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ABSTRACT: Frontal lobes develop during discrete periods of progradation in deep-water systems, 12 

and commonly form on the lower slope to base-of-slope. In reflection seismic datasets, they are 13 

identified as high amplitude reflectors that are cut as the feeder channel lengthens. Here, an 14 

exhumed sand-prone succession (>80% sandstone) from Sub-unit C3 of the Permian Fort Brown 15 

Formation, Laingsburg depocenter, Karoo Basin, South Africa, is interpreted as a frontal lobe 16 

complex, constrained by its sedimentology, geometry and stratigraphic context. Sub-unit C3 crops 17 

out as a series of sand-prone wedges. Individual beds can be followed for up to 700 m as they thin, 18 

fine and downlap onto the underlying mudstone. The downlap pattern, absence of major erosion 19 

surfaces or truncation, and constant thickness of underlying units indicates that the wedges are non-20 

erosive depositional bodies. Their low aspect ratio and mounded geometry contrasts markedly with 21 

architecture of terminal lobes on the basin floor. Furthermore their sedimentology is dominated by 22 

dm-scale sinusoidal stoss-side preserved bedforms with a range of low-high angle climbing ripple 23 

laminated fine-grained sandstones. This indicates that the flows deposited their load rapidly close to, 24 

and downstream from, an abrupt decrease in confinement. The sedimentology, stratigraphy, cross-25 

sectional geometry and weakly confined setting of a sand-prone system from the Giza Field, Nile 26 

Delta is considered a close subsurface analogue, and their shared characteristics are used to 27 

establish diagnostic criteria for the identification and prediction of frontal lobe deposits. In addition, 28 

deposits with similar facies characteristics have been found at the bases of large external levee 29 

deposits in the Fort Brown Formation (Unit D). This could support models where frontal lobes form 30 

an initial depositional template above which external levees build, which provides further insight 31 

into the initiation and evolution of submarine channels. 32 

33 
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INTRODUCTION 34 

Sand-prone deposits in deep-water settings are generally attributed to either high-aspect ratio 35 

terminal lobes that form sheet-like deposits in distal areas, or the axial fills of submarine channels, 36 

whereas fine-grained material is commonly concentrated in levees or distal lobe fringe settings. This 37 

grain-size segregation is attributed to stratified turbidity currents that concentrate the coarser 38 

fraction at the base of the flow, whilst the finer fraction can overspill or be stripped into overbank 39 

settings thereby narrowing the grain-size range down slope (Piper and Normark 1983; Hiscott et al. 40 

1997; Peakall et al. 2000; Kane and Hodgson 2011). Sand-prone submarine channel-fills and lobes 41 

have been widely studied in modern and ancient systems for both academic and industry purposes 42 

(e.g. Bouma 1962; Posamentier et al. 1991; Mutti and Normark 1991; Weimer et al. 2000; Mayall 43 

and Stewart 2000; Gardner et al. 2003; Posamentier 2003; Posamentier and Kolla 2003; Hodgson et 44 

al. 2006; Pyles 2008; Romans et al. 2011; McHargue et al. 2011). 45 

Numerous wedge-shaped, high amplitude depositional elements adjacent to channels do not 46 

conform to the simple models of sand distribution in either low aspect ratio channel-fills or high 47 

aspect ratio lobes (Fig. 1)͘ MĂǇĂůů ĂŶĚ O͛BǇƌŶĞ ;ϮϬϬϮͿ ĚŽĐƵŵĞŶƚed the occurrence of mud-filled 48 

channels flanked by low aspect ratio sandy wedges; superficially similar features have also been 49 

described from high amplitude reflection packages (HARPs) at the base of external levees in the 50 

Amazon Fan (e.g. Flood et al. 1991; Normark et al. 1997). Within the constraints of seismic data, the 51 

high-amplitude reflectors can be interpreted as sand-prone levees that formed through overspill of 52 

sand-ƉƌŽŶĞ ĨůŽǁƐ ĨƌŽŵ ĂŶ ĂĚũĂĐĞŶƚ ĐŚĂŶŶĞů ;MĂǇĂůů ĂŶĚ O͛BǇƌŶĞ ϮϬϬϮͿ͕ Žƌ as remnants of precursor 53 

or frontal lobes formed by flows that spread laterally outward from a channel mouth before being 54 

overlain by a levee as the channel propagated into the basin (e.g. Normark et al. 1997). A plethora of 55 

terms have been used to describe similar features, including crevasse lobe/splays, avulsion 56 

lobes/splays, frontal lobes/splays and precursor lobes/splays in seismic datasets (e.g. Posamentier et 57 

Ăů͘ ϮϬϬϬ͖ MĂǇĂůů ĂŶĚ O͛BǇƌŶĞ 2002; Posamentier, 2003; Posamentier and Kolla 2003, Ferry et al., 58 
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2005; Wynn et al. 2007; Cross et al. 2009; Armitage et al, 2012). Here, we prefer the term lobe to 59 

splay, and make a distinction between frontal lobes, which are deposited ahead of a feeder channel 60 

that lengthens into the basin and incises through its own deposit, and crevasse lobes that are 61 

deposited adjacent to a channel and can mark the beginning of a channel avulsion cycle. 62 

Here, the focus is on frontal lobes. Currently, there are no published diagnostic criteria that can be 63 

used across different datasets to aid the characterisation and prediction of high amplitude sand-rich 64 

wedges, or to discriminate from crevasse lobes or sand-rich levees. In part this is due to the paucity 65 

of outcrop examples where sub-seismic observations of sedimentary facies can be made. The 66 

limitations of outcrops mean that uncertainties remain in relation to the geographic position, 67 

geometry, and stratigraphic relationship of interpreted frontal lobes and the feeder channel (e.g. 68 

Etienne et al. 2012; Brunt et al. 2013a). Where lobes develop immediately basinward of the mouth 69 

of their feeder channels they can form an important component in the assemblage of erosional and 70 

depositional features that can develop in channel-lobe transition zones (e.g. Morris et al. 1998; 71 

Wynn et al. 2002). 72 

An exhumed sand-prone deposit (Sub-unit C3) in a lower submarine slope setting with an unusual 73 

cross-sectional geometry, and low aspect ratio isopach ͚ƚŚŝĐŬƐ͛ ĂŶĚ ͚ƚŚŝŶƐ͛, is identified in the Fort 74 

Brown Formation, Laingsburg depocenter, Karoo Basin, South Africa. The study leverages detailed 75 

outcrop characterisation from both mapping and behind outcrop research boreholes We consider a 76 

frontal lobe complex origin for the units, based on documentation of process sedimentology, 77 

stratigraphic architecture, and depositional context. The key differences between frontal lobes and 78 

terminal lobes are reviewed, augmented with subsurface data from the Nile Delta. The results 79 

provide insight into the origin and evolution of sand-prone wedges associated with channels on the 80 

submarine slope, providing diagnostic criteria that will help in the future identification and 81 

characterisation of frontal lobes at outcrop and in the subsurface. 82 

GEOLOGICAL SETTING AND STRATIGRAPHY 83 
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The study area is located 14 km west of the town of Laingsburg, Western Cape, South Africa and 84 

forms part of the deep-water fill of the Laingsburg depocenter of the southwestern Karoo Basin. The 85 

Permo-Triassic Karoo Basin has been interpreted as a retroarc foreland basin (e.g. Cole 1992; Visser 86 

1993; Veevers et al. 1994; Catuneanu et al. 1998; Catuneanu et al. 2005) although more recent work 87 

suggests that subsidence during the Permian deepwater phase was driven by dynamic topography 88 

associated with subduction (Tankard et al. 2009). The progradational basin-floor to upper-slope 89 

succession is over 1.4 km thick (Flint et al. 2011)(Fig.2A), beginning with the distal basin-floor 90 

Vischkuil Formation (Van der Merwe et al. 2009; 2010), which is overlain by basin-floor and base-of-91 

slope systems of the Laingsburg Formation (Units A and B; Sixsmith et al. 2004; Grecula et al. 2003a; 92 

Brunt et al. 2013a; Prélat and Hodgson 2013). The overlying Fort Brown Formation is a muddy 93 

submarine slope succession with slope channel-levee systems containing Units C-G (Grecula et al. 94 

2003b; Figueiredo et al. 2010; 2013; Hodgson et al. 2011; Di Celma et al. 2011; Brunt et al. 2013b; 95 

Morris et al. 2014). Exposures are found along the limbs of E-W trending and eastward plunging 96 

post-depositional anticlines and synclines, such as the Baviaans syncline (the southern study area, 97 

Fig. 2C), and the Zoutkloof syncline (the northern study area, Fig. 2B). Sandstone prone units form 98 

topographic ridges between recessively weathered mudstone-prone units. The regional paleoflow 99 

direction in Units C and D, recorded from ripple cross lamination and flute casts, is NE-ENE (Hodgson 100 

et al. 2011). 101 

Unit C and the overlying 25 m thick C-D regional mudstone has been interpreted as a composite 102 

sequence, with Unit C representing a lowstand sequence set that comprises three sequences (Flint 103 

et al. 2011). The lowstand systems tracts to these three sequences are sand-prone Sub-units C1, C2 104 

and C3 (Di Celma et al. 2011). The lowstand systems tract of the youngest sequence, C3, is the focus 105 

here. C3 is bounded by two regional mudstones that serve as reliable regional markers; an 106 

underlying 8 m thick mudstone separating C2 and C3 (the upper C mudstone, which is the combined 107 

transgressive and highstand systems tracts to sequence C2), and the overlying ~25 m thick C-D 108 

mudstone (Hodgson et al. 2011). Di Celma et al. (2011) mapped a basinward stepping trend from 109 
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Sub-units C1 to C2, with a landward stepping component in the form of C3, suggesting a long-term 110 

waxing then waning of overall flow energy and volume through the evolution of the composite 111 

sequence.  112 

On the north and south limbs of the Baviaans syncline (Fig. 2C), C1 and C2 are primarily thin-bedded 113 

siltstones and fine-grained sandstones. C1 is attributed to frontal lobe processes, and the strata are 114 

up to 15 m thick (Di Celma et al. 2011). C2 is interpreted as an external levee deposit (up to 42 m-115 

thick) that partially confined a channel system filled with thick bedded structureless sandstones and 116 

internal levee deposits (up to 80 m thick) (Di Celma et al. 2011; Kane and Hodgson 2011; Hodgson et 117 

al. 2011; Morris et al. 2014). To the north, in the Zoutkloof farm area (Fig. 2B), Di Celma et al. (2011) 118 

noted that Unit C1 attains a maximum thickness of 65 m, comprising meter-scale packages of tabular 119 

bedded sandstone interpreted as terminal lobe deposits. The overlying C2 succession (60 m thick) 120 

consists of thin bedded sandstone and siltstone, with some amalgamated sandstone beds towards 121 

the base, and is interpreted as an external levee deposit with the genetically related channel-fill 122 

units that trend eastwards (Di Celma et al. 2011). The impact of this depositional relief on 123 

sedimentation patterns in C3 is discussed below.  124 

METHODS 125 

The geometry and facies distribution of Sub-unit C3 have been mapped from the Baviaans farm area 126 

for 22 km downdip, covering an area of 175 km
2
 (Fig. 2B; 2C) in which it ranges in thickness from ~60 127 

m on the northern limb of the Baviaans syncline to zero where it downlaps onto the underlying 128 

upper C mudstone, and is typically 10-20m thick in the study area. Field-based sedimentological and 129 

stratigraphic observations include 56 measured sections (2.7 km cumulative thickness); 7 sections on 130 

the southern limb of the Zoutkloof syncline, 36 on the northern limb of the Baviaans syncline and 13 131 

sections on the southern limb of the Baviaans syncline ʹ the CD Ridge (Fig. 2). The geometry of C3 132 

was mapped using the stratigraphic top of C2 as a lower datum and the base of Unit D as an upper 133 

datum (except in areas where D is an entrenched slope valley, Hodgson et al. 2011). Sub-unit C3 has 134 



******************************* 

7 

 

been described in detail in cores from two research boreholes (Bav 1A and Bav 6), drilled behind 135 

outcrops of the CD Ridge allowing for outcrop to subsurface correlation and calibration (Fig. 2D; 136 

Morris et al. 2014).  137 

SUB-UNIT C3: SEDIMENTARY FACIES ASSOCIATIONS 138 

The deposits of the Laingsburg and Fort Brown formations have a narrow grain-size range; from 139 

hemipelagic mudstone to a maximum grain-size of fine-grained sand. Within the confines of the 140 

study area, Sub-unit C3 consists mainly of thinly bedded sandstone and siltstone. C3 overlies the 141 

upper C mudstone across a gradational contact, characterized by thin (<1 cm) alternating beds of 142 

sandstone and siltstone; the unit is sharply overlain by the C-D mudstone. Four main sedimentary 143 

facies associations have been identified within Sub-unit C3: FA1 ʹ Siltstone-prone thin-bedded 144 

deposits; FA2 ʹ Sandstone-prone thin-bedded deposits; FA3 ʹ Sandstone-prone thick bedded 145 

deposits; and FA4 ʹ Structured sandstone (see Figure 3). 146 

C3 is characterized by a distinct succession of sedimentary facies associations (Fig. 4A); FA1, is 147 

preserved as the basal meter of C3 throughout the study area (Fig. 4A) and in core (Fig. 5A). 148 

Overlying FA1 is the coarser grained FA2, FA3 and FA4 facies associations (Fig. 4A). This succession 149 

consists of very coarse siltstone-to-very fine-grained sandstone beds that are 0.05-0.4 m thick, 150 

organised into 0.1-0.4 m thick bedsets that are characterized by sinusoidal laminae and climbing 151 

ripple laminae (Fig 4E). Paleoflow directions measured from these structures are towards the N/NE 152 

(030-130 degrees). In the Bav 1A core (Fig. 5), the sinusoidal laminae of FA3 are defined by concave-153 

up through sub-parallel and low angle to convex-up laminae-sets (Fig. 5E). There are multiple cm-154 

scale erosion surfaces present, across which some minor truncation of laminae is observed 155 

throughout the unit (15 recorded from the 15.5 m thickness of C3 in Bav 1A); however, major 156 

(meter-scale) erosional surfaces are not identified in core or at outcrop. Commonly, the upper 157 
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contact of C3 comprises a bed of very fine sandstone 0.4-0.7 m thick, which locally contains climbing 158 

ripple cross-lamination or dewatering structures. 159 

Facies Association Interpretation 160 

The stratigraphic context of Sub-unit C3 in a submarine slope setting is well established (Flint et al. 161 

2011; Hodgson et al. 2011; Di Celma et al. 2011). The thin-bedded nature, subtle normal grading and 162 

tractional structures of the thin-bedded tabular sandstones and siltstones indicate deposition from 163 

low-density and dilute turbidity currents in a relatively unconfined setting. The presence of mud 164 

drapes suggests that there was a significant hiatus between events associated with hemipelagic 165 

fallout. Alternatively, the mudstone drapes record the very fine-grained fallout from dilute tails of 166 

turbidity current (Td and Te beds) that mostly bypassed the area (cf., Mutti and Normark, 1987), 167 

suggesting that large events were more continuous. 168 

The climbing ripple cross-laminated thick-bedded sandstone and siltstone facies, characterised by 169 

the presence of dm-scale sinusoidal stoss-side preserved laminae and low-to-ŚŝŐŚ ĂŶŐůĞ ;ϭϬȗ-ϰϬȗͿ 170 

climbing ripple lamination indicates high rates of sediment fallout and tractional deposition that is 171 

attributed to rapid expansion and deposition from moderate-to-low concentration turbidity currents 172 

(Allen, 1973; Jobe et al. 2012). The erosion surfaces identified in core may indicate some minor-to-173 

moderate reworking of bed-tops by more energetic turbidity currents.  174 

Significance Of Aggradational Bedforms 175 

The dm-scale stoss-side preserved sinusoidal lamination so prevalent throughout C3 is similar in 176 

form to the sinusoidal ripple lamination described by Jopling and Walker (1968); Type B and S 177 

climbing ripple lamination described by Allen (1973); and the sinusoidal laminae described by Hunter 178 

(1977) and Jobe et al. (2012). Climbing ripple lamination results from the action of unidirectional 179 

currents (Allen 1973), and require bedload transport and simultaneous high rates of suspended 180 

sediment load fallout (Sorby 1859; 1908). These conditions are typical of non-uniform depletive 181 
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flows (Kneller 1995). Sinusoidal lamination is shown to be a form of climbing ripple cross-lamination 182 

produced on a spectrum largely dependent on the degree of stoss-side preservation (Jopling and 183 

Walker, 1968). According to Jopling and Walker (1968) and Allen (1973), the type of ripple 184 

lamination produced depends upon the rate of fallout from suspension; the higher the volume of 185 

fine grained material falling out of suspension, the lower the rate of stoss-side erosion, allowing a 186 

higher angle of climb and more complete preservation of a lamina. Allen (1971a, 1971b; 1973) noted 187 

that climbing ripple lamination is significant as it preserves the only bedform that can be used to 188 

determine the short-term rate of deposition. The highly aggradational nature of the sinusoidal 189 

laminae within C3 indicates persistent high rates of deposition, which suggests that sediment gravity 190 

flows were expanding and depositing rapidly (highly non-uniform, (Kneller 1995)). Locally, the 3D 191 

asymmetric bedform formed by the sinusoidal laminae is observed (see Fig. 12b of Kane and 192 

Hodgson, 2011). It is likely that the flows were long-lived enough to create sedimentation rates that 193 

exceeded rates of erosion at the ripple reattachment point, forming stoss side preserved highly 194 

aggradational deposits (Jobe et al. 2012). The lack of high-relief erosional contacts would also 195 

suggest that events of this nature were continuous rather than sporadic. This is consistent with the 196 

interpretation that the mm-thick mud laminae derive from continuous events and are the products 197 

of fine-grained, dilute turbidity current tails (Td and Te beds; cf., Mutti and Normark, 1987).  198 

That this sedimentary facies association dominates much of Sub-unit C3 indicates that the processes 199 

were governed by flows characterized by high sedimentation rates. Mechanisms that could explain 200 

this repeated non-uniform and depletive flow behaviour include the presence of a change in 201 

gradient, the abrupt transition from confined to unconfined settings such as at the terminus of 202 

confined channels (e.g., Mutti and Normark, 1987; Normark and Piper, 1991; Wynn et al, 2002), or 203 

overspilling onto an external levee (Jobe et al. 2012).  204 

SUB-UNIT C3: DEPOSIT GEOMETRY AND FACIES ASSOCIATION DISTRIBUTION 205 
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The geometry and depositional architecture of C3 along the limbs of the Baviaans and Zoutkloof 206 

synclines has been documented by mapping the uniformly thick mudstone stratigraphic marker beds 207 

that bound C3 and through physical correlation of beds by walking them out between closely spaced 208 

measured sections (Fig. 2 and 6). 209 

Along the southern limb of the Baviaans syncline (CD Ridge), C3 thins from 15 m at the nose of the 210 

syncline, to less than a meter eastwards over a distance of 2 km across depositional strike (Fig. 6B). 211 

Individual beds thin, fine and downlap towards the east onto the underlying mudstone, i.e. the 212 

thicker bedded climbing ripple cross-laminated sandstones (FA3 and FA4) thin, fine and downlap, 213 

passing into the thin-bedded siltstones laterally (FA2 and FA1). Exposure is curtailed at the 2 km 214 

point where a Unit D-aged entrenched slope valley 120 m deep and 2 km wide incises through C3 215 

and earlier deposits (Fig. 6C; Hodgson et al. 2011). However, C3 is present beyond the eastern edge 216 

of the Unit D slope valley, manifest as a 1.4 m thick thin bedded (FA1) unit that continues for 8 km, 217 

gradually thinning and fining before pinching out (Fig. 6C). C3 is not observed again along the south 218 

limb of the Baviaans syncline beyond this pinchout point. No large-scale erosive features within or at 219 

the base of C3 have been observed on either side of the Unit D slope valley and paleocurrents record 220 

the N-to-NE directed regional paleoflow. The Bav 1A research borehole provides some north-south 221 

control: at outcrop close to the borehole position C3 is approximately 7-8 m thick. In the core, 222 

approximately 300 m away in the subsurface, it is 15.5 m thick, indicating abrupt thickening (~2.5 223 

m/100 m) to the north. 224 

Along the northern limb of the Baviaans syncline C3 thins westward from 17.5 m to 3 m, then 225 

thickens to more than 60 m over ~2 km across depositional strike (2.5 m/100 m), before thinning 226 

again to 15 m at the closure of the Baviaans syncline (Fig. 6B). In strike section (Figs. 6B and 7A), two 227 

sandstone-prone zones or 'thicks' have aspect ratios of ~50:1 for the western thick and 600:1 for the 228 

eastern thick. Where C3 thins from 17.5 m to 3 m, individual beds can be walked out for over 700 m 229 

as they thin, become finer grained, and downlap onto the underlying mudstone (Fig. 6B, 7A, 7B, 7C 230 

and 8). As these beds thin and fine laterally, the distribution of sedimentary structures varies from 231 
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sinusoidal laminae to climbing ripple lamination in sandstone (Fig. 8) before passing into siltstone. 232 

The aspect ratio of 50:1 of ƚŚĞ ǁĞƐƚĞƌŶ ͚ƚŚŝĐŬ͛ ŝƐ ƐŝŵŝůĂƌ ƚŽ ĐŚĂŶŶĞůŝƐĞĚ ĨĞĂƚƵƌĞƐ ĂŶĚͬŽƌ HA‘PƐ ĂƐ 233 

plotted by Piper and Normark (2001). The lack of major erosional features, the lateral fining and 234 

thinning of strata, and the constant thickness of the underlying mudstone indicate that the variable 235 

thickness geometry is a consequence of deposition rather than erosion (Fig. 7B and 7C). Therefore a 236 

channelised mode of formation of these deposits is unlikely. Where C3 is <3 m thick (e.g. eastern 237 

exposures on the CD Ridge, south limb of Zoutkloof syncline) it is thinner bedded and finer grained, 238 

comprising 1-3 cm thick beds of interbedded coarse-siltstone to very fine-grained sandstone with 239 

planar and locally current ripple cross lamination. Sandstone beds are separated by 1-2 mm-thick 240 

mudstone beds with low intensity bioturbation; it is the same facies association that is observed in 241 

the lowermost meter of C3. As C3 thickens westward to a maximum of ~60 m (Fig. 6), there is a 242 

localised increase in sandstone percentage through the full thickness of the sub-unit, from <20% in 243 

the ͚thins͛ ;ǁŚĞƌĞ ƚŚĞ ƵŶŝƚ ŝƐ ϯ-17.5 m thick) to over 50% in the ͚thicks͛ ;~60 m thick). In the thickest 244 

areas individual sandstone beds are typically characterized by sinusoidal laminae. At all of the 245 

measured sections on the northern limb of the syncline, paleocurrent directions derived from ripple 246 

foresets indicate that flow was towards the N-to-NE (Fig. 6F) following the regional paleoflow 247 

direction (within a 40° range). This same northeasterly  paleocurrent trend is recorded in beds that 248 

thin to the west. 249 

Further north on the southern limb of the Zoutkloof syncline C3 is thinly bedded (comprising the 250 

thin-bedded sheet-like sandstones and siltstones of FA1) and has been mapped for 18 km down dip 251 

(Fig. 6A). Overall, it varies slightly in thickness (1.5-3 m); however, one section records a thickness of 252 

15.3 m and comprises stacked beds dominated by sinusoidal laminae, representing another 253 

depositional sand-prone 'thick' with similar sedimentary facies association. The isopach map shows 254 

the distribution of Sub-unit C3 throughout the study area (Fig. 6D). 255 

 256 

DISCUSSION 257 
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Depositional Environment of C3 258 

Sub-unit C3 is unlike any other unit observed in the Laingsburg and Fort Brown Formations, with an 259 

unusual cross-sectional geometry of low aspect ratio mound shaped sandstone-prone 'thicks' 260 

containing beds that downlap towards siltstone-prone thinner areas, or 'thins', with a consistent N-261 

to-NE paleoflow (Figs. 6B, 7B, 7E and 7G). There is no evidence for: (i) substantial erosion at the base 262 

or the top of C3; or (ii) erosional channel deposits or surfaces. Furthermore, no increase in the 263 

thickness of mudstone above C3 is evident (Figs. 6 and 7), suggesting that there are not a series of 264 

mudstone-filled channels to account for the observed thickness variations. Therefore, the C3 265 

mounds are interpreted to be depositional in origin. The occurrence of such depositional units in the 266 

absence of erosional confinement, but with the widespread occurrence of physical structures 267 

attributable to aggradational bedforms that indicate rapid rates of deposition, does not fit a simple 268 

range of deep-water architectural elements (Allen 1973; Jobe et al. 2012). Possible depositional 269 

environments and paleogeographic configurations that could explain the stratal geometry and 270 

physical sedimentary characteristics are considered.  271 

Levees.--- 272 

External levees are wedge-shaped constructional features formed by turbidity currents that overspill 273 

channel confinement, and fine, thin and downlap away from the related submarine channels (e.g., 274 

Buffington, 1952; Shepard and Dill, 1966; Skene et al. 2002; Kane et al. 2007; Kane and Hodgson 275 

2011; Morris et al. 2014). Commonly, external levees form thin-bedded and mud- and silt-prone 276 

successions (e.g. Pirmez et al. 1997; Kane and Hodgson 2011) that typically fine- and thin-upwards as 277 

confinement increases (e.g. Walker 1985; Manley et al., 1997; Morris et al. 2014). However, more 278 

sand-prone wedges adjacent to channels that are attributed to levee deposition have been 279 

interpreted from subsurface data ;MĂǇĂůů ĂŶĚ O͛BǇƌŶĞ ϮϬϬϮͿ͘ IŶ ĞǆƚĞƌŶĂů ůĞǀĞĞƐ͕ ƉƌŽǆŝŵĂů ƚŽ ĚŝƐƚĂů 280 

relationships, relative to the genetically-related channel, in terms of the distribution of sand and bed 281 

thickness are notable, corresponding to relative flow velocities as interpreted from sedimentary 282 
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structures, i.e. beds are thinner and finer and indicative of lower energy further away from the 283 

channel (Piper and Deptuck, 1997; Kane et al. 2007; Morris et al. 2014).  284 

Comparison to C3: The lateral thinning, fining and bed downlap of C3 is comparable to that of an 285 

external levee (Fig. 9A). Sedimentologically, C3 shares similarities with the basal deposits of other 286 

documented external levees in the Fort Brown Formation (Figueiredo et al. 2010; Hodgson et al. 287 

2011; Di Celma et al. 2011; Brunt et al. 2013b; Morris et al. 2014) although these other examples 288 

progressively fine- and thin-upwards into siltstone-prone successions (cf., Manley et al., 1997; Kane 289 

and Hodgson 2011; Morris et a. 2014). Commonly, sandstone dominated deposits are found at the 290 

base of levees, when flows were less confined and the sandy parts of flows were able to spill into 291 

overbank areas (Damuth et al. 1988; Flood et al., 1991; Pirmez and Flood, 1995; Kane and Hodgson 292 

2011). These deposits can also represent earlier frontal splays/lobes that have been incised and 293 

overlain by younger levee deposits as the channel lengthened and confinement increase through 294 

erosion and/or construction (Gardner et al. 2003; Beaubouef 2004; Ferry et al., 2005). No C3 aged 295 

channel has been identified at outcrop throughout the study area, although it is plausible that 296 

evidence for it was removed by the later entrenchment of the Unit D slope valley on the southern 297 

limb of the Baviaans syncline (Hodgson et al. 2011). Also the low aspect ratio of the sand prone 298 

͚ƚŚŝĐŬƐ͛ ĂŶĚ ƚŚĞ ŵŽƵŶĚ ƐŚĂƉĞ ĚŝĨĨĞƌƐ ĨƌŽŵ Ă ƚǇƉŝĐĂů ůĞǀĞĞ wedge (Skene et al. 2002; Kane et al. 2010), 299 

which tapers away from the genetically related channel. 300 

Terminal Lobes.--- 301 

 Terminal lobes form in distal reaches of a distributive system in very low gradient settings, 302 

and are typically dominated by tabular (sheet-like), sandstone rich deposits (Etienne et al. 2013). The 303 

geometry and distribution of terminal lobe sedimentary facies have been documented in the 304 

adjacent Tanqua depocenter (Prélat et al. 2009), and a similar range of facies and stacking patterns 305 

have been identified in terminal lobes of Unit A in the underlying Laingsburg Formation (Prélat and 306 

Hodgson 2013). Low aspect ratio sand-rich units have been identified in the most distal portions of 307 
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lobes exposed in the Tanqua depocenter (e.g. Rozman 2000; van der Werff and Johnson 2003; Prélat 308 

Ğƚ Ăů͘ ϮϬϬϵͿ͘ TŚĞƐĞ ĨĞĂƚƵƌĞƐ ĨŽƌŵ ĂŶ ƵŶĞǀĞŶ ŐĞŽŵĞƚƌǇ ŝŶ ƐƚƌŝŬĞ ƐĞĐƚŝŽŶ ǁŝƚŚ ƐĞǀĞƌĂů ͚ƚŚŝŶƐ͛ ĂŶĚ 309 

͚ƚŚŝĐŬƐ͛ ƵƉ ƚŽ ƐĞǀĞƌĂů ŚƵŶĚƌĞĚ meters wide in the distal fringe of the basal lobe in lobe complexes 310 

(Prélat et al. 2009). There is no evidence for basal erosion, and in map view these feature form 311 

depositional finger-like projections (Rozman 2000; Groenenberg et al. 2010). In terms of 312 

sedimentary facies, the fingers most commonly comprise amalgamated fine-grained sandstone 313 

abundant of dewatering structures, or turbidites with linked debrites in which upper argillaceous 314 

divisions are rich in mudclasts and carbonaceous material (Haughton et al. 2009; Hodgson 2009).  315 

Comparison to C3: C3 is situated on a submarine slope above channel-levee systems (Sub-unit C2), 316 

the low aspect ratios and mounded geometry of these features, as well as the highly depositional 317 

and aggradational sedimentary facies association dominated by climbing ripple laminae, contrasts 318 

with terminal lobes identified on the basin floor in the Karoo Basin (Prélat et al. 2009). For these 319 

reasons, C3 in the study area is not interpreted as a terminal lobe complex. Although the distal 320 

͚ĨŝŶŐĞƌƐ͛ ŽĨ ƚĞƌŵŝŶĂl lobes in the Tanqua depocenter also form sand-rich units of variable thickness in 321 

strike section, and are depositional in origin, their sedimentology and paleogeographic position are 322 

markedly different. High aspect ratio fine-grained sandstone packages in Sub-unit C3, with more 323 

tabular bedded sandstone deposits that contain turbidites with linked debrites are identified >15km 324 

farther into the basin to the east. These deposits meet criteria proposed by Prélat and Hodgson 325 

(2013) for the identification of terminal lobes (Fig. 10).  326 

Crevasse Lobes.--- 327 

Lateral or crevasse lobes are sand-prone units deposited on levee flanks (Fig. 9C). They are formed 328 

by turbidity currents that breach an external levee (Posamentier and Kolla, 2003; Morris et al. 2014), 329 

and can precede a channel avulsion (e.g. Fildani and Normark, 2004; Brunt et al. 2013a). 330 

Posamentier and Kolla (2003) documented an example from the Gulf of Mexico covering 50 km
2
. 331 

Commonly, the site of deposition of a crevasse lobe is weakly confined and allows flows to spread 332 
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out and form both parallel and subtly lens-shaped seismic facies (Flood et al. 1991; Pirmez et al. 333 

1997). Cores taken through these deposits as part of IODP leg 155 shows they are characterized by 334 

thick-bedded sandstones that are coarse grained in relation to the surrounding levee deposits and 335 

are rich in mud clasts in beds exceeding 1 m in thickness (Pirmez et al. 1997).  336 

Comparison to C3: Sinuous channels are commonly invoked to explain the presence of crevasse 337 

lobes (Keevil et al. 2006; Peakall et al. 2000). Sinuous channels are interpreted to be mature 338 

channels that have been established for relatively long, sustained periods of time (Peakall et al. 339 

2000; Maier et al. 2013). Crevasse lobe deposits has been interpreted within levee successions 340 

elsewhere in the field area (Morris et al. 2014), and are only a few metres thick. There is no levee 341 

associated with C3 throughout the entire field ĂƌĞĂ͕ ƚŚŝƐ ƐƵŐŐĞƐƚƐ ƚŚĂƚ ŝƚ ŝƐ ƵŶůŝŬĞůǇ ƚŚĂƚ ƚŚĞ ͚ƚŚŝĐŬƐ͛ 342 

are the result of crevasse processes from a sinuous channel into an external levee setting.  343 

Frontal Lobes.--- 344 

The term frontal lobe, or splay, refers to a relatively unconfined deposit formed basinward 345 

of the feeder channel (Posamentier and Kolla 2003) (Figs. 9D and 9E). A series of frontal lobes can 346 

stack to form a frontal lobe complex (sensu Prélat et al. 2009) as the feeder channel lengthens into 347 

the basin. The channel will incise through its own deposit, as a new lobe forms farther basinward. 348 

The stacking patterns of the lobes can be either forward stepping where the feeder channel cuts 349 

through the axis of the lobe complex (Fig. 9E), or a laterally offset pattern where the feeder channel 350 

will deviate to avoid the axis of each lobe (Fig. 9D). As a result of this partial cannibalisation, frontal 351 

lobe complexes are preserved as remnants that are cut by genetically-related channels during 352 

system progradation (e.g. Brunt et al. 2013a). The channel-lobe transition zone (CTLZ) is defined as 353 

the region that, within any turbidite system, separates well-defined channels or channel-fill deposits 354 

from well-defined lobes or lobe facies (Mutti & Normark 1987). In modern settings, the CLTZ is 355 

characterized by scours and erosional lineations separated by patchily distributed sands (e.g. Wynn 356 

et al., 2002; MacDonald et al. 2011). This geographic area can move gradually or abruptly through 357 
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time, depending on changes in parameters such as seabed gradient and flow magnitude. As such the 358 

architecture expression of the CLTZ in stratigraphic successions can be elusive (Gardner et al. 2003). 359 

Typically, the seismic character of frontal lobes is manifest as part of composite high amplitude 360 

continuous reflection packages (HARPs; Damuth et al. 1988; Piper and Normark 2001; Posamentier 361 

and Kolla 2003).  362 

Comparison to C3: The sedimentological evidence for persistent rapid deposition from turbidity 363 

currents, the distinctive low aspect ratio depositional geometry supports an interpretation of C3 in 364 

the Baviaans Farm area as a series of frontal lobes that form a frontal lobe complex (Fig. 10). The 365 

presence of C3-aged terminal lobes down-dip indicates that there was sediment bypass in the 366 

western part of the Baviaans syncline during the evolution of C3. Therefore, the frontal lobe complex 367 

is interpreted to have been fed by an interpreted channel system to the south that followed a ENE 368 

path with a similar trend to the entrenched Unit D channel system (Hodgson et al. 2011; Brunt et al. 369 

2013b). This explanation accounts for the consistent direction of paleocurrent data at an angle to 370 

the hypothesised ENE-trending channel to the south (Figs. 7G and 10) and the sedimentological 371 

evidence of rapid deposition as flows exited the abrupt terminus of a feeder channel that 372 

propagated into the basin. TŚĞ ůĂĐŬ ŽĨ ƚƌƵŶĐĂƚŝŽŶ ĂƐƐŽĐŝĂƚĞĚ ǁŝƚŚ ƚŚĞ ͚ƚŚŝŶƐ͛ does not support an 373 

interpretation of frontal lobes with a forward stepping pattern (Fig. 9E). However, the downlapping 374 

pattern, paleocurrents, and depositional geometry are consistent with an off-axis dip section 375 

through a series of laterally offset frontal lobes (Fig. 9D). In the main study area (blue box on Fig. 376 

ϭϬAͿ͕ ƚŚĞ ĚĞƉŽƐŝƚŝŽŶĂů ͚ƚŚŝĐŬ͛ ŽŶ ƚŚĞ ŶŽƌƚŚ ůŝŵď ŽĨ ƚŚĞ BĂǀŝĂĂŶƐ ƐǇŶĐůŝŶĞ ;FŝŐƐ͘ ϲB͕ ϳA ĂŶĚ ϭϬBͿ 377 

comprises dominantly FA3 and FA4 and is interpreted to form part of a frontal lobe axis, and the 378 

thinner bedded FA2 and FAϯ ĚŽŵŝŶĂŶƚ ĚĞƉŽƐŝƚƐ ĂƐƐŽĐŝĂƚĞĚ ǁŝƚŚ ƚŚĞ ĚĞƉŽƐŝƚŝŽŶĂů ͚ƚŚŝŶƐ͛ ĂƌĞ 379 

interpreted as frontal lobe off-axis to frontal lobe fringe deposits. In sedimentary process terms, the 380 

CLTZ records the abrupt downstream transition of flows from a confined to unconfined state, and 381 

this change in flow behaviour is recorded in C3 deposits. Frontal lobe deposits are one of an 382 

assemblage of depositional and erosional features that can be used to identify CLTZ in the rock 383 
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record. Other features, including mud-draped scour-fills, backset bedding, and depositional barforms 384 

(e.g. Ito et al. 2014), are not identified in C3. However, this might be due to the exposures being at 385 

the edge of the. Figure 10 illustrates a paleogeographic reconstruction of C3 as a series of laterally 386 

offset frontal lobes to the west and terminal lobe deposits to the east, with the main sediment 387 

pathway to the south.  388 

Why Is This Deposit Preserved In This Area? 389 

GĞŽŵĞƚƌŝĐĂůůǇ͕ Cϯ ͚ƚŚŝĐŬƐ͛ ĂƌĞ ĐůŽƐĞƌ ŝŶ ĂƐƉĞĐƚ ƌĂƚŝŽ ƚŽ ĞƌŽƐŝŽŶĂů ĐŚĂŶŶĞůƐ (AR = ~10:1) than to weakly 390 

confined lobe/splay deposits (AR = ~100:1) (Clark et al. 1992; Piper and Normark 2001; Prélat et al. 391 

2010). The unusual geometry of the composite C3 deposit could be attributed to the influence of 392 

older deposits to the north that formed depositional relief. Di Celma et al. (2011) recognized that 393 

Sub-unit C1 attains a maximum thickness of 65 m at Zoutkloof farm (highlighted in Fig. 2), and 394 

interpreted that this deposit controlled the change in orientation of C2-aged channel complexes to 395 

the east, and the formation of thick C2 external levees in the Zoutkloof area. This inherited 396 

depositional relief may have partially confined the flows that comprise C3 deposits, fostering a build-397 

up of significant depositional relief in the Baviaans area, close to channel mouths (Fig. 10). 398 

Di Celma et al. (2011) interpreted that in the study area Sub-unit C1 consists of lobe deposits, and C2 399 

is a channel-levee complex set. Considering that C3 is interpreted as a frontal lobe complex, the Unit 400 

C composite sequence, therefore, is interpreted to represent a progradational-to-retrogradational 401 

stepping lowstand sequence set of lower to mid slope deposits overlain by the draping C-D 402 

mudstone, which forms the combined transgressive/highstand sequence set (Flint et al., 2011; Di 403 

Celma et al., 2011). C3 represents the retrogradational section of the Unit C sequence set, following 404 

the basinward advance of C2. At this late stage in the lowstand sequence set it is suggested that the 405 

flows feeding the frontal lobes of C3 did not have the power to incise through the previously 406 

deposited sandstone-ƉƌŽŶĞ ͚ƚŚŝĐŬƐ͛, inhibiting further basinward propagation of the channels.  407 
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The physical structures of Sub-unit C3 are consistent with non-uniform flow and rapid expansion and 408 

deposition from moderate-to-low concentration turbidity currents. An abrupt shift from confined to 409 

unconfined conditions at the terminus of  channels is envisioned, perhaps enhanced by a reduction 410 

in gradient. The scale, the low aspect ratio of the C3 mounds, the presence of the highly tractional 411 

ďĞĚĨŽƌŵƐ ĂŶĚ ƚŚĞ ƐůŽƉĞ ƐĞƚƚŝŶŐ ƐƵƉƉŽƌƚ Ă ĨƌŽŶƚĂů ůŽďĞ ĐŽŵƉůĞǆ ŝŶƚĞƌƉƌĞƚĂƚŝŽŶ ĨŽƌ ƚŚĞ ͚ƚŚŝĐŬƐ͛ ĂŶĚ 412 

͚ƚŚŝŶƐ͛ Žf C3. According to Groenenberg et al. (2010), sediment gravity flows that supply terminal 413 

lobes on the basin floor are influenced by much more subtle topography and are less likely to 414 

undergo rapid deposition. 415 

 416 

Can Frontal Lobes Form Parts Of External Levee Successions? 417 

Comparison to the Unit D external levee ʹ CD Ridge.--- 418 

C3 shares some sedimentological characteristics with the basal parts of external levees in the Fort 419 

Brown Formation (Morris et al. 2014), but lacks the distinctive fining- and thinning-upward siltstone-420 

prone character of many external levees (cf., Manley et al., 1997). The Unit D external levee (sensu 421 

Kane and Hodgson, 2011) has a distinctive facies association distribution in 1D allowing the 422 

identification of two main depositional phases that are responsible for the resultant levee deposit 423 

(Morris et al. 2014). In Bav 1A, Unit D is ~70 m thick, the lowermost 20-25 m of Unit D has a similar 424 

facies association and facies distribution to that observed in C3 with FA1 dominant in the basal 1m, 425 

overlain by FA2, FA3 and FA4 comprising thick-bedded (0.1-0.4 m) coarse siltstone and very fine 426 

sandstone, dominated by sinusoidal laminae (Morris et al. 2014). Overlying this 20-25 m interval, 427 

Unit D is siltstone dominated (~5-10% very fine sandstone) and thinner bedded. The prevalent 428 

sinusoidal, aggradational bedforms are still observed, however planar lamination is the dominant 429 

sedimentary structure. Not only are there sedimentary facies association similarities between the 430 

lower part of Unit D and C3, but studies completed on the western external levee of the CD Ridge 431 

(Kane and Hodgson 2011; Morris et al. 2014) show that individual beds at the base of Unit D thin and 432 
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fine in grain-size, as they downlap onto the underlying mudstone, away from the main channel, 433 

similar to the pattern observed in C3 (Fig. 7B and 8). The highly aggradational nature and apparent 434 

unidirectional current laminations present in Unit D suggest that large volumes of sediment were 435 

rapidly deposited. The vertical change in facies within the Unit D external levee succession suggests 436 

that higher and more dilute parts of flows spilled onto the levee as the distance between the base of 437 

the channel and the levee crest increased through a combination of erosion and construction.  438 

The similarity in facies association and geometry of the basal 20-25 m of the Unit D external levee 439 

and C3 in Bav 1A suggests a similar set of formative processes, and therefore, that the vertical facies 440 

association change through Unit D developed in response to the change from weakly- to highly-441 

confined. More specifically, we speculate that the lower part of the external levee wedge is a 442 

preserved remnant of a frontal lobe that formed prior to the establishment of a confined channel 443 

conduit. Once the channel was established, only dilute parts of flows were delivered to the overbank 444 

area (Hodgson et al. 2011). Shallow subsurface (Flood and Piper 1997; Lopez 2001; Babonneau et al. 445 

2002; Fonnesu 2003; Ferry et al. 2005; Bastia et al. 2010; and Maier et al. 2013) and outcrop 446 

(Gardner et al. 2003; Beaubouef 2004; Kane and Hodgson 2011) datasets have recorded similar 447 

observations of sand-rich intervals partially eroded by a genetically related channel and later 448 

overlain by external levee deposits. The lack of an overlying external levee facies above C3 in the 449 

study area suggests that a large entrenched levee-confined channel system did not develop, possibly 450 

due to the long term waning sediment supply consistent with the backstepping trend in this last 451 

sequence of the Unit C lowstand sequence set. 452 

Comparison with Subsurface Examples 453 

A series of subsurface examples highlighting high amplitude, apparent sandstone-dominated wedge-454 

shaped deposits adjacent to submarine channels are presented in Figure 1. Within the constraints of 455 

the seismic data, the sand-prone wedges can be interpreted in different ways: (1) sand-prone levees 456 

derived from ƐƉŝůů ŽĨ ĨůŽǁƐ ĨƌŽŵ ĂŶ ĂĚũĂĐĞŶƚ ĐŚĂŶŶĞů ;MĂǇĂůů ĂŶĚ O͛BǇƌŶĞ ϮϬϬϮ); or (2) frontal lobes 457 
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arranged in a forward-stepping or laterally-offset stacking pattern deposited at the terminus of a 458 

channel that lengthened and partially eroded through its own deposits (Fig. 9D and 9E). The precise 459 

stratigraphic relationship between the channel and the sand-prone wedges and the environment of 460 

deposition of the high-amplitude wedges is difficult to constrain. Furthermore, the lithology and 461 

sedimentary facies association of these deposits are not calibrated by cores. Here, we present a 462 

high-resolution subsurface dataset of interpreted frontal lobes that integrates 3-D seismic data with 463 

well logs and cores from the Giza Field, offshore Egypt. The integrated dataset provides insight into 464 

the seismic architecture, internal geometry, stacking patterns and sedimentary facies associations of 465 

a deposit considered analogous to that studied in Sub-Unit C3 in the Fort Brown Formation. 466 

Giza Field West Nile Delta: weakly confined frontal lobes.--- 467 

The Giza Field, West Nile Delta, is in a Pliocene upper-slope channel complex set (composite 468 

submarine conduit fill) characterised by an erosionally bound 160m thick deposit that is 2.5 km wide 469 

and drapes a 20 x 10 km wide plunging anticline (Butterworth and Verhaeghe, 2012). This conduit 470 

can be tracked for a distance of >100 km, and it transitions into a constructional (i.e., levee-confined) 471 

system on the lower slope. A four stage evolution has been interpreted from mapping that 472 

comprises (i) incision, (ii) sediment bypass, (iii) aggradational fill above the basal erosion surface, and 473 

(iv) constructional fill and abandonment adjacent to levee confinement (Butterworth and Verhaeghe 474 

2012). Seismically well imaged high amplitude reflectors in the latest stage of the constructional fill 475 

are penetrated by wells with conventional core data. The suitability of these high-amplitude 476 

reflectors as subsurface analogues to the C3 frontal lobes is considered. Within the weakly confined 477 

setting of the Giza Field, the seismic expression of these architectural elements in seismic profile is a 478 

number of wedges that thin away from a channel (Fig. 11). Geometrically, this relationship would 479 

support an interpretation of a conventional constructional levee. However, the high seismic 480 

resolution in map-view indicates that these architectural elements are a series of down-slope 481 
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shingled lobate bodies deposited during the late-stage abandonment of the slope channel complex 482 

set (Fig. 12). 483 

Sedimentology and stratigraphy.--- 484 

The late stage weakly confined lobes comprise a 24 m thick succession bounded at the base 485 

by a thin poorly sorted muddy sand with rafted, deformed sandstones that overlies a décollement 486 

surface interpreted as a debrite (Fig. 11). The lower 12 m thick unit is dominated by amalgamated 487 

medium to fine grained structureless sandstones with abundant pipe and dish dewatering structures 488 

intercalated with thin layers of small mudclasts.  489 

The lower unit is overlain by a 10 m thick stratified siltstone and very fine-grained sandstone 490 

succession. Thin sandstone beds are current ripple laminated, with thicker beds containing climbing 491 

ripple lamination. These are interpreted as the deposits of low-density turbidity currents that 492 

decelerated and deposited rapidly (Fig. 11). A diverse ichnofacies assemblage, with a predominance 493 

of Chondrites and Planolites is consistent with episodic deposition. The entire succession is 494 

interpreted to represent initial deposition of high concentration turbidity currents in front of feeder 495 

channels that became unconfined, overlain by deposits from low concentration turbidity current 496 

that spilt out from adjacent channels during supply of sand to the next lobe down the depositional 497 

slope (Fig. 11).  498 

Seismic Expression.--- 499 

Each frontal lobe covers around 2 km
2
 and in strike section is characterized by asymmetric 500 

low aspect ratio wedges at the apex of each lobe, separated by a single channel element (~250 m 501 

wide and ~15 m deep) (Fig. 12). The seismic facies expression of each lobe is characterized by a 502 

distributive pattern of small channel-form features emanating from the apex of each lobe that 503 

passes down-dip into a frondescent fringe (Fig. 12). As the channel lengthened a series of lobes 504 

developed to form a lobe complex with a downslope offset stacking pattern. In part, the highly 505 

asymmetric cross-sectional geometry of each lobe reflects the style of channel lengthening whereby 506 

the thickest part of each frontal lobe is avoided as the feeder channel lengthens. The consistent 507 
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dimensions of these lobes (1 km wide, 2 km long) reflects the available accommodation within this 508 

weakly confined setting, and is attributed to the development of shallow syn-sedimentary slides on 509 

the down-dip side of the deeper seated structural closure (Butterworth and Verhaeghe 2012). 510 

In summary, the seismic expression integrated with the sedimentology and stacking pattern 511 

of high amplitude architectural elements deposited in a weakly confined setting are interpreted as 512 

frontal lobes with a downslope stacking pattern overlain by levees that formed as the feeder 513 

channel lengthened.  514 

Comparison to Sub-unit C3--- 515 

The evolution of a deep-water system is controlled by a unique interaction of intrinsic and 516 

extrinsic factors, which means that comparisons drawn from an interpreted analogue system should 517 

be made with caution. This is particularly important to consider when assessing the similarity of an 518 

outcrop and subsurface dataset. Nonetheless, the weakly confined frontal lobes of the Giza Field, 519 

West Nile, share some key similarities with the C3 succession, which could help the development of 520 

diagnostic criteria for the identification and prediction of frontal lobes in other systems. 521 

The scale and geometry of the wedge-shaped low aspect ratio architectural elements in both 522 

systems are comparable (Figs. 10 and 11). Furthermore, the architectural elements are sand-rich, 523 

form depositional relief and downlap patterns. In terms of geographic setting, both systems show 524 

evidence of weak confinement. In the case of the Giza Field this was generated by constructional 525 

relief and underlying structural control and in the case of C3 by interpreted inherited depositional 526 

relief. In both systems, the frontal lobes are formed, and preferentially preserved, during the 527 

abandonment stage of a long-term regressive to transgressive cycle (Di Celma et al. 2011; 528 

Butterworth and Verhaege, 2012). However, in terms of sequence hierarchy it is not clear if both 529 

systems represent similar scales or durations. The 3D visualisation image (Fig. 12) shows a 530 

downslope stacking of lobes, in a laterally offset pattern, to form a frontal lobe complex on the 531 
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upper slope similar to the map view paleogeographic interpretation of C3 in a lower slope setting 532 

(Fig. 10). Finally, the process sedimentology of the two systems shares affinities. The narrow grain-533 

size range in Sub-unit C3 results in differences in the exact sedimentary structures observed; 534 

however, in process terms there is evidence of rapid deposition from turbidity currents in both 535 

systems. One difference is that no overspill deposits have been identified above the C3 frontal lobes. 536 

This is attributed to the geographic cut of the outcrop being off-axis from the feeder channel. 537 

With similarities drawn between the interpreted frontal lobes in a subsurface dataset and an 538 

exhumed system diagnostic criteria can be developed to help in the identification of frontal lobe at 539 

outcrop, and prediction of their characteristics in the subsurface where there is a paucity of high 540 

resolution data. Key attributes that can be used for the interpretation of frontal lobes include: i) 541 

sedimentary structures that indicate rapid deposition from turbidity currents as flows pass from 542 

confined to unconfined; ii) evidence for weak confinement and/or gradient changes that promote 543 

rapid changes in flow behaviour and limit lateral stacking of sedimentary bodies; iii) close 544 

stratigraphic and spatial association with a feeder channel; iv) the low aspect ratio geometry of 545 

architectural elements with depositional relief; v) a stratigraphic evolution from frontal deposits to 546 

channel-overbank deposits as levees are established as the feeder channel lengthens; and vi) 547 

preferential preservation during periods of overall waning sediment supply. If frontal lobes develop 548 

during the waxing stage of a sediment supply cycle their preservation potential is lower, and they 549 

are likely to be overlain by external levee successions. More examples from ancient systems at 550 

outcrop and the subsurface and their integration with numerical and physical modelling studies are 551 

needed to help refine these initial observational criteria for the identification of frontal lobes. 552 

CONCLUSIONS 553 

A rare example of an exhumed deep-marine frontal lobe complex that formed in a lower slope 554 

position prior to deposition of terminal lobes farther down-dip is interpreted from the Fort Brown 555 

Formation, Karoo Basin (sub unit C3). Identification is facilitated due to the absence of overlying 556 
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external levee or channel deposits. The absence of C3 equivalent channel or overlying levee is 557 

attributed to a combination of routing of the feeder channel to the south of the deposit studied due 558 

to depositional relief formed by underlying deposits and the position of C3 as the retrogradational 559 

sequence in the Unit C lowstand sequence set, likely reduced the tendency of the channel to 560 

lengthen and incise, thereby limiting the development of an overlying levee. The mounded geometry 561 

ŽĨ ͚ƚŚŝĐŬƐ͛ ĂŶĚ ͚ƚŚŝŶƐ͛ ŵĂƉƉĞĚ ĂŶĚ ĐŽƌƌĞůĂƚĞĚ Ăƚ ŽƵƚĐƌŽƉ is interpreted to be depositional in origin, as 562 

beds are observed to thin and downlap onto the underlying mudstone rather than being truncated 563 

by erosion surfaces. Characteristic aggradational, dm-scale sinusoidal laminae (stoss-side preserved), 564 

with low-high angle climbing ripple laminated fine-grained sandstones, indicates high rates of 565 

sediment fallout that is attributed to the rapid expansion and deposition from turbidity currents at 566 

the abrupt termini of feeder channels. 567 

Deposits that are similar in cross-sectional geometry and consistent with the map view 568 

paleogeographic interpretation of the outcrop have been imaged in seismic data from the Giza field 569 

(Egypt). In seismic, frontal lobes are represented by high amplitude sheet-like reflection packages 570 

(HARPs) that are generally cut by a channel. As slope channels lengthen and incise through earlier 571 

frontal lobes, they deposit a new lobe farther basinward in either a forward stepping or a laterally 572 

offset pattern. The partial cannibalisation by parent channels is one reason why the identification of 573 

frontal lobes is challenging at outcrop. The distinctive sedimentary facies association of the outcrop, 574 

dominated by climbing ripple laminae (with and without stoss-side preservation) and the unusual 575 

mound-like geometry of the low aspect ratio ͚ƚŚŝĐŬƐ͛ ĂŶĚ ͚ƚŚŝŶƐ͛, could permit identification of 576 

frontal lobe deposits in lower slope settings elsewhere in outcrop and in seismic datasets. This 577 

interpretation would imply that there was an abrupt change in flow confinement, and that frontal 578 

lobes are an important component in channel-lobe transition zones. This is significant as frontal lobe 579 

complexes are sandstone-prone units with abrupt terminations and presumed ideal rock properties 580 

(e.g., high porosity and permeability) with good connectivity; they therefore have the potential to 581 
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act as hydrocarbon reservoirs, but do not conform to simple models of deep-water sand deposition 582 

in the axes of channel-fill or terminal lobes. 583 
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Figure captions: 873 

Figure 1. A selection of annotated seismic images in both map and cross-section views (A-D) showing 874 

high aspect ratio sand-rich wedges on submarine slopes. The yellow and white lines on the map view 875 

sections of A-C show the positions of the cross-section slices (through submarine channels, levees 876 

and lobes). D is an expanded view of the cross-section in A), showing a series of stacked low-relief 877 

channel-levees with bright amplitudes, separated by mudstone intervals. 878 

Figure 2. A) Stratigraphic column showing the stratigraphy of the study area. Unit C is highlighted. B) 879 

Expanded log highlighting Units C and D, showing the internal tripartite stratigraphy of Unit C and 880 

the broad depositional environments associated with each sub-unit. C) Location map highlighting the 881 

northern and southern field areas (Zoutkloof and Baviaans synclines respectively) near the town of 882 

Laingsburg, Western Cape, South Africa. The pale grey area marks the outcrops of the Laingsburg 883 

Formation and the dark grey shows the outcrop pattern of the Fort Brown Formation. The white and 884 

black dots represent sedimentary log positions, the red and black dots highlight the positions of the 885 

Bav 1A and Bav 6 boreholes, and the green and black dot shows the location of the sedimentary log 886 

in Fig. 4. The dark purple, purple and blue lines highlight the positions of the correlation panels in 887 

Figure. 6C) Map of Baviaans syncline study area, with the CD ridge highlighted showing the Unit D 888 

slope valley incised into Unit C (see Hodgson et al, 2011 for more details). 889 

Figure 3. The four main facies associations identified within Sub-unit C3. 890 

Figure 4. Sedimentary log and representative photographs of sedimentary facies associations. A) 891 

Sedimentary log through Sub-unit C3 (northern limb of Baviaans syncline, green and black dots 892 

shown on Fig. 2C), Upper C mudstone shown below and C-D mudstone above. B) Low angle climbing 893 

ripple lamination in very fine-grained sandstone. C) Rippled upper bed contact of very coarse 894 

siltstone bed within C3. D) Sigmoidal laminae in very fine-grained sandstone (50 cm thick bed). E) 895 
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Very coarse siltstone with sinusoidal laminae and lenses of very fine-grained sandstone. F) Sinusoidal 896 

laminae transitioning to ripple laminated strata in the upper 5 cm of the very fine-grained sandstone 897 

bed. G) Climbing ripple lamination in very fine-grained sandstone, with stoss side preservation. H) 898 

Interbedded very fine-grained sandstone and very coarse siltstone with sinusoidal laminae. Scales: 899 

pencil (15 cm); lens cap (6.5 cm); compass (9 cm); coin (1.5 cm); geologist (1.70 m). 900 

Figure 5. A) Gamma-ray log and B) sedimentary log through Sub-unit C3 in Bav 1A. C) Core 901 

photographs showing examples of the sedimentary facies associations identified in C3: Ci), Ciii) and 902 

Civ) are magnified sections of very fine-grained sandstone beds with concave- to convex-up laminae 903 

(FA3 and FA4) ʹ these laminae are the expression of asymmetric sinusoidal bedforms in core, as in 904 

simple line sketch of part E). Cii) is a magnified section of the lowermost meter of C3, featuring thinly 905 

interbedded sandstone and siltstone with mudstone drapes, low intensity bioturbation and 906 

occasional current ripple lamination (FA1). D) Interpreted core photos from Part C. E) Representative 907 

sketch (normally 15-20 cm thick) of the sinusoidal laminae and how they appear in core as a series of 908 

concave up through convex up laminae.  909 

Figure 6. Correlation panels showing the geometry of sub-unit C3 throughout the study area. Panel 910 

A) records C3 on the south limb of the Zoutkloof syncline, panels B) and C) show C3 on the northern 911 

and southern limbs of the Baviaans syncline respectively. The outcrop has been measured and 912 

described in over 50-logged sections for 22 km down dip. The northern limb of the Baviaans syncline 913 

(B) records the most significant lateral variability in the thickness of this unit. The paleocurrent trend 914 

of each panel is shown in the rose diagrams. D) Isopach map showing the distribution of Unit C3 915 

throughout the study area. E) Paleocurrent data recorded on the south limb of the Zoutkloof 916 

syncline, F) the north limb of the Baviaans syncline and, G) the south limb of the Baviaans syncline. 917 

H) The total paleocurrent trend of C3 throughout the study area. Note that inset boxes highlight the 918 

locations of outcrop and core photographs presented in Figures 4 and 5. 919 
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Figure 7. AͿ EǆƉĂŶĚĞĚ ǀŝĞǁ ŽĨ ƚŚĞ ĐŽƌƌĞůĂƚŝŽŶ ƉĂŶĞů ŝŶ FŝŐƵƌĞ ϲB ƐŚŽǁŝŶŐ ƚŚĞ ĚĞƉŽƐŝƚŝŽŶĂů ͚ƚŚŝĐŬƐ͛ 920 

ĂŶĚ ͚ƚŚŝŶƐ͛͘ BͿ CůŽƐĞ-up correlation panel crop from the Baviaans North correlation panel highlighting 921 

the downlapping beds, variability in facies associations across ƚŚĞ ͚ƚŚŝĐŬƐ͛ ĂŶĚ ͚ƚŚŝŶƐ͛, as well as the 922 

locations of the sedimentary log in Fig. 4A and the bed-scale correlation panel of Fig. 8. C) Aerial 923 

photograph showing Sub-unit C3 in pale yellow; the top surface of C2 and the basal surface of D 924 

highlight the presence of the bounding mudstones. The sedimentary characteristics ŽĨ ƚŚĞ ͚ƚŚŝĐŬƐ͛ 925 

ĂŶĚ ͚ƚŚŝŶƐ͛ are shown with facies association code labels. 926 

Figure 8. Detail of 22 logs through a single bed over 150 m, oriented along strike to paleoflow. This 927 

highlights the lateral distribution of sedimentary structures as the bed thins through a series of 928 

photographs (also shown above). The position of this transect on the northern limb of the Baviaans 929 

syncline is highlighted on Figure 7B. 930 

Figure 9: Summary sketch showing the main depositional environments under consideration to 931 

account for the depositional geometry and sedimentary facies associations of Sub-unit C3. The inset 932 

cross-sections A-E show the different stratal termination patterns expected for each depositional 933 

environment: A) External levees; B) Sediment waves, or large-scale bedforms; C) Crevasse lobes ; D) 934 

Offset stacked frontal lobes and E) forward stepping frontal lobes. 935 

Figure 10: A) Map view of the paleogeographic reconstruction of Sub-unit C3 as a set of laterally 936 

offset frontal lobes (the outcrop extent of the Fort Brown Formation is superimposed. The blue box 937 

contains the main study area as recorded in the correlation panels of Figure 6. B) Cross-section view 938 

of the A-A͛ ƐĞĐƚŝŽŶ ůŝŶĞ͘ TŚŝƐ ůŝŶĞ ĨŽůůŽǁƐ ƚŚĞ ĂƉƉƌŽǆŝŵĂƚĞ ƉŽƐŝƚŝŽŶ ŽĨ ƚŚĞ ŽƵƚĐƌŽƉ ʹcorrelation panel 939 

(Fig. 6B) on the northern limb of the Baviaans syncline. Towards the west, the pale yellow and dark 940 

green areas on both the map and the cross-section represent sand-rich frontal lobe deposits (FA2, 941 

FA3 and FA4) and the brown is fringe deposits (FA1), whilst the terminal lobes are represented 942 
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towards the east in yellow and red-brown. On the cross-section, the pale grey is the C-D mudstone 943 

and the dark grey is the Upper C mudstone. 944 

Figure 11: (A) 2D strike-oriented seismic reflection section showing the Giza North channel-levee-945 

complex set and the position of the Giza North-1 well with gamma ray and resistivity logs displays. 946 

(B) Giza North-1 shale petrophysical log through the Giza Field channel-levee complex set 947 

highlighting the late stage stacking patterns within the weakly confined lobes; scale is 0-100%, green 948 

for shale, yellow for sandstone, blue for water and red for gas saturation. The conventional core 949 

images of the facies associations identified include: i) décollement surface overlain by debrite; ii) 950 

amalgamated, dewatered sandstone punctuated by mudstone clast conglomerates; and ii) upper 951 

thin-bedded climbing ripple cross-laminated, bioturbated sandstones, and their position is corss-952 

referenced on the shale petrophysical log. 953 

Figure 12: (A) 3D seismic reflectivity horizon slice of the late stage weakly confined constructional fill 954 

of the Giza channel complex set (southward view up depositional dip), draping the southerly 955 

plunging limb of a 3-way structural anticline.  Higher amplitude responses reflect thicker intervals 956 

(up to 15m) with higher net: gross (>0.60), based on calibration to the Giza North-1 well. (B) Cartoon 957 

visualisation of the Giza Field late stage laterally offsetting elongate lobes.  Lobe dimensions are 958 

around 2km
2
, which is interpreted to reflect the generation of accommodation by shallow detached 959 

slide scars.  Frontal lobes are offset stacked and fed by a channel element that propagated through 960 

switching to alternate sides of the weakly confined channel complex set. In seismic cross-section the 961 

frontal lobes display a profile similar to that of an external levee.    962 


