 5, 404 

6). Where thickest (14 m), E1 is characterised by structureless 405 

amalgamated sandstones (FA 1) and structured sandstones (FA 2). In 406 

Roggekraal N, to the north where E1 is 8 m-thick, 3 packages are 407 

identified by sharp contacts with thin-bedded siltstones (FA 5) units. 408 

The lowermost unit is dominated by heterolithic deposits (FA 3), the 409 

middle is dominated by FA 1, and the upper is dominated by FA 2 410 

(Fig. 4b). In contrast, to the south at Zoutkloof S, E1 is thinner (5 m) 411 

and comprises heterolithic packages (FA 3) and thin-bedded 412 

siltstones (FA 5). E1 is not observed 6 km along strike to the south, 413 

which constrains the southward (lateral) pinch-out (Fig. 6). Locally, 414 

E1 is truncated by erosion surfaces from multiple stratigraphic levels 415 

(Figueiredo et al., 2010, 2013;) (E1, E2, E3 and Unit F;,  Fig. 6). 416 

Erosion surfaces within E1 cut down up to 10 m and are overlain by 417 

thick-bedded sandstones that have low aspect ratios (10:1 to 15:1; 418 
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Fig. 4). Younger erosion surface commonly have higher aspect ratios 419 

(20: 1 to 35: 1; Fig. 5) and are overlain by thin bedded, and locally 420 

tightly folded, sandstones and siltstones (Figueiredo et al., 2010, 421 

2013), but sand-filled younger channel-fills are also observed. 422 

Interpretation. In Roggekraal N, thin siltstone packages that 423 

abruptly separate three axis and off-axis packages indicate the 424 

existence of three lobes in the lobe complex (Fig. 4). The distribution 425 

of the lobe axis and off-axis deposits, and the lobe fringe and distal 426 

fringe deposits of the individual lobes, suggest an aggradational to 427 

slightly compensational stacking pattern. Deviation from the 428 

regional palaeocurrent trend in Zoutkloof S is interpreted to indicate 429 

deflection and reflection of turbidity currents off seabed 430 

topography. Erosion surfaces overlain by sandstones are interpreted 431 

as W-E and NW-SE oriented channel-fills. 432 

  433 

 434 

5.2 Geelbek area 435 

Subunit E2. Subunit E2 comprises three packages based on thickness 436 

trends, facies distribution, bounding surfaces and palaeocurrents 437 

measurements (Figs. 7a-d, 8). The mean palaeocurrent direction is 438 

to the E, but with local variations (Fig. 8). The base of the lower 439 

package, E2A, consists of heterolithic deposits (FA 3) overlain by FA 440 

1 and FA 2 beds with abundant dm-scale erosion surfaces (Fig. 9a). 441 

Commonly, medium-bedded, structured sandstones (FA 2) display 442 
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more than one sedimentary structure vertically and laterally (planar 443 

lamination, ripple lamination and climbing-ripple lamination). 444 

Lateral facies transitions in individual beds include ripple-, through 445 

wavy-, to planar-lamination, which occur over tenss of metres 446 

lateral extent.  447 

In some beds, palaeocurrent measurements from stoss-side 448 

preserved climbing ripple-lamination can display ENE palaeocurrents 449 

in the lower section whereas the upper section preserves 450 

palaeocurrents to the WSW (e.g., Marker bed 1 (Mb1), see Fig. 7- 451 

9a). Typically, these beds are thickest in the east and thin westward 452 

in an up-dip direction. Sedimentary structures change in the 453 

direction of thinning from stoss-side preserved climbing-ripple 454 

lamination, through planar lamination with isolated current-ripple 455 

forms, to planar laminated sandstones. The bases of some beds with 456 

bi-directional palaeocurrents (e.g., Marker bed 2 (Mb2), see Fig. 9a) 457 

truncate underlying bedding with siltstones that display soft-458 

sediment deformation structures (Fig. 7b). 459 

The middle package, E2B, is defined by a stepped basal erosion 460 

surface that incises 6 m into E2A (Fig. 8). The overlying sediments 461 

comprise highly amalgamated thick-bedded sandstones (FA 1) with 462 

rare planar lamination on bed tops (Fig. 8). These pass into more 463 

clearly stratified but internally structureless fine-grained sandstones 464 

close to the (oblique) margin of the cut and can be traced out for 465 

over a km away beyond the basal scour surface, where E2B overlies 466 
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E2A concordantly (Fig. 7c). Palaeocurrents from grooves indicate an 467 

overall ENE-WSW flow direction (Fig. 8). 468 

The upper E2C division is the most laterally extensive of Subunit E2 469 

and the boundary with E2B is marked by a thin siltstone horizon 470 

(~10 cm; FA 5; Fig. 7d). It comprises basal bipartite beds (FA 4) in its 471 

proximal (westerly) section and is largely made up of medium-472 

bedded, structured sandstones (FA 2) that overlie the highly 473 

amalgamated sandstones of E2B (FA 1). Thin-bedded deposits (FA 3 474 

and FA 5) are rare. Palaeocurrents measured from current- and 475 

climbing-ripple lamination indicates an easterly flow direction (Fig. 476 

8). In the west, beds are structureless (FA 1), with rare ripple 477 

lamination showing easterly palaeocurrents. Structureless 478 

sandstone beds onlap westward onto the underlying claystone, 479 

overstepping the E2A and B deposits (Fig. 8). Commonly, the 480 

onlapping beds show pinching and swelling close to the onlap 481 

surface as well as evidence of erosion (rip-up clasts, truncation). 482 

Clastic injectites are abundant in the mudstone that underlies the 483 

sandstone onlap (Fig. 9b). 484 

In the underlying claystone that separates Units D and E, a 485 

distinctive 0.4 m-thick intraformational clast-rich bed is used as a 486 

local marker bed. The sandstone bed and bounding claystones are 487 

present in western part of the outcrop. However, they terminate 488 

abruptly eastward against a steep surface overlain by a thin-bedded 489 

coarse siltstone and silty claystone succession below where the 490 

overlying E2 attains its maximum thickness (Fig. 8). The thin-bedded 491 
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siltstone unit forms a discrete ~30 m-thick unit that thins out over 492 

~700 m to the east; by contrast, the western edge is steep and 493 

abrupt (Fig. 8). 494 

Interpretation. The high sand-content and tabular geometry, the 495 

underlying and overlying channel-levee systems (e.g., Brunt et al 496 

2013b), and the downdip change to thin-bedded turbidites led van 497 

der Merwe et al. (2014) to interpret E2 as an intraslope lobe in the 498 

Geelbek area. The three divisions of E2 in Geelbek are interpreted 499 

here as lobe deposits that stack to form a lobe complex. In E2A, 500 

sandstones beds with bidirectional palaeocurrents and up-dip 501 

thinning are interpreted to indicate deflection of the flow column 502 

(Edwards et al., 1994). Soft-sediment deformation was triggered 503 

either through instability on the open erosional slope or through 504 

dewatering due to deposition of overlying strata. This range of 505 

features is consistent with a confined setting at the onset of the 506 

filling of slope accommodation. The amalgamated deposits of E2B 507 

are interpreted to be deposited in a scoured lobe-axis setting. The 508 

scour-fill interpretation is preferred to a channel-fill interpretation 509 

because no mudstone clast conglomerate facies is observed, the 510 

geometries of the structureless sandstone beds are tabular and can 511 

be walked out for ~1.5 km away, and the erosion surface shallows in 512 

the direction of main palaeocurrent direction. E2C is the most 513 

laterally extensive of the subunits. Lack of bidirectional 514 

palaeocurrent indicators and dominance of climbing-ripple 515 

laminated medium-bedded sandstones indicates a relatively 516 

unconfined phase of deposition. Overall, the depocentre of 517 
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successive E2 lobe deposits shifts slightly to the W (up slope; Fig. 9). 518 

These findings conform to subsurface observations made in the Gulf 519 

of Mexico indicating temporal evolution of the locus of 520 

sedimentation (Prather et al., 2012b). 521 

 522 

 523 

6. Discussion 524 

6.1 Mechanisms of slope accommodations 525 

Typically, submarine slope systems are dominated by sediment 526 

bypass (e.g., Beaubouef et al., 1999; Gardner et al., 2003; Romans et 527 

al., 2009; Hodgson et al., 2011). For lobate bodies to deposit on the 528 

submarine slope low gradient areas of high accommodation must be 529 

present. Here, the origin of this accommodation is discussed. 530 

The formation of the intraslope lobe complexes of Unit D/E and 531 

Subunit E1 in a similar location, albeit slightly offset, demonstrates 532 

the presence of accommodation on Zoutkloof part of the 533 

palaeoslope through multiple depositional sequences. In the 534 

Zoutkloof area, there is no evidence of slide scars, syn-sedimentary 535 

tectonic or diapiric deformation of the seabed, or underlying mass 536 

transport complexes that could form an area of high 537 

accommodation (Figueiredo et al., 2010). However, in the 538 

underlying successions (Units A-D) the Zoutkloof area represents an 539 

overall off-axis position with abundant silt-prone deposits (levees 540 

and lobe fringes), and the main slope channel-levee systems to the 541 
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south (e.g., Grecula et al., 2003 a; Sixsmith et al., 2004; Figueiredo et 542 

al., 2010) feeding sand-prone basin-floor lobe complexes to the east 543 

and north east (Di Celma et al., 2011; van der Merwe et al., 2014). 544 

Therefore, slope accommodation at Zoutkloof is interpreted to be 545 

the result of differential compaction of the underlying fine grained 546 

stratigraphy relative to the more sand-rich underlying stratigraphy 547 

to the south (Figueiredo et al., 2010) and east (van der Merwe et al., 548 

2014). 549 

The geometries of architectural elements, palaeocurrent 550 

measurements, and facies distributions in Subunit E2 indicate a 551 

depositional setting that evolved from highly- to weakly-confined. 552 

E2A deposited on the partially healed accommodation (Fig. 10) and 553 

beds show evidence for flow deflection and reflection. E2B deposits 554 

show a slightly different main palaeocurrent direction and formed 555 

above an erosion surface that cuts into E2A and shallows downdip 556 

(Fig. 10). E2C shows onlap against the open slope when the 557 

accommodation was infilled (Fig. 10). 558 

At the regional-scale, sedimentary features in the Geelbek area have 559 

been shown to form part of a step in a stepped slope profile with a 560 

ramp and sediment bypass  ~ 2 km basinward of this area (van der 561 

Merwe et al., 2014). A large slide scar has been interpreted at the 562 

top of the underlying Unit D in this locality (Brunt et al., 2013b). In 563 

this study, an abrupt facies change from claystones with a clast-rich 564 

sandstone marker bed to a 30 m-thick asymmetric wedge of thin-565 

bedded siltstone (Fig. 8) in strata underlying Subunit E2 has been 566 
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identified. This is interpreted to indicate the presence of a W-E 567 

oriented slide scar that formed near the step-to-ramp transition 568 

area prior to the initiation of Unit E, but was only partially healed, 569 

and could have modified and amplified the accommodation for the 570 

E2 intraslope lobe complex (Fig. 10).  571 

 572 

6.2 Diagnostic criteria for intraslope lobe deposits 573 

The identification of key characteristics of intraslope lobes 574 

compared to basin floor lobes can aid their identification in less well 575 

constrained subsurface and outcrop datasets (Fig. 11a). Geometries 576 

and architecture have been compared using published data from 577 

basin floor lobes in the Karoo Basin (Fan 3, Tanqua depocentre, 578 

Prélat et al., 2009; Unit A, Laingsburg depocentre, Prélat and 579 

Hodgson, 2013) with intraslope lobes of Units D/E and E (Table 1). 580 

6.2.1 Dimensions 581 

The lobe complexes are 6 to 10 km wide, 15 to 25 km long and 10 to 582 

15 m thick. In volume, they are an order of magnitude smaller than 583 

dimensions of basin floor lobe complexes quoted in Prélat et al. 584 

(2010), which are 10 to 30 km wide and 30 to 100 m thick. 585 

6.2.2 Lobe stacking patterns 586 

Lobes stack to form lobe complexes (Deptuck et al., 2008; Prélat et 587 

al., 2009), and the patterns of stacking of lobes within such 588 

complexes provide an insight into the degree of confinement 589 
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(Deptuck et al., 2008; Straub et al., 2009). Generally, an 590 

aggradational to slightly compensational style of stacking is 591 

observed within intraslope lobes of the Fort Brown Formation (Fig. 592 

11). This characteristic is also identified from subsurface studies of 593 

recent deepwater systems (Ferry et al., 2005; Barton, 2012). In 594 

contrast, basin floor lobes exhibit markedly compensational styles of 595 

stacking, indicative of relatively unconfined settings (Prélat et al., 596 

2009; Straub et al., 2009; Groenenberg et al., 2010).  597 

6.2.3 Sedimentary facies and features 598 

Intraslope lobe-axis deposits share similar facies associations with 599 

basin floor lobes (e.g., Prélat et al., 2009). Off-axis deposits of 600 

intraslope lobes are characterised by an abundance of medium 601 

bedded ripple- and climbing ripple-laminated sandstones (Fig. 11). 602 

Successions of climbing-wavy-climbing lamination or ripple-wavy-603 

ripple lamination are indicative of highly unsteady flows with high 604 

rates of sediment fallout. Individual beds can preserve ripple forms 605 

and climbing ripple-lamination that yield palaeoflow directions 606 

oriented at a high angle or even opposite to each other (Fig. 11), 607 

indicating deflection and reflection of the turbidity current during 608 

sedimentation. Commonly, basin floor, lobe fringe deposits contain 609 

numerous bipartite beds (Hodgson, 2009), and these are relatively 610 

rare in intraslope lobe fringe deposits. Erosion surfaces mantled 611 

with mudclasts are more common in intraslope lobe axis and lobe 612 

off-axis deposits than in basin floor lobe systems because proximity 613 

to channels and flow confinement leads to more entrainment of 614 
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fine-grained substrate. Basin floor lobes also display erosion 615 

surfaces in the lobe axis, leading to amalgamation of thick-bedded 616 

sandstones by removal of intervening thin beds (Stephen et al., 617 

2001; Prélat et al., 2009). However, erosion surfaces in basin floor 618 

lobes are more subtle than in the intraslope lobes. In basin floor 619 

lobe systems, facies transitions occur over several kilometres, both 620 

frontally and laterally (e.g., Prélat et al., 2009; Groenenberg et al., 621 

2010), whereas in intraslope lobe systems, facies transitions occur 622 

over shorter distances (typically over 10+ m), as observed in Unit E2 623 

in the Geelbek area (Fig. 9). 624 

6.2.4 Sand percentage 625 

Overall, intraslope lobe deposits are characterised by a higher 626 

percentage of sandstone than basin floor lobe deposits because 627 

sand becomes trapped preferentially in areas where available 628 

accommodation is limited compared to flow depth (Brunt et al., 629 

2004). If the flow height is greater than the relief of the confinement 630 

then the upper fine-grained part of the flow can be stripped, which 631 

will increase the proportion of sand that is accumulated (Sinclair and 632 

Tomasso, 2002; Prather et al., 2012b). Basin floor lobes of Unit A 633 

have an average sandstone percentage of 60% , with >80% in lobe 634 

axes and < 40% in distal lobe fringe settings (Prélat et al., 2009); 635 

intraslope lobes of Unit D/E and E show an average of 75% 636 

sandstone, with >90% in lobe axes and <50 % sandstone in lobe 637 

fringes (Table 1, Fig. 11b). 638 

6.2.5. Incision of intraslope lobes by channels 639 
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Commonly, intraslope lobes are incised by channels (e.g., Adeogba 640 

et al., 2005). Incision of the E1 lobe complex by low-aspect-ratio 641 

channel systems of different ages, including E1-aged channels, 642 

indicates that when the accommodation had been filled, slope 643 

channel systems could develop in response to a lower base level. 644 

This indicates that slope accommodation in this area was transient. 645 

This is supported by the identification of thick basin floor lobe 646 

complexes of Unit E age farther into the basin by van der Merwe et 647 

al. (2014). 648 

7. Conclusions 649 

Three exhumed intraslope lobe complexes, constrained by 650 

stratigraphic and geographic position based on extensive and 651 

detailed correlation and mapping in the Laingsburg depocentre, 652 

Karoo Basin, were studied to establish their sedimentological and 653 

stratigraphic characteristics. 654 

In the study area, intraslope lobe complexes are a 6 to 10 km wide 655 

and extend 15 to 25 km in down-dip directions; areal extent is 656 

controlled by the area over which slope accommodation was 657 

generated. The deposits are sandstone-rich and lack significant 658 

siltstone. Stacking patterns are aggradational to slightly 659 

compensational depending on the amount of confinement. The lobe 660 

axis is dominated by thick-bedded, amalgamated sandstones. The 661 

lobe off-axis mainly comprises medium-bedded climbing-ripple 662 

laminated sandstones. The lobe fringe is characterised by ripple- and 663 

climbing ripple-laminated sandstones that can show flow deflection 664 
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and reflection, and are interbedded with siltstones. Lateral and 665 

vertical facies changes occur over tens of metres and demonstrate 666 

highly variable, unsteady depositional flows that interacted with, 667 

and were governed by, underlying sea-bed topography and 668 

surrounding confinement. Two mechanisms are identified for the 669 

development of accommodation on the Karoo slope: differential 670 

compaction and scars formed by mass wasting processes. The 671 

presence of intraslope lobe complexes supports regional 672 

interpretations that the slope of the Laingsburg depocentre 673 

developed a series of steps. These sub-seismic-scale observations 674 

and interpretations provide possible analogues to sub-surface 675 

examples identified on geophysical data for which information 676 

relating to detailed internal sedimentary architecture is not 677 

available. 678 

The development of sedimentological and stratigraphic recognition 679 

criteria for identification of intraslope lobes will permit improved 680 

reconstruction of the stratigraphic evolution of continental margins. 681 

However, the depositional architecture will vary across systems 682 

depending on the mechanism responsible for slope accommodation, 683 

the areal extent of the accommodation, and the ratio of flow size 684 

and the degree of confinement. 685 
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 1008 

Figure Captions 1009 

Table 1. Comparison chart of the main sedimentological and 1010 

stratigraphic characteristics of intraslope lobes and basin-floor 1011 

lobes. 1012 

Fig. 1. Principal features of a stepped deep-water system. Two 1013 

mechanisms to generate accommodation on the slope are shown: 1014 

generation of a slope step due to tectonic faulting and above a scar 1015 

of a mass transport complex (MTC). 1016 
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Fig. 2. (A) The Laingsburg depocentre is located inboard of the Cape 1017 

Fold Belt. Black square indicates the area of study. Satellite images 1018 

taken from Google Earth. (B) Location of detailed study areas: 1019 

Roggekraal and Zoutkloof in the North, Geelbek in the South. White 1020 

squares indicate the zoom-in areas in (D) and (E). Shading 1021 

corresponds to colours of boxes in C. (C) Schematic stratigraphic log 1022 

sections of the Fort Brown Fm., Laingsburg Fm. and Waterford Fm. 1023 

(Flint et al., 2011). Units D/E and E are highlighted by the black 1024 

square. (D) Detailed view of the Zoutkloof and E) Geelbek study 1025 

areas. White lines indicate outcrop exposure, black dots indicate 1026 

positions of logged sections, and black boxed areas of detailed 1027 

correlation panels (Figure 7). 1028 

Fig. 3. Representative photographs of sedimentary facies observed 1029 

in the Zoutkloof area. (A) Thick-bedded amalgamated sandstones of 1030 

the lobe axis (FA 1). Geologist for scale (1.6 m). (B) Climbing ripple-1031 

laminated, medium bedded, fine-grained sandstones, with some 1032 

stoss-side preservation, in lobe off-axis (FA 2). Camera lens cover for 1033 

scale. (C) Heterolithic packages of thin-bedded sandstones and 1034 

siltstones in the lobe fringe (FA 3). Logging pole (0.5 m) with 10 cm 1035 

gradations as scale. (D) Hybrid bed (FA 4). Camera lens cover as 1036 

scale. (E) Siltstone package with intercalated sandstones (FA 5). 1037 

Logging pole (2 m) with 10 cm gradations as scale. (F) Silty 1038 

claystones (FA 6). Geologist for scale (1.6 m). 1039 

Fig. 4. Representative photographs and correlation panel of the 1040 

intraslope lobe complexes of Unit D/E and E1 in the Zoutkloof area 1041 
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and correlation panel for the Roggekraal N area. (A) Coarsening- and 1042 

thickening-upward at the base of the intraslope lobe deposits in Unit 1043 

D/E. Logging pole with 10 cm gradations as scale. (B) Roggekraal N 1044 

correlation panel showing siltstone intervals that separate individual 1045 

lobes in Subunit E1 and the two lobes of Unit D/E. Dashed red line 1046 

represents erosion surface (C) Tabular geometries of Unit D/E and 1047 

Subunit E1 in the Zoutkloof N area. The sand-prone units are 1048 

separated by a ~11 m thick mudstone. (D) E1 channels cut down 1049 

through E1 lobes and into the underlying claystone (Zoutkloof N). 1050 

Fig. 5. Correlation panels for Unit D/E and Subunit E1 in the 1051 

Zoutkloof area. Overall axis of the lobe complexes of Unit D/E and 1052 

Subunit E1 is located in the Roggekraal and Zoutkloof N areas. 1053 

Towards the north and south lateral facies transitions can be 1054 

observed and correspond to lobe off-axis and lobe fringe deposits. 1055 

Note incision of Subunit E1 by younger channel-fills. 1056 

Fig. 6. Simplified palaeogeographic reconstruction of (1) Unit D/E 1057 

and (2) overlying Subunit E1 in the Zoutkloof area. Flows show 1058 

evidence for deflection and reflection. 1059 

Fig. 7. Representative photographs of the intraslope complex in the 1060 

Geelbek area. (A) Bed showing climbing-ripple lamination with 1061 

opposing flow direction patterns. Camera lens cover as scale. (B) 1062 

Deformed mudstone interlayer with flames. Camera lens cover as 1063 

scale. (C) E2B overlies E2A outside of the basal scour surface. 1064 

Camera lens cover as scale. (D) E2B and E2C are separated by a thin 1065 
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(0.1 to 0.2 m thick; indicated by orange overlay) siltstone interval. 1066 

Geologist (1.6 m) as scale. 1067 

Fig. 8. Correlation of subunit E2 in the Geelbek area. Panel is hung 1068 

from hemipelagic claystone between E2 and E3. Black boxes (A-D) 1069 

indicate areas shown in detail in Figure 9. Note siltstone wedge 1070 

within the mudstone interval which is interpreted to partially fill a 1071 

slide scar. 1072 

Fig. 9. Details of the Geelbek correlation panel. (A) Detailed 1073 

correlation panel of E2A. (B) Injected mudstone below E2A with 1074 

geologist as scale. (C) Detailed correlation panel of the E2C onlap 1075 

zone. け;げ marks amalgamation surfaces, けEげ erosion surfaces. (D) 1076 

Example graphic log through high-amalgamation zone of E2B 1077 

overlain by well bedded, structured sandstone beds of E2C. 1078 

Fig. 10. Simplified palaeogeographic reconstruction of subunit E2 in 1079 

the Geelbek area. (1) slide removeshemipelagic claystone and 1080 

marker bed 3 (MB3). Surface is steep in the west and shallows to the 1081 

east. (2) thin-bedded siltstone beds partially infill scar, which is also 1082 

draped by hemipelagic mudstone. (3) deposition of confined 1083 

sediments of E2A. (4) E2B locally scours into E2A. (5) onlap of E2C 1084 

deposits to the west. Slope feeder channels are not exposed in the 1085 

field and therefore not displayed. 1086 

Fig. 11. (A) Block diagram showing the key recognition criteria of 1087 

intraslope lobes. Aggradational to slightly compensational stacking 1088 

patterns; onlap combined with injection onto mud-prone slope; 1089 
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highly amalgamated zones in the lobe complex axis; subtle 1090 

confinement leads to fringes that show aggradational stacking; high 1091 

degree of confinement leads to preservation of beds with evidence 1092 

of flow deflection, erosional based beds and abrupt facies changes; 1093 

climbing-ripple lamination is the dominant facies of the lobe-off 1094 

axis; incision by low-aspect-ratio channels that originate in the same 1095 

unit as the intraslope lobes; more lobe deposits can be found down-1096 

dip on the basin-floor or on steps basinward on the slope. (B) 1097 

Simplified logs of typical thicknesses and stacking patterns from lobe 1098 

axis to lobe fringe (downdip and laterally) in intraslope lobes that 1099 

are observed over a few kilometres. Note position of the schematic 1100 

logs from fringe (1) to axis (4) in (A). 1101 


