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ABSTRACT 11 

Submarine external levées are constructional features that develop outside slope channel systems, 12 

and are a volumetrically significant component of continental margins. However, detailed 13 

observations of their process sedimentology and depositional architecture are rare. Extensive 14 

exposures of external levées at multiple stratigraphic intervals and well constrained 15 

palaeogeographic positions in the Fort Brown Formation, Karoo Basin, South Africa have been 16 

calibrated with research boreholes. This integrated dataset permits their origin, evolution and 17 

anatomy to be considered, including high-resolution analysis of sedimentary facies distribution, and 18 

characterisation of depositional sub-environments. Initiation of external levée construction is 19 

commonly marked by deposition of a basal sand-rich facies with sedimentary structures indicating 20 

rapid deposition from unconfined flows. These deposits are interpreted as frontal lobes. Propagation 21 

of the parent channel, and resultant flow confinement, leads to partial erosion of the frontal lobe 22 

and development of constructional relief (levées) by flow overspill and flow stripping. Overall fining- 23 

and thinning-upwards profiles reflect increased flow confinement and/or waning flow magnitude 24 

through time. Identification of a hierarchy of levée elements is not possible due to the absence of 25 

internal bounding surfaces or sharp facies changes. The downslope taper in levée height and 26 

increasing channel sinuosity results in increasing numbers of crevasse lobe deposits, and is reflected 27 

by the increased occurrences of channel avulsion events downdip. External levées from the Fort 28 

Brown Fm. are silt-rich; however their origin, evolution, and distribution of many components 29 

(sediment waves, crevasse lobe) share commonalities with mud-rich external levées. An idealised 30 

model of the stratigraphic evolution and depositional architecture of external levées is presented, 31 

and variations can be attributed to allogenic (e.g. sediment supply) and autogenic (e.g. channel 32 

migration) factors. This study provides a reference point to encourage further investigation and 33 

testing via numerical and physical experiments, and mapping of high resolution seismic and outcrop 34 

datasets. 35 
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INTRODUCTION 36 

Submarine levées are often readily identifiable in subsurface seismic and seabed datasets as 37 

constructional features that taper away from submarine channel systems and can be kilometres-38 

wide and 10s to 100s of metres thick (e.g. Buffington, 1952; Normark et al., 1980; McHargue and 39 

Webb, 1986; Flood and Piper, 1997; Hiscott et al., 1997; Clemenceau et al. 2000; Migeon et al., 2000; 40 

2001; 2004; Babonneau et al. 2002; 2010; Piper and Normark, 2001; MĂǇĂůů ĂŶĚ O͛BǇƌŶĞ͕ ϮϬϬϮ͖ 41 

Skene et al., 2002; Deptuck et al., 2003; 2007; Posamentier, 2003; Posamentier and Kolla, 2003; 42 

Schwenk et al., 2005; Wynn et al., 2007; Carmichael et al., 2009; Nakajima and Kneller 2013). There 43 

is a physiographic difference between external levées (also referred to as ͚high-levéeƐ͛ (Piper et al., 44 

ϭϵϵϵͿ Žƌ ͚master-bounding levées͛ (Posamentier, 2003; Kane et al., 2007)) and internal levées (also 45 

referred to as ͚ŝŶŶĞƌ levéeƐ͛ (Hübscher et al., 1997; Babonneau et al. 2004; 2010); and ͚ĐŽŶĨŝŶĞĚ 46 

levéeƐ͛ (Piper et al., 1999; Kane et al., 2007)) sensu Kane and Hodgson (2011). External levées that 47 

bound channel-belts are built by deposition from the low density upper part of density stratified 48 

turbidity currents that overspill erosional or constructional confinement of the related submarine 49 

channel system (e.g. Cronin et al., 2000; Hickson and Lowe, 2002; Beaubouef 2004; Kane et al., 2007; 50 

Kane and Hodgson, 2011). External levées are generally mud- and silt-rich, although sand-rich 51 

ĞǆƚĞƌŶĂů ůĞǀĠĞƐ ;MĂǇĂůů ĂŶĚ O͛BǇƌŶĞ͕ ϮϬϬϮͿ, sand-rich components within external levées (Hiscott et 52 

al., 1997), and levées with clay to pebble grain-size ranges (Dykstra et al. 2012) have been 53 

documented.  54 

An overall fining- and thinning-upward trend in an external levée succession is commonly reported, 55 

which is interpreted to be due to increasing confinement and reducing overspill of turbidity currents 56 

through time (e.g. Hiscott et al., 1997; Peakall et al., 2000; Posamentier, 2003; Schwenk et al., 2005). 57 

Sand-rich deposits have been found toward the bases of external levées in both modern and ancient 58 

examples (Damuth et al., 1988; Clemenceau et al., 2000), which have been interpreted to be 59 

deposits from crevasse and avulsion processes and/or earlier frontal lobes that have been overlain 60 
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by younger levée deposits as the parent channel lengthened (Flood et al., 1995; Flood and Piper, 61 

1997; Kane and Hodgson, 2011). The large-scale architecture and main components of external 62 

levées, including sediment waves and crevasse deposits, have been documented from seismic and 63 

seabed datasets, however the distribution of sedimentary facies remains poorly constrained. Where 64 

the distribution of grain-size and bed thicknesses has been constrained channel proximal to channel 65 

distal trends have been identified, i.e. beds are thinner, finer and indicative of lower energy further 66 

away from the channel (DeVries and Lindholm, 1994; Piper and Normark, 1997; Beaubouef, 2004; 67 

Kane et al., 2007; Kane and Hodgson, 2011). Currently, however, there is no comprehensive 68 

assessment of the sub-seismic characteristics and components of external levées. In part, this is 69 

because exhumed examples tend to be described from single outcrops, the palaeogeographic 70 

context is not always well constrained, and cores and well logs are rarely positioned to intersect 71 

these fine-grained features.  72 

Here, however, multiple examples of exhumed silt-rich external levées of the Permian-aged Fort 73 

Brown Formation, Laingsburg depocentre, Karoo Basin, South Africa are described in detail. Regional 74 

mapping (Di Celma et al. 2011; Brunt et al. 2013a) allows the position of external levée successions 75 

on the palaeoslope and their relationship to the parent channel system to be constrained. The 76 

multiple outcrop examples are augmented by several fully cored research boreholes that intersect 77 

external levées. This unique integrated core and outcrop dataset allows the following objectives to 78 

be addressed: i) to describe the depositional architecture and components of multiple external levée 79 

successions; ii) to document the distribution of sedimentary facies, and the components of external 80 

levées; iii) to discuss the origin and sub-seismic evolution of external levées; and iv) to compare silt-81 

rich external levées with their mud-rich counterparts. The significance of this study is that it 82 

syntheses for the first time the origin, sedimentary process evolution, and depositional architecture 83 

of multiple silt-rich external levée, which are a major component of continental slope stratigraphic 84 

record. 85 

86 
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SEDIMENTOLOGY AND KEY ARCHITECTURAL COMPONENTS OF 87 

EXTERNAL LEVÉES 88 

Process sedimentology of a levée 89 

External levées are built by sediment-laden flows that undergo two main processes of overbanking; 90 

i) flow stripping and ii) overspill (Peakall et al., 2000; Kane et al. 2010). Flow stripping was originally 91 

described as a process whereby large-to-medium magnitude stratified flows split into two main 92 

components as the flow navigates a channel bend; the coarser fraction of the flow remains confined 93 

by the channel, whereas the upper finer grained fraction escapes confinement, depositing beyond 94 

the levée crest (Piper and Normark, 1983; Bowen et al., 1984; Leeder, 1999; Peakall et al., 2000). 95 

Overspill is the process that occurs when a turbidity current is thicker than the depth of channel 96 

confinement, allowing part of the flow to escape beyond the crest of the external levée (Hay et al., 97 

1982; Clark and Pickering, 1996; Hübscher et al., 1997). 98 

When individual flows escape from channel confinement they undergo expansion, resulting in rapid 99 

deposition. The bulk of the sediment within the flow is deposited in channel-proximal areas with 100 

individual beds thinning and fining away from the channel. Levées taper in thickness away from the 101 

channel because of this channel-proximal to channel-distal relationship, which controls the 102 

distribution of sedimentary facies and sand within a levée. 103 

Components of an external levée 104 

The characteristics of external levées vary depending on grain-size range, stratal relationship to the 105 

channel, conduit history etc., which are discussed in more detail below; however there are some 106 

general features that are common to most systems and have been described in the literature. Figure 107 

1 illustrates the broad scale geometry and common characteristics of an external levée as described 108 
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from reflection seismic and sidescan sonar datasets (e.g. Clemenceau et al., 2000; Migeon et al., 109 

2000; 2001; 2004; Skene et al., 2002; Deptuck et al., 2003; 2007; Babonneau et al., 2010) and 110 

outcrop observations (Hickson and Lowe, 2002; Browne and Slatt, 2002; Beaubouef, 2004; Kane et 111 

al., 2007; Figueiredo et al., 2010; Campion et al., 2011; Kane and Hodgson, 2011; Khan and Arnott, 112 

2011). Kane and Hodgson (2011) provided a scheme to sub-divide external levées about the external 113 

levée crest, which is the highest point of the external levée and is aligned sub-parallel to the channel 114 

belt. Levée crests might be constructional where there is stratigraphic continuity with the conduit-fill 115 

and separate strata that dip towards the channel from strata that dip away from the channel, or 116 

form cut crests where erosion and/or remobilisation results in lateral stratigraphic discontinuity 117 

(Kane and Hodgson, 2011). The inner external levée refers to the area channel-proximal to the levée 118 

crest (Kane et al., 2007; Kane and Hodgson, 2011). The deposits are more sand prone due to their 119 

proximal location and are also prone to instability and mass movement toward the channel conduit. 120 

The outer external levée refers to the area outboard of the levée crest (Kane et al., 2007; Kane and 121 

Hodgson, 2011), where overall the deposits are thinner and finer grained compared to inner external 122 

levée areas with rare soft-sediment deformation (Kane et al., 2007; 2010). 123 

Here, this broad scale subdivision of an external levée relative to the levée crest is modified to 124 

account for proximity to the channel through time and space.  125 

GEOLOGICAL SETTING AND STRATIGRAPHY 126 

The study area lies within the Laingsburg depocentre, SW Karoo Basin, South Africa (Figs. 2 and 3), 127 

which is interpreted to be part of the fill of a retroarc basin (e.g. Cole, 1992; Visser, 1993; Veevers et 128 

al., 1994) where subsidence was initially load-driven through dynamic subduction and later 129 

dominated by flexural loading of a retro-arc thrust belt during the Triassic (Tankard et al., 2009). The 130 

progradational basin-floor to upper-slope succession shown in Figure 3 (A and B), is over 1.4 km 131 

thick (Flint et al., 2011) and crops out along a series of east-west trending, eastward plunging, post 132 
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depositional anticlines and synclines, near the town of Laingsburg, Western Cape, South Africa. 133 

Deep-water deposition began with the distal basin-floor Collingham and Vischkuil Formations (Van 134 

der Merwe et al., 2009; 2010). These deposits are overlain by basin-floor and base-of-slope fan 135 

systems of the Laingsburg Formation (Units A and B; e.g., Sixsmith et al., 2004; Brunt et al., 2013a; 136 

Fig. 3A). The overlying muddy slope succession of the Fort Brown Formation, the focus of this study, 137 

is punctuated by sandstone rich Units C-G, which comprise slope channel-levée systems (Grecula et 138 

al. 2003; Figueiredo et al. 2010; Hodgson et al. 2011; Di Celma et al. 2011; Fig. 3A), which crop out as 139 

a series of prominent ridges separated by recessive mudstone units. The deep-water succession is 140 

late Permian in age (Fildani et al. 2009). 141 

A long-lived sediment entry point is interpreted SW of the closure of the Baviaans syncline that was 142 

active during the deposition of Units B, C and D (Di Celma et al. 2011; Hodgson et al. 2011; Brunt et 143 

al. 2013a). During the deposition of Unit E the main input point was along strike to the north with 144 

incisional channels identified in the Zoutkloof and Heuningberg areas (Figueiredo et al. 2010; 2013).  145 

Unit C is the lowermost sandstone-prone unit of the Fort Brown Formation, and it includes two 146 

regional mudstones that separate the succession into sand-prone Sub-units C1, C2, and C3 (Di Celma 147 

et al., 2011). Each sub-unit is interpreted as a lowstand systems tract, with Unit C forming a lowstand 148 

sequence set that, combined with the overlying 25 m thick regional mudstone (separating Units C 149 

and D), forms a composite sequence (Flint et al., 2011). Di Celma et al. (2011) mapped and described 150 

a basinward progradational trend from Sub-unit C1 to C2, with a landward stepping/retrogradational 151 

component during the deposition of Sub-unit C3, suggesting a waxing then waning of overall flow 152 

energy and volume throughout Unit C time. In proximal areas of the Baviaans syncline Sub-unit C2 153 

comprises an external levée-confined channelised system that incises through C1 and removes 30 m 154 

of the underlying mudstone between Unit B and Sub-unit C1 (Hodgson et al., 2011; Di Celma et al., 155 

2011). 156 
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In proximal areas of the Baviaans syncline, Unit D, which is interpreted as a second lowstand 157 

sequence set (Flint et al., 2011), crops out as a 2 km apparent width, >100 m thick, entrenched slope 158 

valley fill. The fill of the slope valley is bounded by a composite erosion surface and external levées; 159 

a 70 m (maximum) thick western levée and a 30 m (maximum) thick eastern levée (Hodgson et al., 160 

2011). Down-dip, Unit D becomes less entrenched, and confined by external levées (Brunt et al., 161 

2013b) before transitioning to unconfined terminal lobe deposits over a distance of >80 km. 162 

Unit E and Unit F with their overlying regional mudstones (E-F mudstone and F-G mudstone) each 163 

comprise a lowstand sequence set of a composite sequence, with each lowstand sequence set 164 

comprising three sequences (Sub-units E1, E2 and E3, and Sub-units F1, F2, F3; Flint et al., 2011; 165 

Figueiredo et al., 2010). 166 

By area and volume, the thin-bedded sandstone- and siltstone-prone heterolithics interpreted as 167 

external levée deposits form the major constituent of lithostratigraphic units in the Fort Brown Fm. 168 

(Figueiredo et al. 2010). 169 

METHODOLOGY AND DATASET 170 

Field-based sedimentological and stratigraphic observations include 37 measured sections (1.6 km 171 

cumulative thickness logged at 1:50), 23 sections on the southern limb of the Heuningberg anticline 172 

and 14 sections on the southern limb of the Baviaans syncline (Fig. 3). External levée deposits have 173 

been described and interpreted in detail (logged at 1:10) from three cored research boreholes (Bav 174 

1A, Bav 2 and Bav 6), drilled behind outcrops of the informally named CD Ridge (Hodgson et al., 175 

2011) allowing for subsurface correlation and calibration. The geometry of external levées has been 176 

constrained using the regionally mapped mudstones as datums (Figueiredo et al., 2010; Di Celma et 177 

al., 2011; Hodgson et al., 2011). 178 
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SEDIMENTARY FACIES ASSOCIATIONS 179 

Sedimentary facies identified in the Fort Brown Fm. have been described in detail previously 180 

(Figueiredo et al. 2010; Di Celma et al. 2011; Hodgson et al. 2011; Morris et al. in press). Here, we 181 

focus on the external levée successions, where seven main sedimentary facies associations have 182 

been identified: Lf1 ʹ Siltstone-prone thin-bedded heterolithics; Lf2 ʹ Sandstone-prone thin-bedded 183 

heterolithics; Lf3 ʹ Sandstone-prone thick bedded heterolithics; Lf4 ʹ Structured sandstone; Lf5 ʹ 184 

Thick siltstone bedsets; Lf6 ʹ Siltstone and mudstone couplets; and Lf7 ʹ Deformed deposits. 185 

Description and interpretations of these facies associations are illustrated in Table 1. 186 
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CD RIDGE ȂEXTERNAL LEVÉE ARCHITECTURE 187 

On the southern limb of the Baviaans syncline, Sub-unit C2 (Figs. 4 and 5) crops out at the CD Ridge, 188 

as a submarine channel system confined by external levées. The full lateral extent of the C2 channel 189 

complex set is not preserved as Unit D locally incises through the entire Unit C stratigraphy forming 190 

an entrenched slope valley, with an apparent width of ~2 km and >100 m deep. The architecture of 191 

the Sub-unit C2 channel complex set and Unit D entrenched slope valley fill was captured through 192 

field observations and mapping by Hodgson et al. (2011). Six fully cored research boreholes were 193 

later drilled on the CD Ridge. Bav 1A and Bav 2 captured the proximal external levée of Unit D 194 

whereas Bav 6 captured C2-aged distal external levée deposits.  195 

Unit D external levée Ȃ CD Ridge 196 

The CD Ridge outcrop is a rare example where the conjugate external levées of a slope valley are 197 

preserved in cross-section (Fig. 4). The unique dataset of outcrop and behind outcrop research 198 

boreholes enables detailed characterisation of the sedimentary facies and grain-size distribution, 199 

stratal relationships and relation to the genetically related channel to be defined within a well 200 

constrained geometric framework. 201 

Geometry 202 

External levées are characterised by a wedge-shaped geometry, thinning and tapering away from 203 

their parent channel (Skene et al., 2002; Kane et al., 2007; 2010; Birman et al., 2009; Nakajima and 204 

Kneller, 2013). The wedge-shaped geometry has been documented in outcrop (Kane and Hodgson, 205 

2011) and reflection seismic studies (McHargue and Webb, 1986; Kolla and Coumes, 1987; 206 

Clemenceau et al., 2000; Babonneau et al. 2002; Posamentier, 2003; Posamentier and Kolla, 2003). 207 

The correlation panels in Figures 4 and 5 show the cross-sectional geometry of the Unit C and D 208 

external levées. This geometry is constrained through regional mapping of underlying sand-prone 209 
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datums (BC interfan for Unit C and Sub-unit C3 for Unit D). There is no evidence of truncated beds or 210 

basal erosion at outcrop, so the wedge geometry is depositional in nature. It has not been possible 211 

to calculate accurately the mathematical description of the shapes of the wedge, following Nakijima 212 

and Kneller (2013) as the top of the Unit D external levee is poorly constrained. 213 

Palaeocurrents 214 

The palaeocurrent roses show the data collected from measurement of ripple lamination in the 215 

external levées of Unit D (Fig. 5). The proximal external levée shows a dispersive pattern (variation 216 

over 180°) with palaeocurrents trends towards the NW and the ENE are recorded in the lowermost 217 

10 m of the lower proximal external levée. The more distal levées of both D and C2 show a uniform, 218 

narrow distribution of palaeocurrents towards the E. 219 

The more dispersive distribution of palaeocurrents in the lower proximal external levée is likely to be 220 

a function of sampling and limitations of the outcrop, as there is a higher frequency occurrences of 221 

ripple and climbing ripple lamination in the lower proximal external levée compared to the more 222 

siltstone-rich upper proximal external levée. The decreasing sandstone content in the upper levée 223 

results in poorer quality outcrop from which to measure palaeoflow indicators. The narrow 224 

distribution of palaeocurrents in the distal external levée, which are at a slight angle to the general 225 

trend of the channels, is likely be a function of the dataset limitations, as measurements have been 226 

taken across one 2D (slightly oblique) cross-section through an individual levée from channel 227 

proximal to distal, and no other parts of the levée have been sampled for palaeocurrents. It is also 228 

possible that some topographical control at the time of deposition may have affected where and 229 

how the flows dispersed. 230 
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External levée asymmetry 231 

The mechanisms that lead to external levée asymmetry are best understood using experimental 232 

techniques. There have been many studies that document flow behaviour and depositional 233 

characteristics within and outside channels (Peakall et al. 2007; Kane et al. 2008; 2009; 2010; Straub 234 

et al. 2008a; 2008b; Amos et al., 2010). Experimental investigations using straight and sinuous 235 

channels have shown that straight channels produce axi-symmetrical levées whereas asymmetric 236 

levées are associated with sinuous channels with higher/thicker outer bend levées and smaller inner 237 

bend levées (Straub et al., 2008a; 2008b). Observations of modern day channel systems indicate that 238 

the Coriolis Effect will deflect flows, preferentially building higher external levées on the right-hand 239 

side in the northern hemisphere and left-hand side in the southern hemisphere (Komar, 1969; 240 

Bowen et al., 1984; Kolla and Coumes, 1987; Skene 1998; Posamentier and Kolla, 2003; Cossu et al., 241 

2010; Peakall et al. 2012). The impact of the Coriolis Effect has been documented in flume tank 242 

experiments where the tanks are able to rotate in order to account for the Coriolis Effect (e.g. Cossu 243 

et al. 2010, Wells and Cossu 2013). Asymmetry in grain-size profiles is also recorded in external 244 

levées with the outer bend levée being coarser grained than the inner bend levée attributed to 245 

super-elevation of overspilling flows as they navigate channel bends (Peakall et al., 2007; Straub et 246 

al., 2008b; Kane et al., 2010; Amos et al., 2010). 247 

The correlation panel in Figure 5 shows that the Unit D external levées are asymmetric, with a 248 

maximum thickness of 70 m on the western side of the D slope valley and 30 m on the eastern side. 249 

Hodgson et al. (2011) reported that the Unit D slope valley also preserves an asymmetric fill with 250 

remnants of channel elements and channel complexes preserved within the slope valley recording 251 

an initial westward stacking, and a younger aggradational stacking pattern towards the western 252 

edge of the valley. This prolonged, westward stacking pattern is interpreted to have resulted in 253 

preferential overspill to the west and the construction of a higher western external levée. This effect 254 

may have been accentuated by a long lasting bend in the slope valley, and/or the influence of the 255 
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Coriolis Effect that led to more overspill and flow stripping onto the western levée. In the late 256 

Permian, the western levée would have been the palaeo-north levée in a mid-latitude (60° South) 257 

setting (e.g. Faure and Cole, 1999), which is an ideal situation for the influence of the Coriolis Effect 258 

and the construction of a larger levée. 259 

Depositional environments of external levées 260 

Using the distribution of sedimentary facies, bed thicknesses and downlap patterns, the external 261 

levée is subdivided into lower proximal external levée (Fig. 6), upper proximal external levée (Fig. 7) 262 

and distal external levée (Fig 8). Upper and lower proximal external levée in part incorporates inner 263 

external levée (Kane and Hodgson 2011) whereas distal external levée only relates to the outer 264 

external levée (Kane and Hodgson 2011). 265 

Proximal external levée 266 

Within the western proximal external levée of Unit D on the CD Ridge an abrupt facies change takes 267 

place across a thin fining- and thinning-upward unit to a siltstone-prone succession (Fig. 5 and 6) at 268 

25 m above the base. This change allows division of the proximal external levée into two sections 269 

based on facies characteristics; lower proximal external levée and upper proximal external levée, 270 

although the change is likely to be time transgressive along the length of an external levée. 271 

Lower proximal external levée 272 

Description: In the lower proximal external levée succession in core from borehole Bav 1A, the 273 

lowermost 25 m of Unit D comprises thicker bedded (0.1-0.4 m) very fine sandstone and coarse 274 

siltstone beds dominated by Lf3 and Lf4 (Fig. 6C and D). Decimetre-scale erosion surfaces are 275 

present and the dominant sedimentary features are aggradational sinusoidal bedforms and stoss-276 

side preserved climbing ripple cross-lamination. Individual beds can be walked out for over 450 m 277 

laterally as they thin, fine (to Lf1) and downlap onto the underlying mudstone. 278 
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Interpretation: The highly aggradational nature and unidirectional palaeocurrents towards the NW 279 

indicate rapid deposition from turbidity currents. This is interpreted as a response to rapid flow 280 

expansion downstream from channel mouths and/or from overspill adjacent to confinement. The 281 

presence of small scale erosion surfaces suggests that flows were occasionally of a high enough 282 

viscosity and velocity to rework the top of beds. 283 

Upper proximal external levée 284 

Above the 20-25 m position in both core and at outcrop, the entire levée becomes finer grained (~5-285 

10% very fine-grained sandstone) and thinner bedded, dominated by Lf5 (Fig. 6E and 6F). Sinusoidal 286 

and aggradational bedforms are observed, mud drapes and bioturbation are more abundant, and 287 

erosion is rare, as the beds thin and fine upwards through the upper proximal external levée. 288 

Interpretation: The fine grained and thin-bedded upper proximal levée succession indicates that only 289 

the upper dilute parts of flows could spill onto the levée as the height between the base of the flow 290 

and the levée crest increased through erosion and/or construction of the levée. The decreasing 291 

occurrence of erosion surfaces combined with the aggradational facies suggests that the turbidity 292 

currents were highly depositional and non-erosive as they escaped confinement and rapidly lost 293 

capacity. 294 

Distal external levée 295 

Unit D distal external levée (captured through field observations) is dominated by Lf1 and Lf2 (Fig. 7), 296 

beds are thin (0.01-0.15 m), however stoss-side preserved ripple cross-lamination and sinusoidal 297 

lamination is still present. Beds are laterally continuous but outcrop quality makes it difficult to 298 

follow individual thin beds more than 50 m laterally. Within the distal external levée deposits of Unit 299 

D, there is gradual thinning and fining upward pattern at outcrop. 300 

The Sub-unit C2 distal external levée captured in Bav 6 (Fig. 8) is a thin-bedded (1-5 cm) succession 301 

dominated by current ripple laminae, mudstone drapes and associated low intensity bioturbation 302 
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with 10-12% sandstone (Fig. 8). The lowermost metre of the levée (Fig 7A and 7C) is characterised by 303 

Lf1 before becoming Lf2 dominated. Overall, the 22 m thick unit fines and thins upward as shown by 304 

both the core and gamma ray logs in Figure 8. 305 

Interpretation: The lateral facies change from the proximal to distal Unit D external levée succession 306 

is a consequence of flow expansion and loss of competence, resulting in deposition of the coarsest 307 

fraction of the flow in channel proximal locations.  308 

Sedimentary facies and grain-size distribution  309 

Detailed facies analysis of external levées has been carried out using both outcrop and core datasets 310 

to constrain the strike distribution of sedimentary facies. Figure 9 shows a synthesis of the facies 311 

distribution through a cross-section of an idealised external levée that has been constructed using 312 

data and observations from several external levée successions in sub-units C2, F2 and Unit D (using 313 

the facies recorded in Table 1). The eastern external levée of Unit D can be traced for 8 km where it 314 

thins and fines from 22 m adjacent to the D-cut to <0.5 m. Over this strike distance the sandstone 315 

content decreases from 50% to 7% whereas beds thin from an average of ~15 cm to 5 cm (Fig. 10). A 316 

strikingly similar decay rate in sandstone content from the levée crest is recorded from the 317 

conjugate western Unit D external levée (Fig. 10). Sandstone content decrease from the levée crest 318 

follows an exponential decay rate. An exponential decrease in sandstone percentage has also been 319 

recorded in the external levées in the Cretaceous Rosario Fm. (Kane et al. 2007). Although outcrop 320 

limitations preclude accurate analysis of bed thickness decay rates these are more gradual than the 321 

decrease in sandstone percentage away from the levée crest. This indicates that sand is 322 

preferentially deposited close to the levée crest. 323 
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Stratal relationship to surrounding stratigraphy (downlap)  324 

In many 2D seismic cross sections through external levées, individual reflectors are observed to 325 

downlap onto underlying strata away from genetically related channels (e.g. Lopez, 2001). In 326 

external levées of the Fort Brown Formation, this downlap pattern is also observed as individual 327 

beds thin and fine laterally and downlap onto the underlying mudstones. This is documented in Unit 328 

D (Fig. 5) and Sub-unit F2 (Fig. 11), where sandstone beds have been walked out and correlated for 329 

up to 700 m obliquely across strike from their genetically related channel system. Individual beds 330 

show lateral facies changes where beds thin and fine away from the channel, with stoss-side 331 

preserved bedforms passing into low-angle (<10°) climbing ripple cross lamination and current ripple 332 

lamination. 333 

BEDFORMS AND OTHER ARCHITECTURAL ELEMENTS 334 

Sediment waves 335 

Distribution and significance 336 

Sediment waves are large-scale bedforms commonly found on the outer bend external levées where 337 

flow stripping processes are dominant, as well as areas of the continental rise and slope (Normark et 338 

al., 1980; Nakajima et al., 1998; Migeon et al., 2000; 2001; 2004; Lewis and Pantin, 2002; Wynn and 339 

Stow, 2002; Droz et al., 2003; Posamentier and Kolla, 2003; Deptuck et al., 2007; Campion et al., 340 

2011). Wave crests are generally oriented perpendicular to the down-levée slope flow direction, 341 

generally parallel to the channel and they nearly always migrate upslope, opposite to the flow 342 

direction of the turbidity currents that build them (Wynn et al., 2002; Posamentier and Kolla, 2003). 343 

Sediment waves are typically composed of turbidite silts with occasional mm to cm thick beds of 344 

sand (Normark et al., 2002; Wynn and Stow, 2002); wavelengths range between 0.2-7 km and 345 

heights between 10-60 m but they can reach up to 100 m (Normark et al., 1980; Migeon et al., 2000; 346 
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2001; 2004). Sediment waves associated with channel-levées are considered to be sand-rich relative 347 

to sediment waves occurring on abyssal plains, upper submarine slopes and unchannelised slopes 348 

(Migeon et al., 2000), although few examples have been described from outcrop due to their scale 349 

and fine-grained nature (see Campion et al., 2011 for a notable exception).  350 

Sub-unit E2: sediment waves at outcrop? 351 

Sub-unit E2 comprises a series of very fine sandstone beds in a succession dominated by thin-352 

bedded (1-5 cm) siltstones. The sandstone beds thicken and step towards the west to form a 353 

shingled stacking pattern (Fig. 12). Individual beds can be walked out for 100 m and become thicker 354 

(from 10-to-80 cm) and more amalgamated towards the west. The sandstone beds, where they are 355 

not amalgamated, are interbedded with coarse-to-very coarse grained siltstone. The sandstone beds 356 

contain climbing ripple cross-lamination, sinusoidal bedforms, stoss-side preserved climbing ripple 357 

cross-lamination and parallel lamination. The palaeocurrent distribution measured from ripples 358 

within the sandstone rich beds indicates a dominant SE direction within a very narrow range (Fig. 359 

12D). This is opposite to the shingle and thickening direction (towards the NW). 360 

Interpretation 361 

The thick-bedded heteroliths (Lf3) and structured sandstone facies (Lf4) are characterised by dm-362 

scale sinusoidal stoss-side preserved bedforms and low-to-high angle (10-25°) climbing ripple 363 

lamination, locally with stoss-side preservation. These sedimentary structures are indicative of 364 

deposition by continued unidirectional, non-uniform flows (Allen 1973; Kneller 1995) with high rates 365 

of sediment fallout, attributed to rapid flow expansion and deposition from moderate-to-low 366 

concentration turbidity currents as flows moved from confined to unconfined settings. The presence 367 

of the shingled and thickening bedsets at this locality (Fig. 12), which are stacked in the opposite 368 

direction to the palaeocurrents (Fig. 12D), suggest that this deposit is likely part of the upstream 369 

facing and migrating sand prone area of a sediment wave (Fig. 13). This interpretation is supported 370 

by an E2 channel to the southwest (Figueiredo et al., 2010), however, the silt-prone nature of the 371 
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large bedform precludes confident interpretation. Posamentier and Kolla (2003) suggested that the 372 

presence of sediment wave fields on an external levée may result in an uneven sand distribution 373 

through thicker sand deposits becoming trapped on the steeper upstream facing sides of the wave 374 

(Fig. 13). 375 

Crevasse lobes and channels 376 

Crevasse lobes are deposits that form where sand-prone turbidity currents breach an existing 377 

external levée, and are commonly found beyond the outer bend of a sinuous channel (Damuth et al., 378 

1988; Posamentier and Kolla, 2003; Fildani and Normark, 2004; Armitage et al., 2012; Brunt et al., 379 

2013b; Maier et al., 2013). As the flows escape from confinement they undergo expansion, reducing 380 

carrying capacity and resulting in rapid deposition. Commonly, the flows form sheets as they spread 381 

laterally over large areas. Posamentier and Kolla, (2003) documented an example from the Gulf of 382 

Mexico covering 50 km
2
. Continued breaching of the levée may lead to avulsion (Damuth et al., 383 

1988; Armitage et al., 2012) and development of a crevasse channel as documented in Unit D by 384 

Brunt et al. (2013b). 385 

Crevasse lobes:  386 

Description: Anomalously thick (1-10 m) tabular packages of sandstone (outcrop width ranging from 387 

100-2000 m) occur locally within an overall thinly bedded siltstone prone external levée successions. 388 

An example is presented within Unit D at Slagtersfontein (Fig. 2) where a 55 m-thick external levée 389 

succession overlies a 40 m-thick terminal lobe succession (Fig. 14). The external levée is punctuated 390 

by several sandstone packages (0.5 to 4 m in thickness), that comprise 30% of the succession (Fig. 391 

14). The sandstone packages are up to one kilometre in width, but are mostly 100 - 200 m wide.  392 

A tripartite structure is identified in individual beds of sandstone packages (Fig. 15): (1) The basal 393 

contact is sharp, with minor erosion, overlain by contorted or disaggregated thinly bedded 394 

sandstone / siltstone; (2) the middle section normally comprises structureless sandstone beds, 395 
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although cross bedding and ripple cross lamination is also common, and (3) a sharp to gradational 396 

boundary separates the middle from upper section, which is typically finer grained and darker due to 397 

a more argillaceous composition and the inclusion of mudstone clasts and/or organic fragments (Fig. 398 

15). 399 

Crevasse lobes: 400 

Interpretation: The tabular sandstone packages found within thin-bedded external levée deposits 401 

are interpreted as crevasse lobes. When several packages are found together, such as at 402 

Slagtersfontein, they form a crevasse lobe complex, which suggests a long lived spill point (Fig. 14). 403 

Thin crevasse lobes or individual beds may represent a single levée breach event (Fig. 15). The basal 404 

surface and contorted bedding represent part of the external levée that becomes remobilised during 405 

failure. The overlying sand is deposited from the heads of within-channel turbulent currents that 406 

spill through the levée breach. Rapid flow expansion leads to a drop in the sediment carrying 407 

capacity and consequently rapid sedimentation (Hiscott, 1994; Kneller, 1995). Structureless 408 

sandstones are the likely result of this capacity driven sedimentation (Kneller, 1995); however the 409 

common occurrence of climbing ripples and cross bedding within crevasse lobes suggests 410 

maintenance of flow capacity, perhaps through flow acceleration due to the gradient of the external 411 

levée. The upper division is interpreted to form through becoming charged with finer-grained 412 

sediment during the levée breach forming a cohesive tail to the flow, and a deposit that shares 413 

affinities with a linked debrite (Haughton et al. 2009). Terlaky and Arnott (Accepted Article) have 414 

described matrix-rich sandstone beds that they interpreted as deposits of upflow avulsion. associate 415 

with interpreted avulsion splays, and erosion of levees. 416 
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DISCUSSION 417 

Stratigraphic evolution of an idealised external levée succession 418 

The synthesis of observations and interpretations from multiple external levée successions in the 419 

Fort Brown Fm. permits an idealised stratigraphic evolution to be developed. Figures 16 and 17 420 

illustrate the main architectural elements and their common stratigraphic and geographic 421 

distribution in external levées. Commonly, levée initiation is marked by a basal sand-rich facies with 422 

sedimentary structures that indicate rapid deposition from unconfined sand-rich flows. These 423 

successions are interpreted to be partially preserved frontal lobes (or frontal splays) and refers to 424 

deposits from unconfined flows that form sand-rich units with high amplitude continuous reflection 425 

seismic character basinward of levéed channels (Flood and Piper, 1997; Posamentier and Kolla, 426 

2003). A frontal lobe may not be present due to a lack of accommodation, and they are more 427 

commonly identified farther down the slope. Commonly in the Fort Brown Fm., frontal lobes have 428 

been partly removed by basinward propagation of genetically-related channels systems, as 429 

interpreted in Unit B (Brunt et al. 2013b), Unit C (Kane and Hodgson 2011; Hodgson et al. 2011), Unit 430 

D (Brunt et al. 2013a) and Units E and F (Figueiredo et al. 2010; Brunt et al., 2013a, b). Similar 431 

evolutionary trends where basal frontal lobes are partially eroded by a genetically-related channel 432 

and overlain by external levées have been described in the subsurface (Flood and Piper, 1997; Lopez, 433 

2001; Babonneau et al., 2002; Fonnesu, 2003; Ferry et al., 2005; Bastia and Radhakrishna, 2010; and 434 

Maier et al., 2013) and outcrop (Gardner et al., 2003; Beaubouef, 2004). The feeder channel can cut 435 

through the frontal lobe anywhere from the axis, resulting in a forward stepping frontal lobe 436 

stacking pattern, to the fringe, producing a laterally offset stacking pattern (see Morris et al. in 437 

press).  438 

Flow stripping and overspill processes build levées that increase flow confinement resulting in 439 

channel propagation. The consequence is preferential filtering of the finer and more dilute parts of 440 



21 

 

stratified flows and the initiation of external levées. Further progradation of the channel will 441 

increase flow confinement through a combination of both levée construction and erosion, and 442 

therefore, increasingly dilute parts of stratified flows overspill, and individual beds recorded in the 443 

levée become thinner and finer grained. This study of exhumed external levées supports lower 444 

resolution observations on their depositional architecture from seismic datasets and confirms that 445 

the wedge shaped geometry is controlled by downlap of beds that fine and thin away from the 446 

channel (Fig. 5, 11, 16). Asymmetry of levée geometry and architecture is controlled by in-channel 447 

processes such as channel sinuosity and stacking patterns, which also influences the distribution of 448 

sediment waves and crevasse lobes (Fig. 16, 17). 449 

Average sedimentation rate on the external levée will decrease as confinement increases; it will be 450 

lowest around the time of highest confinement, and will increase again during aggradation of the 451 

channel system as confinement decreases. During the abandonment of the channel-levée system, 452 

either through aggradation of the entire system or up-dip avulsion, there is a reduction in the rate of 453 

sediment supplied to the external levée. Unit D at the CD Ridge is an example of an underfilled slope 454 

valley, recorded as a 25 m thick mudstone directly overlying the preserved remnants of the active 455 

fill, interpreted to have been deposited during the abandonment of the whole system. 456 

External levées as a record of channel migration 457 

External levée successions typically thin and fine upward due to increased flow confinement through 458 

time as the height between levée crest and channel base increases (Hiscott et al., 1997; Lopez, 2001; 459 

see D in Fig.6 and C2 in Fig. 8). However the amount of overspill from a flow is influenced by many 460 

parameters such as flow magnitude, channel curvature and the straight-line distance between the 461 

parent channel and the levée crest. Nonetheless, as external levées record sedimentation from 462 

multiple channel elements and channel complexes they could provide a more complete record of 463 

the evolution of the system, such as channel migration patterns, and number of channel complexes 464 

than the complicated stratigraphy preserved within the channel systems. For example, during a 465 
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period of lateral stepping one external levée will become increasingly proximal to the active channel 466 

as the other external levée becomes more distal. Thicker and coarser beds will be deposited on the 467 

levée that the active channel is stepping toward, and a coarsening and thickening upward package 468 

may be recorded. In the case of the Unit D slope valley on the CD Ridge, the prolonged westward 469 

migration of individual channel elements and channel complexes resulted in asymmetric levée 470 

heights, with the larger, more sand rich external levée constructed on the western edge of the valley 471 

(Fig. 4, 5). This may have been accentuated by the influence of the Coriolis Effect. Coarsening and 472 

thickening upward packages are not identified, although preservation potential would be low as 473 

westward migration of the channels led to erosion of the proximal external levée. Even if a 474 

coarsening-and-thickening upward pattern was identified this could be interpreted as the result of 475 

waxing sediment supply through time rather than a record of channel migration in the main conduit.  476 

The stratal relationship of the external levées to the adjacent channelized fill is also important to 477 

consider if external levée successions are be used as records of channel evolution. This approach has 478 

more potential where (part of) the external levée succession can be demonstrated to aggrade at a 479 

similar rate to the channel building a constructional crest and, therefore, making the channel-fill and 480 

the levée time-equivalent. Clearly, the approach will not work where external levées that have been 481 

cut by a younger channel system meaning that the bulk of the levée is not genetically related to the 482 

adjacent channel-fill.  483 
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External levée hierarchy 484 

Hierarchies of component architectural elements in a range of siliciclastic settings have been 485 

developed that use bounding surfaces, stacking patterns and depositional geometries to aid 486 

comparison of scales and processes across different systems (e.g. Mutti and Normark, 1987; Miall, 487 

1988; Clark and Pickering, 1996; Sprague et al., 2002; Prélat et al. 2009). External levées are 488 

constructed by numerous flows that partially escape from slope channel systems, which comprise 489 

channel elements, channel complexes and channel complex sets (e.g. Sprague et al., 2002; Di Celma 490 

et al., 2011). At the CD Ridge, both Unit C2 and Unit D have composite basal erosion surfaces with 491 

multiple remnant channel complexes preserved within a composite erosion surface (Hodgson et al., 492 

2011); as a result the external levée successions of Unit C and D preserve a cryptic depositional 493 

record of the evolution of component channel elements, channel complexes, and channel complex 494 

sets. Logically, therefore, a hierarchy of architectural elements in external levées that include levée 495 

elements, levée complexes and levée complex sets should be present. However, there are several 496 

factors that make the identification of a hierarchy in external levée successions challenging 497 

compared to other systems. For example, there are a lack of abrupt stratigraphic facies changes and 498 

mappable bounding surfaces that are used in channel hierarchy schemes, and the aggradational 499 

stacking of elements with similar geometries in contrast to compensational stacking and avulsion 500 

surfaces used in lobe hierarchy schemes. In addition, the thickness and geometry of a single deposit 501 

on an external levée is dependent on the distance from the parent channel, the slope of the levée, 502 

the curvature of a channel bend, the height of levée crest to channel base, and the flow magnitude 503 

(thickness and grain-size range). These parameters will be slightly different after every flow event 504 

meaning that discrete package of similar sedimentary facies, or clear bed thickness trends at 505 

different scales, are unlikely to develop unless the system is close to an equilibrium state. 506 

Despite these difficulties, identification of a hierarchy in external levées would provide a direct 507 

correlation between levées and their associated channel elements, channel complexes and channel 508 
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complex sets. As there is a more complete depositional record of channel-levée system evolution, 509 

this would permit an assessment of the degree of sediment bypass into the deeper basin during 510 

different stratigraphic intervals. Given the number of beds in an external levée succession, a 511 

statistical approach to bed thickness patterns in channel-levée systems where the number of 512 

channel complexes is known may help to identify a hierarchy of levée elements. 513 

Crevasse lobes Ȃ where and when? 514 

The geographical distribution of crevasse lobes in Unit D of the Fort Brown Fm. indicates that 515 

breaches in an external levée are more commonly recorded in basinward localities. In Unit D, 516 

crevasse lobes have not been observed in up-dip areas such as the CD Ridge. This is interpreted to be 517 

because a deep confining surface of the D slope valley coupled with the high external levées limited 518 

the potential for sand-prone flows to breaches in the external levée. The crevasse lobe complex 519 

described in Unit D at Slagtersfontein occurs 50 km down dip of the CD Ridge (Figs. 2 and 14). 520 

Therefore, the longitudinal increase in crevasse lobes and channels is likely related to the basinward 521 

reduction in relief between the external levée crest and channel base (Fig. 17). Decreasing downdip 522 

confinement may not be wholly responsible for the presence of crevasse deposits. The combined 523 

effects of increased channel sinuosity and channel aggradation increase the likelihood for breaches 524 

in an external levée and the deposition of crevasse lobes. Peakall et al. (2000) stated that bends in 525 

submarine channels develop at slower rates compared to their fluvial counterparts, suggesting that 526 

sinuosity increases with time and maturity (e.g. Maier et al., 2013). Therefore crevasse lobes are 527 

more likely to occur and be preserved when a mature and sinuous channel-levée system has been 528 

established.  529 

A breach in the external levée and formation of a crevasse lobe may lead to the development of a 530 

crevasse channel, such as documented within Unit D at Geelbek by Brunt et al. (2013a), and be the 531 

precursor to a channel avulsion events (e.g. Fildani and Normark, 2004; Armitage et al., 2012). If 532 

crevasse processes precede avulsion events they are more likely to occur in basinward areas, and in 533 
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the upper stratigraphy of an external levée succession, when levée crest to channel depth height is 534 

low and when a degree of stable sinuosity has been established.  535 

Comparison to other systems 536 

A spectrum of external levée dimensions and geometries have been described in the literature (e.g. 537 

Skene et al.2002; Nakajima and Kneller, 2013), and range from mud-rich (e.g. Flood and Piper, 1997) 538 

to sand-ƌŝĐŚ ;Ğ͘Ő͘ MĂǇĂůů ĂŶĚ O͛BǇƌŶĞ, 2002). The external levées from the Fort Brown Fm. described 539 

herein are silt-rich and contain only minor amounts of clay in the form of drapes in distal external 540 

levée successions. This is likely to result in significant differences in the architecture and stratigraphic 541 

relationship to the genetically-related channel systems, compared to mud-rich systems. A critical 542 

difference is that mud-rich external levées are likely to have more cohesive strength and are 543 

therefore more difficult for flows to erode. Characteristically, mud-rich external levées, such as in 544 

the Amazon and Indus systems, can construct significant morphological features that reach >100 m 545 

in height (Kolla and Coumes, 1983; 1987; McHargue and Webb, 1986; Carmichael et al., 2009), and 546 

commonly confine highly aggradation channel systems that can be active 10s of metres above the 547 

regional slope (Normark et al., 1997; Lopez, 2001). Silt-rich levées are more easily eroded meaning 548 

that wider channel belts can form by lateral stepping of component channels. Also, silt-rich levées 549 

are unlikely to build such significant relief above the regional slope meaning that their bathymetric 550 

influence on younger systems is less pronounced. Nonetheless, many of the key component features 551 

and the origin and evolution are common to both mud-rich and silt-rich external levées. 552 

553 
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CONCLUSIONS 554 

This study utilises a unique dataset that integrates research boreholes with extensive outcrops 555 

where sustained field mapping allows the palaeogeographic context of different stratigraphic units 556 

to be well constrained. This has permitted a comprehensive description of multiple exhumed silt-rich 557 

submarine external levées in which the internal facies relationships have been constrained and all 558 

the major components have been identified, including sediment waves and crevasse lobes. As the 559 

palaeogeographic position and the orientation of the external levée to the parent channel systems 560 

are well constrained the distribution of sand, sedimentary facies and sand distributions are related 561 

to position on the palaeoslope, the distance from the parent channel system, confinement of the 562 

channel and the magnitude of turbidity currents. Sedimentary facies of the external levées are 563 

dominated by tractional structures including aggradational dm-scale sinusoidal stoss-side preserved 564 

bedforms, low-to-high angle climbing ripple lamination and stoss-side preserved current ripple 565 

laminae. These facies indicate high rates of sediment fallout, attributed to rapid flow expansion and 566 

deposition from turbidity currents escaping from confinement, where the highest volumes of sand 567 

are deposited closer to the confinement with an exponential decrease in sand percentage recorded 568 

perpendicular from the levées crest. The documented downlap of beds that fine and thin away from 569 

the channels onto underlying muds reflects commonly identified seismic architecture observed in 570 

the subsurface. This geometry suggests progradation, which typically results in coarsening- and 571 

thickening upwards. However, in the construction of an external levée there is a key morphometric 572 

feedback where the widely documented fining and thinning upwards trend is attributed to 573 

increasing confinement of individual flows and/or the waning of the system as it begins to backstep. 574 

Perturbations to this trend can develop depending on the evolution of the parent channel system 575 

(e.g. Kane et al. 2007).  576 
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Locally preserved basal sand-rich deposits are interpreted to record the preservation of a frontal 577 

lobe deposited prior to the lengthening of the channel. This suggests that where there is useable 578 

accommodation external levées initiate through formation of a frontal lobe, followed by propagation 579 

of the channel and increased flow confinement and the development of an external levée by flow 580 

overspill. A down-slope increase in the number of crevasse lobe deposits is related to the lower 581 

relief between channel base and levée crest, and increased sinuosity. This distribution reflects the 582 

propensity of channel avulsion in downdip areas. 583 

The distinctive aggradational sedimentary facies of the external levées, dominated by climbing ripple 584 

laminae and sinusoidal bedforms identified at outcrop could aid the identification of external levée 585 

successions in less well constrained outcrop, and in core and seismic datasets. This is significant as 586 

external levée deposits, although perceived to be composed of mud and silts can preserve 587 

sandstone-prone units with good laterally connectivity, and therefore have the potential to form, or 588 

contribute to, hydrocarbon reservoirs. 589 
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Figure captions 869 

Fig. 1. Cartoon of an external levée and slope valley-fill that highlights the nomenclature used and 870 

the key components identified and characterised in this study. These features are not discrete areas 871 

on the levée, however, this subdivision allows individual components of the levée to be examined. 872 

Heavier stipple indicates relatively higher amount of sand. 873 

Fig. 2. Location map that highlights the study area near the town of Laingsburg, Western Cape, South 874 

Africa (inset maps). The pale grey area marks the outcrops of the Laingsburg Formation and the 875 

darker grey shows the outcrop pattern of the Fort Brown Formation. The boxed areas show the 876 

geographic position of figures referenced throughout the paper. 877 

Fig. 3. (A) Stratigraphic column showing the generalised stratigraphy of the Ecca Group. (B) 878 

Expanded stratigraphic column showing the units described in this study (Units C-F of the Fort Brown 879 

Formation) are highlighted. Vertical scale is in kilometres. (C) Expanded location map showing the 880 

geographical distribution of the data. The white and black dots represent sedimentary log positions; 881 

the red and black dots highlight the positions of the Bav 1a, Bav 2 and Bav 6 research boreholes. The 882 

green, blue, red and orange lines highlight the positions of the correlation panels constructed in this 883 

study. The green, blue and orange boxes correspond to the stratigraphic intervals highlighted on the 884 

stratigraphic column of (B). 885 

Fig. 4. Inset map (top right) showing the location of the CD Ridge outcrop, south limb of the Baviaans 886 

syncline. Annotated aerial photograph (top left) that illustrates the location of the Unit D incision 887 

through Unit C stratigraphy. The CD Ridge correlation panel (bottom) of Hodgson et al. (2011) 888 

captures the Unit D entrenched slope valley. The locations of the cored research boreholes drilled as 889 

part of this study are shown on both the aerial photograph and the correlation panel. 890 
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Fig. 5. A) CD Ridge panel constructed using outcrop logs (this study), the box highlights the expanded 891 

panels of B. Rose diagrams showing palaeocurrent measurements collected from each of the panels; 892 

i) palaeocurrents from the Unit D western external levée, ii) palaeocurrents from the Unit D eastern 893 

external levée, and iii) palaeocurrents from the Sub-unit C2 eastern external levée. B) Expanded 894 

correlation panel showing the western Unit D external levée where several beds that have been 895 

walked out and downlap onto the underlying mudstone. 896 

Fig. 6. (A) Gamma ray log and (B) Sedimentary log of the Unit D proximal external levée from 897 

research borehole Bav 1a. (C) Representative outcrop facies photographs of the lowermost 25 m of 898 

the Unit D external levée, on the CD Ridge, part of the lower proximal external levée. (Di-Diii) Core 899 

facies photographs from the lower proximal external levée of Unit D. (E) Annotated core 900 

photographs from the lower proximal external levée with sedimentary structures highlighted. (F) 901 

Representative outcrop facies photographs of the upper proximal external levée of Unit D on the CD 902 

Ridge (Gi-Giii) Core facies photographs from the upper proximal external levée of Unit D. (H) 903 

Annotated core facies photographs from the upper proximal external levée with the sedimentary 904 

structures highlighted. (Rucksack, notebook, pencil and grain size card for scale). 905 

Fig. 7. (A) Sedimentary log through the eastern Unit D distal external levée at the Paardekraal river 906 

section (UTM: 476839, 6323945). (B-L) Outcrop facies photos showing the thin bedded deposits, 907 

typical of Lf1 and Lf2, found within distal areas of the external levée deposit (notebook (20.5 cm), 908 

pencil (15 cm) and measuring tape (27 cm shown) for scale). 909 

Fig. 8. (A) Gamma ray log and B) Sedimentary log through Sub-unit C2 collected from the Bav 6 core. 910 

(C-F) Core facies photographs, locations indicated by the boxes on the sedimentary log within the 22 911 

m thick C2 external levée succession. (G and H) Outcrop facies photographs from the C2 external 912 

levée at the Paardekraal river section (UTM: 476827, 6323820). 913 
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Fig. 9. Cartoon through an external levée showing the distribution of the dominant facies 914 

associations observed within the Unit D external levée from channel proximal to channel distal 915 

locations. The gradational boundaries illustrate that boundaries between dominant facies are 916 

transitional. 917 

Fig. 10. Cartoon illustrating the distribution of sandstone within the Unit D external levée from 918 

channel proximal to channel distal locations. Inset graph showing the % sandstone for conjugate 919 

external levée against distance from the levée crest with an exponential best fit line. From this 920 

dataset, there is a non-linear relationship between distance from the channel and percentage 921 

sandstone content of the levée. Downlap arrows are inferred timelines. 922 

Fig. 11. Correlation panel through part of the Sub-unit F2 proximal external levée on the southern 923 

limb of the Heuningberg anticline (see Fig. 3). This panel shows individual beds that have been 924 

correlated and walked out, which downlap onto the underlying mudstone, away from the parent 925 

channel to the south. 926 

Fig. 12. (A) Photo panel showing the shingled sandstone beds that form part of interpreted sediment 927 

waves on the proximal external levée of Sub-unit E2 cropping out on the south limb of the 928 

Heuningberg anticline (see Fig. 3). (B) Trace of the upstream accreting beds (to NW) shown on the 929 

photopanel of A). C) Correlation panel of correlated sedimentary logs (D) Palaeocurrent rose 930 

showing a dominant palaeocurrent direction towards the southeast. 931 

Fig. 13. (A) Cartoon of sediment waves outboard of the levée crest, showing the broad scale 932 

geometries, aggrading upslope in the opposite direction to the flow direction (adapted from Migeon 933 

et al., 2000). (B) Inset schematic of sediment waves, showing where sand becomes trapped on the 934 

upstream facing limb of the wave, allowing for shingling and migration upslope, in the opposite 935 

direction to turbidity current flow. 936 
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Fig. 14. Correlation panel constructed from logged sections measured at the eastern margin of the 937 

Slagtersfontein channel complex. Terminal lobes at the base of Unit D are overlain by external levée 938 

deposits, which incorporate a number of crevasse lobes, which are variable in geometry and 939 

thickness. The succession is incised by a late-stage channel that cuts down from high within Unit D. 940 

Fig. 15. Photograph of a single crevasse lobe bed demonstrating the tripartite divisions. The lower 941 

part consists of a thin band of disorganised fragments of levée; the middle part is clean sandstone 942 

and ranges in character from structureless to well-developed tractional bedforms. The upper part is 943 

argillaceous and often contains mud clasts or dispersed organic matter such as plant fragments. 944 

Fig. 16. Block diagram showing the spatial relationship of the main features and nomenclature used 945 

to describe channel-levée systems. 946 

Fig. 17. Cartoon section parallel to a levée crest that shows the down-dip of evolution of levées and 947 

their stratal relationships to lobes; from small levées associated with entrenched channels, to levée-948 

confined channels, to the down-dip association of decreasing levée height and increasing 949 

occurrences of crevasse lobes and channels, to the levée-lobe transition zone where lobe deposition 950 

dominates. 951 

Table 1: Table showing the seven main sedimentary facies associations identified in the external 952 

levée successions of the Fort Brown Formation. 953 


