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ABSTRACT 16 

The most popular model for submarine unconfined lobate deposits has the following 17 

attributes: (1) a single feeder channel that delivers sediment, (2) a set of distributary channels 18 

present only in the proximal part of the lobate body, and (3) unchannelized tabular deposits 19 

present in the middle and distal part of the lobate deposit.  This model has become a standard to 20 

guide interpretation of outcrop and subsurface examples of submarine lobate deposits. In this 21 

contribution, three well imaged subsurface lobate deposits are described that display three 22 

markedly different morphologies, all of which differ from the “standard” model.  All three lobate 23 

examples are buried by less than 150m of muddy sediment and imaged with high resolution 3D 24 

reflection seismic data of similar quality and resolution. Distinctively different distributary 25 

channel patterns are present in two of the examples, and no distributaries are imaged in a third 26 

example.  We conclude that if channels are not imaged, it is because channels are not present.  27 

The different distributary channel patterns are interpreted to have resulted from different 28 

processes: (1) a lobate deposit that is pervasively channelized by many distributaries that have 29 

avulsed from numerous nodes is interpreted to result from mud-rich, stratified, turbulent flows ; 30 

(2) an absence of distributaries in a lobate deposit is interpreted to result from collapse of mud-31 

poor, turbulent flows remobilized from littoral drift; and (3) a lobate deposit with only a few, 32 

long, straight distributaries without avulsions is interpreted to be dominated by debris flows 33 

(laminar flows) .  Reconciling 3D seismic morphologies with observations of channels, scours, 34 

and amalgamation zones in outcrops is problematic. It is concluded from this study that, when 35 

characterizing unconfined deep water deposits, multiple models with significant differences in 36 

predicted permeability structure should be considered. 37 

1. INTRODUCTION 38 

Submarine fans and other submarine unconfined lobate deposits are repositories of 39 

continentally-derived coarse sediment in the deep sea (e.g. Normark, 1978), and are important 40 

archives of palaeoenvironmental change.  The potentially large volumes of sand deposited in 41 

lobate deposits make them important targets for hydrocarbon exploration and production 42 
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(Weimer et al., 2000) as well as potentially important aquifers, or reservoirs for the sequestration 43 

of CO2 or hazardous fluids (Ketzer et al., 2005).  Simulations of fluid dynamics and volume 44 

within this reservoir type designed to optimize performance, either during fluid injection or 45 

extraction, necessitate a detailed understanding of depositional architecture, heterogeneity 46 

distribution, and permeability structure.   47 

Diverse conceptual models of lobate deposits have been proposed (e.g. Normark, 1970; 48 

Mutti and Ricci Lucchi, 1972; Walker, 1978; Stow, 1985, 1986; Redding and Richards, 1994).  49 

Tectonic setting, source terrain, transportation mechanisms, and bathymetric irregularities have 50 

long been acknowledged to be important when predicting the characteristics of lobate deposits 51 

(Normark, 1970; Mutti and Ricci Lucchi, 1972; Stow, 1985, 1986; Redding and Richards, 1994).  52 

Early submarine fan models included a diverging set of avulsed channel-levee complexes each of 53 

which terminated at the distal end with a sand-rich “depositional lobe” (Normark, 1970; Mutti 54 

and Ghibaudo, 1972).  Recent studies with more complete or detailed data demonstrate that 55 

lobate deposits at the terminus of each distributary channel complex typically consist of multiple 56 

smaller, nested or overlapping offset lobate to palmate bodies (e.g. Mutti, 1977; O’Connell et al., 57 

1991; Lowry et al., 1993; Martinsen et al., 2000; Sullivan et al., 2000; Johnson et al., 2001; 58 

Gardner et al., 2003; Posamentier and Kolla, 2003; Hodgson et al., 2006; Deptuck et al., 2008: 59 

Prélat, et al., 2009; Groenenberg et al., 2010; Mulder and Etienne, 2010; and Prélat and 60 

Hodgson, 2013; Picot et al., 2016).  Prélat et al. (2009) proposed a hierarchical scheme to 61 

account for the observed complexity of lobate deposits and proposed that a Lobe System or 62 

Complex Set is composed of smaller Lobe Complexes which in turn are composed of Lobes with 63 

smaller constituent Lobe Elements.  This hierarchical approach has been adopted by multiple 64 

authors in subsequent papers (Prélat, et al., 2010; Groenenberg et al., 2010; Mulder and Etienne, 65 
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2010; Grundvåg et al., 2014). However, the application of this model, here referred to as the 66 

Prélat Hierarchical Model, is challenging in many cases, including examples where seismic 67 

morphology is well imaged, as will be explored in this paper.  Also, the hierarchical model 68 

requires one to interpret which level within the hierarchy is represented by a lobate unit in order 69 

to know which term is appropriate.  Unfortunately, the term lobe is used as one of the levels 70 

within the hierarchical scheme making it ambiguous for use as a general term for lobate deposits.  71 

We are reminded that Normark et al. (1993) lamented that confusion in the use of the term 72 

“depositional lobe” is common.  73 

The presence of channels in at least some lobate deposits has long been recognized.  74 

Normark (1970), here referred to as the “Standard” Lobe Model, included shallow distributary 75 

channels in the proximal portion of his definition of a lobe but few to none in the distal portion 76 

of the lobe. Beaubouef et al. (1999), Sullivan et al. (2000), Carr and Gardner (2000), and 77 

Gardner et al. (2003), to varying degrees, interpreted the presence of channels across lobate 78 

depositional bodies.  The recent fan model of Prélat et al. (2009, 2010) does not emphasize 79 

distributary channels within depositional lobes.  Mulder and Etienne (2010) propose that poorly 80 

channelized lobes develop in settings with sand-dominated flows whereas lobes with a 81 

distinctive distributary channel network develop in settings with mud-rich flows.  The potential 82 

presence and distribution of channels within lobate deposits are of particular interest because, 83 

relative to the non-channelized portion of a lobate deposit, sand caliber can be coarser, and 84 

permeability higher within channels so that channel deposits may be a preferred pathway for 85 

subsurface fluids (Pyles et al. 2014; Jones et al., 2015; Hofstra et al., 2016; Bell et al., 2018).   86 

In modern or near modern turbidite systems distributary channels have been imaged 87 

within lobes in some cases (O’Connell et al., 1991; Twichell et al., 1992; Kidd, 1999; 88 
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Posamentier and Kolla, 2003; Hadler-Jacobson et al., 2005, 2007; Clark and McHargue, 2007; 89 

Bourget et al., 2010; Bakke et al., 2013; and Doughty-Jones et al., 2017).  However, even in 90 

modern submarine fan systems, detailed bathymetric records and sidescan sonar recordings often 91 

do not produce clear images of distributary channel networks within lobate deposits (Bonnel, et 92 

al., 2005; Gervais et al., 2006; Jegou, et al., 2008; Dennielou et al., 2009; Bourget et al., 2010; 93 

Hanquiez et al., 2010; Migeon et al., 2010) even though incisional transient fan channels, when 94 

present, may be well imaged (Adeogba et al., 2005: Gamberi and Rovere, 2011; Maier et al., 95 

2011, 2012, 2013; Barton, 2012; Prather et al., 2012a; Yang and Kim, 2014).   96 

Outcrop studies of lobate deposits with laterally extensive exposure have guided concepts 97 

of architecture and facies distribution (Mutti and Ricci Lucchi, 1972; Martinsen et al., 2000; 98 

Sullivan et al., 2000; Johnson et al., 2001; Gardner et al., 2003; Hodgson et al., 2006; Prélat, et 99 

al., 2009; Groenenberg et al., 2010; and Prélat and Hodgson, 2013).  However, there are few 100 

opportunities to unambiguously document the three-dimensional relationships of architectural 101 

components within lobate deposits.  Interestingly, these few examples display meaningful 102 

differences.  The somewhat lobate deposits of the Brushy Canyon Formation are extensively 103 

channelized with tabular sands in overbank positions (e.g. Gardner et al., 2003).  The Ross 104 

Formation displays well developed tabular sandstone units associated with multiple channels 105 

(e.g. Martinsen et al., 2000; Sullivan et al., 2000; Pyles and Jennette, 2009; and Pierce et al., 106 

2018).  The lobate deposits with the most continuous and extensive exposure are within the 107 

Skoorsteenberg Formation in the Tanqua Karoo Basin, South Africa (e.g. Johnson et al., 2001; 108 

Hodgson et al., 2006; Prélat, et al., 2009; Groenenberg et al., 2010; and Prélat and Hodgson, 109 

2013).  Although lobate units are extensively exposed within the Skoorsteenberg Formation, 110 

conventional channels, such as seen in the Ross Formation, are present only in the most proximal 111 
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exposure of the lobate units (Johnson et al., 2001; Hodgetts et al., 2004; Hodgson et al., 2006).  112 

Elsewhere, zones of amalgamation have been interpreted as possible channels arranged in a 113 

distributary pattern within palmate depositional units (Johnson et al., 2001; Hodgetts et al., 114 

2004).  The Skoorsteenberg Formation outcrops also have been instrumental in providing the 115 

basis for a hierarchical arrangement of components within the lobate deposits (Prélat, et al., 116 

2009; Groenenberg et al., 2010; and Prélat and Hodgson, 2013).   117 

In subsurface examples, images of submarine lobate deposits, even in high quality 3D 118 

reflection seismic volumes, often reveal few, if any, details of architectural features within or on 119 

the surface of the lobate deposits.  In some cases, lens-shaped lobate deposits, typically stacked 120 

in a compensating pattern (sensu Mutti and Sonnino, 1981), can be recognized within a larger 121 

lobate system (e.g. Gervais et al., 2006; Saller et al., 2008; Deptuck et al., 2008; Bourget et al., 122 

2010; Prélat et al., 2010; Yang and Kim, 2014), but even these gross features may not be 123 

resolved in the deep subsurface. Consequently, more often than not, the presence of distributary 124 

channels and other architectural features of lobate deposits are inferred based on a model, or 125 

models, about which there is considerable uncertainty. 126 

In order to better guide the characterization of lobate deposits in the subsurface, it is 127 

necessary to know what models of lobate deposits have been proposed, what the characteristics 128 

of each model are, and what information is available to guide an interpreter to select the most 129 

appropriate model or models. Toward this end, we describe three example lobate deposits with 130 

fundamentally different architectures.  We describe the context within which each lobate deposit 131 

is found and suggest possible controlling mechanisms.  The shape, distribution, and avulsion 132 

pattern of channels, if present, are key criteria for discriminating between these three models as 133 

well as from other models such as the “Standard” Lobe Model or the Prélat Hierarchical Model.   134 
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2. EXAMPLE 1: A PERVASIVELY CHANNELIZED LOBATE 135 

DEPOSIT 136 

2.1 Example 1 Regional Setting 137 

Lobate Example 1 is located on the continental slope of the western Niger Delta.  The 138 

continental slope in the study area is irregular (stepped profile of Prather et al., 1998; Prather, 139 

2003), including areas of both high and low gradient, as well as ridges that tend to stand above 140 

the regional slope profile (Allen, 1965; Doust and Omatsola, 1990; Damuth, 1994; Pirmez et al., 141 

2000; Steffens et al., 2003).  The steep segments of the profile are formed on the seaward flanks 142 

of basinward verging thrusts cored by over-pressured buoyant mud.  The areas of low gradient 143 

(steps of Prather et al., 1998) occur on the landward sides of the thrust ridges.  Lobate Example 1 144 

accumulated within a sediment wedge on one of these steps in what has been called a slope 145 

apron (Gorseline and Emery, 1959; Prather et al., 2012a; Barton, 2012) within healed slope 146 

accommodation (Prather, 2000, 2003; Prather et al., 2012a; Barton, 2012, Sylvester et al., 2012). 147 

2.2 Example 1 Seismic Data 148 

Images of Lobate Example 1 (Figures 1 and 2) are derived entirely from industry 149 

standard three-dimensional reflection seismic data.  The interpreted data have a dominant 150 

frequency of about 60 Hz at the shallow depth of the studied lobate deposit, which, assuming an 151 

acoustic velocity of 1700 m/sec, provides a nominal vertical resolution of approximately 15 m.  152 

Sample spacing is 4ms and bin spacing is 12.5m by 12.5m. Planform images provided in this 153 

paper are horizon-referenced displays garnered from the uppermost 150 milliseconds (128m) of 154 

data below the seabed.  The contiguous seismic volumes that are the primary focus of this study 155 

cover an irregularly shaped area of approximately 5500 sq. km.  The seismic volumes extend 156 
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from near the modern shelf edge to a position on the continental slope approximately 110km 157 

seaward from the shelf edge.  An adjacent studied volume with the same resolution and sample 158 

spacing covers about 2000 sq. km. on the middle slope. 159 

2.3 Example 1 Description 160 

Lobate Example 1 (Figures 1 and 2) has been called a lobe in a previous publication and 161 

description (Prélat et al., 2010, their Figure 4).  They noted that Lobate Example 1 is the 162 

youngest of several lobate units.  Each lobate unit is displaced eastward of its predecessor, 163 

occupying low topography between the mounded sediment of the previous lobate deposit to the 164 

west and the regional southwest-dipping slope to the east (Prélat et al., 2010). 165 

Lobate Example 1 is located approximately 95km from the modern shelf edge.  It is 166 

approximately 14km wide, in excess of 12km long, with a maximum thickness of 130m near the 167 

proximal (North) end of the lobe, yielding a width to thickness ratio of 108:1 (Prélat et al., 2010).  168 

Lobate Example 1 is buried by approximately 120m to 170m of mud-rich sediments in about 169 

2250m of water in a middle slope position.  No core samples are available from Lobate Example 170 

1. Sediment transport generally was from north to south or southwest. 171 

The single feeder channel complex (approximately 600m to 700m wide) avulsed from a 172 

much larger parent channel system.  A portion of this large parent channel system was previously 173 

illustrated though not discussed (southernmost channel system, unnamed, of Jobe et al., 2015, 174 

figure 2). The apparent similarity of this parent system to the documented complexity of the 175 

adjacent channel system Y (Jobe et al., 2015) suggests a similarly diverse heterolithic fill with 176 

multiple episodes of erosion and aggradation. Confinement of the feeder channel complex to 177 

Lobate Example 1 was provided by a combination of erosion and outer, or external, levee 178 



 Non-peer reviewed preprint submitted to EarthArXiv  

aggradation (Figures 2A and 2B).  Outer levees flanking the feeder channel complex are up to 179 

50m thick and 500m wide, represented in reflection seismic data by low root-mean-squared 180 

(RMS) amplitude values (Figure 2A, B).  Sediment from the single levee-confined feeder 181 

channel complex was dispersed across Lobate Example 1 via a system of distributary channels 182 

(each 300m or less in width (Figure 1)).  Avulsion nodes are observed at multiple locations 183 

within the distributary channel system, including at the proximal head and at numerous locations 184 

all across Lobate Example 1 (Figure 1).  For approximately 3km down flow from the first, most 185 

proximal, avulsion node distributary channels continue to be flanked by small outer levees, 186 

although levee height decreases down flow to the south until they are no longer resolvable on 187 

seismic profiles (Figure 2C).  Fill within these proximal distributary channels, as well as within 188 

the feeder channel complex, are recorded as high RMS values. 189 

In a down-flow (southward) direction, each of the levee-confined distributary channels 190 

transitions into numerous sub-parallel to slightly diverging smaller channels (100m or less in 191 

width) that form a 2km to 3km wide cluster (Figure 1). The channel pattern in each cluster is 192 

achieved by increasing the number and frequency of avulsion nodes distally so that a few 193 

channels in a proximal position increase distally to a large number of closely spaced channels 194 

toward the fringe of Lobate Example 1.  Despite the fact that limited vertical resolution results in 195 

compositing multiple vertically juxtaposed channels within the same image, the entire lobate unit 196 

beyond the limit of levee confinement appears to consist of numerous channel clusters.  The axis 197 

of each cluster follows a path that is sub-parallel to the axis of adjacent clusters and thus the 198 

overlap between adjacent clusters is minimal.   199 

Within Lobate Example 1, depositional lenses have been interpreted (Prélat et al., 2010) 200 

and can be identified in at least some seismic profiles in the proximal to middle, high relief 201 
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portion of Lobate Example 1 (Figures 2C and 2D).  Distally, the lenses gradually become flatter 202 

and thinner until they can no longer be resolved separately (Figure 2E).   203 

2.4 Example 1 Interpretation 204 

No cores are available to confirm interpretations of sediment caliber and distribution.  205 

However, seismic RMS amplitudes provide an objective basis for interpretation (Figures 1 and 206 

2).  The diversity of amplitudes suggests that Lobate Example 1 received flows containing a 207 

wide range of grain-sizes.  The feeder channel complex and proximal distributary channels of 208 

Lobate Example 1 are confined primarily by outer levees (Figures 2b and 2c).  Low seismic 209 

RMS amplitudes in the levees suggest that they are composed dominantly of mud.  The presence 210 

of mud-rich levees requires that the gravity flows that traversed the channels were density 211 

stratified including volumetrically significant mud in the upper portions of the flows.  Low 212 

seismic RMS amplitudes within outer levees contrast with high seismic RMS amplitudes within 213 

the feeder channel complex and within distributary channels of Lobate Example 1.  High RMS 214 

amplitudes require strong contrasts in impedance and suggest the presence of mixed sand and 215 

mud within the channels. Further down flow, where levees are no longer discernable, it is 216 

suspected that overbank sediments continue to have higher mud content relative to channel 217 

sediments accounting for distinct, well imaged channels.  218 

2.5 Example 1 Discussion 219 

2.5.1 Classification 220 

Lobate Example 1 is pervasively channelized from the proximal to the distal margin, and, 221 

although previously called a lobe (Prélat et al., 2010), might be classified as a small submarine 222 

fan consisting of channel-levee complexes in a distributary pattern. No unchannelized sheet-like 223 
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deposit is present at the terminus of each distributary channel; rather each distributary channel 224 

avulses to form a channel cluster.  Perhaps each channel cluster is analogous to a lobe in this 225 

case, or, an unchannelized and unresolved lobe is present at the distal end of each small channel 226 

of each channel cluster.  The latter option implies a very large number of strongly overlapping, 227 

unresolved, small lobes, which we think is unreasonable.   228 

2.5.2 Hierarchy 229 

In planform, avulsion nodes and channel density increase in a down flow direction.  This 230 

trend might provide a basis for defining a hierarchy within Lobate Example 1.  The Prélat 231 

Hierarchical Model is based on abrupt lateral displacements of sedimentation due to avulsion and 232 

Lobate Example 1 has many avulsion nodes.  In fact, the high number of avulsion nodes could 233 

imply a large and unwieldy number of subordinate hierarchy levels within the deposit, several 234 

more levels than accommodated in the Prélat Hierarchical Model.  A tendency for the most distal 235 

distributary channels to cluster with minimal overlap suggests compensational (lateral offset) 236 

stacking of the clusters.  So perhaps each cluster represents a lobate subunit in the hierarchy. 237 

Unfortunately, although this approach seems attractive, a channel cluster does not resemble a 238 

lobe element, or any other level of hierarchy, as described by Prélat et al. (2009, 2010). 239 

Alternatively, perhaps it is inappropriate to impose a hierarchical structure on Lobate 240 

Example 1.  Straub and Pyles (2012) provided a mechanism for testing hierarchical versus fractal 241 

structure with a modified compensational index.  Unfortunately, determination of a modified 242 

compensational index requires measurement of the thickness of all units but the vertical 243 

resolution of the seismic profiles (Figure 2) of Lobate Example 1 is inadequate for this purpose.  244 

Nevertheless, qualitatively, channel distribution patterns in Lobe 1 suggest a fractal structure.   245 
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Smaller channels in a fractal structure must be smaller in both thickness and width with 246 

proportionally smaller compensational offsets.  Arguably, this may be the case, as displayed in 247 

Figure 1, but cannot be confirmed.   248 

2.5.3 Process   249 

A large channel system with mixed erosion and levee confinement strongly suggests that 250 

associated flows contained both sand and abundant mud.  Abundant mud in overbank settings 251 

further supports the presence of abundant mud in the flows that reached Lobate Example 1.  252 

Effective partitioning of sand within channels and mud in overbank positions indicates that the 253 

contributing flows were density stratified.  As each turbidity current crossed Lobate Example 1, 254 

the top of the dilute layer was eventually lost overbank as levee height decreased down flow. 255 

2.6 Summary 256 

In summary, Lobate Example 1 is interpreted to have a well-developed distributary 257 

channel system that is reasonably interpreted to display the following characteristics:  258 

(1) Sediments, presumably fluvial/deltaic sediments, were delivered to Lobate Example 1 259 

through a single leveed feeder channel complex that avulsed from an observed large 260 

trunk channel system. 261 

(2) Delivered sediments were heterolithic, comprising mud and sand (and gravel?);  262 

(3) Sediments were dispersed across Lobate Example 1 via distributary channels; 263 

(4) The proximal distributary channels were levee confined; 264 
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(5) Lobate Example 1 grew as a result of avulsions or bifurcations at numerous and 265 

diverse positions along the distributary channel pathways; 266 

(6) The most distal visible channels form channel clusters that stacked relative to one 267 

another in a compensational pattern. 268 

(7) Unchannelized tabular deposits are not imaged at the distal ends of the distributary 269 

channels or the channel clusters. 270 

(8) This lobate deposit does not conform to prevailing definitions of either a fan or a lobe. 271 

3. EXAMPLE 2: A LOBATE DEPOSIT WITHOUT DISTRIBUTARY 272 

CHANNELS 273 

3.1 Example 2 Regional Setting 274 

Lobate Example 2 is located on the continental slope of the Niger Delta (Figures 3-6), 275 

approximately 45km from the modern shelf edge, and 70km southeast of example 1. Lobate 276 

Example 2 is in an area of relatively low gradient along an irregular stepped profile resulting 277 

from deep seated thrusts modified by diapiric deformation of buoyant shales (circular features 278 

near the head of Lobate Example 2 in Figure 5) (Allen, 1965; Doust and Omatsola, 1990; 279 

Damuth, 1994; Pirmez et al., 2000; Steffens et al., 2003). Lobate Example 2 accumulated within 280 

a slope apron (Gorseline and Emery, 1959; Prather et al., 2012a; Barton, 2012) within healed 281 

slope accommodation (Prather, 2000, 2003; Prather et al., 2012a; Barton, 2012, Sylvester et al., 282 

2012). 283 

3.2 Example 2 Seismic Data 284 
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Images of Lobate Example 2 are derived entirely from industry standard three-dimensional 285 

reflection seismic data of very similar vintage and quality to the data that are illustrated for 286 

Lobate Example 1.  About 6000 sq. km of contiguous 3D reflection seismic data are available in 287 

the area around Lobate Example 2 (Figure 3) including the outermost shelf and shelf edge near 288 

Lobate Example 2 as well as surrounding slope features.  As with Example 1, these interpreted 289 

data have a dominant frequency of about 60 Hz at the shallow depth of the studied lobate 290 

deposit, which, assuming an acoustic velocity of 1700 m/sec., provides a nominal vertical 291 

resolution of approximately 15m.  Sample spacing is 4ms and bin spacing is 12.5m by 12.5m. 292 

The plan view images provided in this paper for Lobate Example 2 are horizon-referenced 293 

displays of data between 50 and 150 milliseconds (42 to128m) below the seabed.   294 

3.3 Example 2 Description 295 

Lobate Example 2 is approximately 6km wide, 14km long, and a maximum of 20m thick 296 

(width to thickness ratio of 300:1).  Example 2 is buried at approximately 47m below the seabed 297 

in 1275m of water in a middle slope position.  No core samples are available from Lobate 298 

Example 2. 299 

Lobate Example 2 is a high amplitude feature (HAF) displayed in the RMS extractions of 300 

Figures 3 through 6 as a light colored object.  Several HAFs of diverse sizes and shapes are 301 

displayed on the continental slope surrounding Lobate Example 2 including narrow linear HAFs, 302 

fan-shaped HAFs, and irregular broad HAFs.   303 

In the area north and east of Lobate Example 2, the shelf edge has a generally smooth to 304 

slightly irregular northwest trend (Figure 3). No submarine canyon is imaged at or near the shelf 305 

edge.  Instead, the shelf edge occasionally is offset landward by approximately 2km by 5-8km 306 
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wide arcuate indentations (Figure 3).  Numerous narrow and linear HAFs are imaged 307 

immediately basinward of the arcuate indentations (area X in Figure 3).  Some of the linear 308 

HAFs appear to terminate down slope, after 5 to 10km or less, in small divergent, fan shaped 309 

HAFs that are only one or two kilometers wide and long (area X, Figure 3).  Others continue 310 

farther down slope and are focused by bathymetry into larger HAFs with stronger amplitudes.   311 

Directly up slope from Lobate Example 2, the shelf edge is beyond the limit of the 312 

seismic volume (Figures 3 and 4).  In the most proximal portion of the seismic volume numerous 313 

linear gullies each give way down slope to a wedge-shaped HAF consisting of a divergent 314 

collection of sharp to diffuse linear forms with elevated amplitude (area Y, Figures 3 and 4). The 315 

wedge-shaped HAFs overlap to form an apron (sensu Redding and Richards, 1994).  After 316 

crossing a zone of down-to-the-basin normal faults farther down slope, the apron of wedge-317 

shaped HAFs merges into a single large HAF (area Z, Figure 4).  Specific features within the 318 

HAF are indistinct although amplitude variations are elongate and define a textural trend that is 319 

parallel to the local direction of maximum gradient on the slope.  The HAF narrows down slope 320 

until it is funneled through two adjacent narrow bathymetric lows to emerge and form the single 321 

large HAF of Lobate Example 2 (Figures 4 and 5).  322 

Sediment was supplied to Lobate Example 2 through multiple entry points rather than 323 

through a single channel complex (Figures 4 and 5).  No outer levees are observed anywhere 324 

along the transport path to or within Lobate Example 2.  Sediment was dispersed across Lobate 325 

Example 2 without leaving any evidence for either avulsions or a distributary channel system 326 

(Figure 5).  Instead, ill-defined elongate textures are imaged in RMS amplitude extractions in 327 

Lobate Example 2 that vary in morphology in planform from lenticular or irregularly shaped to 328 

continuous with slightly convergent or slightly divergent margins (Figure 5).  The most 329 
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continuous elongate features lack the sharply defined parallel margins that are clearly imaged in 330 

Lobate Example 1 (Figure 1).  In cross-section, Lobate Example 2 is tabular and thin (Figure 6) 331 

and distinct internal lens shapes, if present, are not resolved with available data.   332 

At the down-flow terminus of Lobate Example 2, deeply incised channels are observed 333 

(Figures 5 and 6).  One is located at the terminus of the main part of example 2 while another is 334 

located at the terminus of a narrow arm of the HAF located to the west of the main body. These 335 

deeply incised channels are located at positions that would have, in combination, received any 336 

flows and transported sediments that bypassed Lobate Example 2.  These incised channels 337 

deepen along their path to the southwest (Figure 6) and converge with other erosional channels 338 

that follow a basinward course across a bathymetric saddle between two prominent structurally 339 

sustained highs (Figure 3).   340 

3.4 Example 2 Interpretation 341 

Much can be inferred regarding the nature of the shelf edge and slope from the regional 342 

horizon-based RMS amplitude extraction (Figure 3).  The sizes, shapes and linkages of the HAFs 343 

displayed on the continental slope indicate the locations of sediment transport paths and 344 

deposition.  The presence of high amplitudes (light colors in Figures 3-5) within the HAFs is 345 

taken as evidence of the deposition of sand-rich sediments within the HAFs.   346 

In the area north and east of Lobate Example 2, no submarine canyon is imaged at or near 347 

the shelf edge.  Instead, arcuate indentations in the shelf edge are well imaged and are interpreted 348 

as coalesced slide scars (Figure 3), which indicates that submarine canyons, if present, also 349 

would be imaged.  . The narrow and linear HAFs immediately down slope of the slide scars (area 350 

X in Figure 3) are interpreted to represent numerous slope gullies terminating in small fan-351 
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shaped deposits.  The presence of high amplitudes within the gullies is taken as evidence of 352 

transport and deposition of sand caliber sediments.  Because of the spatial association of slide 353 

scars and the gulley clusters (Figure 3), it is inferred that the slide scars were integral to 354 

intercepting sand rich shelf sediments and directing them down slope within density currents. 355 

The gullies in area Y (Figures 3 and 4) up slope of Lobate Example 2 have the same morphology 356 

and clustering as in area X and are inferred to have the same origin as those in area X.  357 

Therefore, features in area Y are interpreted to represent the transport path of shelf sands that 358 

were intercepted at slide scars and directed through multiple HAPs to Lobate Example 2. 359 

Based on the distribution of high amplitudes across about 45km of the continental slope 360 

we interpret that sediment was delivered to Lobate Example 2 from a large number of broadly 361 

distributed small point sources (a line source) along the shelf edge rather than from a submarine 362 

canyon.  The presence of large slide scars suggest that debrites may have contributed to the 363 

material that accumulated within Lobate Example 2.  However, we speculate that the dominant 364 

source of sediment was from littoral drift.  The Niger Delta is a wave-dominated system today 365 

(Allen, 1965; Doust and Omatsola, 1990) with strong littoral cells (Burke, 1972; Biscara et al., 366 

2013).  Because littoral drift potentially is available all along the lowstand delta front, especially 367 

concentrated where slumping has intersected the shelf edge, it seems reasonable that gravity 368 

flows, consisting of sand-rich littoral deposits, could have spilled over the indented lowstand 369 

shelf edge to produce gullies and associated HAFs.  The morphology of the HAFs is compatible 370 

with having been sourced by very sand-rich littoral drift.  High amplitudes strongly suggest the 371 

presence of sand within the HAFs and Lobate Example 2.  Also, no constructional levees are 372 

observable anywhere within Lobate Example 2 or along the train of HAFs leading to Lobate 373 

Example 2. These features suggest that the gravity flows that traversed the HAFs to Lobate 374 
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Example 2 lacked sufficient mud caliber sediments with which to build levees.  Furthermore, 375 

these observations support the contention that the HAFs contain sand-rich sediment that 376 

originated as littoral drift. 377 

The sediment that was delivered through multiple pathways was dispersed across Lobate 378 

Example 2 without leaving any evidence for either avulsions or a distributary channel system 379 

(Figure 5).  No conventional channels with parallel margins are observed.  Instead, ill-defined 380 

elongate RMS amplitude textures within Lobate Example 2 (Figure 5) may represent either 381 

thickness variations such as might be associated with erosional scours or grain size changes 382 

perhaps related to depositional bar forms. Successful imaging of these elongate textures indicates 383 

that distributary channels, if present, also would be imaged.  Therefore, the absence of imaged 384 

distributary channels is attributed not to poor image quality but to the absence of distributary 385 

channels.   386 

Some of the most continuous elongate features are slightly darker (lower RMS 387 

amplitude) than the surrounding deposits.  We interpret this amplitude distribution to result from 388 

thinning of the sand-prone deposits within the linear features as a result of scour (reminiscent of 389 

the central feature of the Navy Fan (Carvajal et al., 2017)).  We further suggest that these 390 

elongate features served as the axes of flows and the focus of sediment transport.  Successful 391 

imaging of these elongate textures indicates that distributary channels, if present, also would be 392 

imaged.   393 

Deeply incised channels at the terminus of Lobate Example 2 deepen along their path to 394 

the southwest (Figure 6) and converge with other erosional channels (Figure 3).  The strongly 395 

erosive character of these channels indicates that significant volumes of sediment bypassed 396 
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Lobate Example 2, at least at times (Adeogba et al. 2005; Gamberi and Rovere, 2011; Maier et 397 

al., 2011, 2012, 2013; Barton, 2012; Prather et al., 2012; Yang and Kim, 2014). 398 

3.5 Example 2 Discussion 399 

 400 

3.5.1 Hierarchy 401 

Due to the absence of distributary channels and avulsions, the conventional basis for 402 

recognizing smaller hierarchical units within Lobate Example 2 is lacking.  Alternatively, 403 

because sediments enter Lobate Example 2 from multiple points (two entry points dominate) the 404 

deposits derived from each entry point might form subunits within Lobate Example 2.  This 405 

approach would be most effective if the entry points were active at different times rather than 406 

simultaneously. However, thin (meter scale) laterally offset lobe elements within nearby lobe X 407 

(Prather et al., 2012a; Jobe et al., 2017) have been confirmed with multiple cores.  Comparable 408 

lobe elements, if present in Lobate Example 2, are too thin to image with our available data.  409 

3.5.2 Process   410 

The transportation pathway from the shelf to Lobate Example 2 is indicated in seismic 411 

data by a trail of high RMS amplitude features.  .   412 

Shelf edge slide scars are interpreted to have captured littoral sediment, and generated 413 

sand-rich flows with limited density stratification.  These flows reached Lobate Example 2 414 

through gullies without levee construction. Assuming that imaging accurately reflects 415 

architecture, no distributary channel network is present within Example 2.  Variations in RMS 416 

amplitude within Example 2 are attributed primarily to variations in thickness resulting from 417 

competing combinations of deposition and erosion.  Relatively low RMS amplitude linear 418 
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features are interpreted to represent flow axes that were subject to scour, at least periodically, but 419 

not avulsion.  We reconcile these observations with the interpretation of sand-rich flows by 420 

speculating that deposition of Lobate Example 2 occurred as flows slowed and collapsed at an 421 

area of relatively low gradient.  Local erosion of linear troughs resulted from flows that had 422 

sufficient momentum to scour and bypass Lobate Example 2.  423 

3.5.3 Summary 424 

Lobate Example 2 is interpreted to have no distributary channel system; rather it is 425 

reasonably interpreted to display, the following characteristics:  426 

(1) Lobate Example 2 is constructed of sediments derived from multiple points along the 427 

shelf edge (a line source) without evidence of a submarine canyon; 428 

(2) The line source is interpreted to reflect capture of littoral drift at slump scar troughs 429 

and remobilization across the upper slope; 430 

(3) The delivered sediments are transported from the shelf edge via multiple pathways 431 

that are focused by slope topography toward the location of Lobate Example 2; 432 

(4) No resolvable levees are observed anywhere along the transport pathway leading to, 433 

or within,  Lobate Example 2 suggesting that the turbidity currents that delivered 434 

sediments to Lobate Example 2 were extremely sand-rich and that the upper dilute 435 

portions of these flows were thin;  436 

(5) No distributary channel system or avulsion nodes are visible within Lobate Example 2 437 

which is interpreted to mean that no channels or avulsion nodes are present. 438 
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(6) Deposition is interpreted to result from collapse of sand-rich flows.  Other, more 439 

robust flows scoured the deposits and bypassed Lobate Example 2. 440 

 441 

4. EXAMPLE 3: A CHANNELIZED LOBATE DEPOSIT WITH FEW 442 

AVULSIONS  443 

4.1 Example 3 Regional Setting 444 

Lobate Example 3 (Figure 7) is located at the base of slope at a water depth of about 445 

2000m east of Kalimantan, Indonesia, in the Kutei Basin, Makassar Strait.  Lobate Example 3 is 446 

part of a larger fan system on the basin floor, approximately 40km from the shelf edge (Saller et 447 

al., 2008).  The continental slope proximal to the fan that contains Lobate Example 3 is irregular, 448 

including areas of both high and low gradient, as well as ridges that tend to stand above the 449 

regional slope profile.  The stepped slope profile results from prominent toe thrusts which 450 

maintain a gradient of 2.1o at the base of slope compared to the basin floor gradient of 0.3 o 451 

(Saller et al., 2004).   452 

The fan, including Lobate Example 3, has been imaged and interpreted multiple times 453 

(Posamenier et al., 2000; Fowler et al., 2001; Posamentier and Kolla, 2003; Saller et al., 2003, 454 

2004, 2008 and 2010; and Ruzuar et al., 2005).  The fan was deposited in association with a sea 455 

level lowstand about 240 thousand years ago (Saller et al., 2004).  The submarine fan was both 456 

preceded and followed immediately by substantial mass transport deposits (Posamenier et al., 457 

2000; Fowler et al., 2001; Posamentier and Kolla, 2003; Saller et al., 2003, 2004, 2008 and 2010; 458 

and Ruzuar et al., 2005).   459 
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Lobate Example 3 (Figures 7 and 8) is located at approximately a mid-progradation 460 

position within a strongly progradational and moderately aggradational succession of lobate 461 

bodies (Saller et al., 2008).  Each lobe was connected to a channel-levee complex that lengthened 462 

as successive lobate deposits were abandoned during progradation. The youngest expression of 463 

the channel-levee complex culminated with a terminal lobe (Posamentier et al., 2000; Fowler et 464 

al., 2001; Posamentier and Kolla, 2003; Saller et al., 2003, 2004, 2008 and 2010; and Ruzuar et 465 

al., 2005).  At least one mass transport complex was deposited within the fan during progradation 466 

(Posamentier and Kolla, 2003; Saller et al., 2008) and erosion by a younger MTD removed the 467 

southern edge of Lobate Example 3. 468 

4.2 Example 3 Seismic Data 469 

Images of Lobate Example 3 are derived entirely from industry standard three-470 

dimensional reflection seismic data acquired in 1998-1999 by WesternGeco as part of the much 471 

larger Makassar 3-D survey.  The interpreted data have a dominant frequency of about 50 Hz 472 

(Saller et al., 2008) at the shallow depth of the studied fan.  Assuming an acoustic velocity of 473 

1700 m/sec, the nominal vertical resolution of these data is approximately 17 m.  The plan view 474 

image provided in this paper is a horizon-referenced RMS amplitude display garnered from the 475 

uppermost 200 milliseconds (170m) of data below the seabed.  Bin spacing is 12.5m by 12.5m.  476 

The studied portion of the seismic volume extends from near the modern base of slope to a 477 

position approximately 22km to the east on the basin floor.   478 

4.3 Example 3 Description 479 

Lobate Example 3 is approximately 7km wide, more than 7km long, and a maximum of 480 

approximately 43m thick near the proximal (Northwestern) end of the lobate deposits of 481 

Example 3, yielding a width to thickness ratio of 163:1 (Figures 7 and 8).  Example 3 is buried 482 
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by approximately 160m of mud-rich sediments in about 2000m of water (Saller et al., 2008).  No 483 

core samples are available from Lobate Example 3. Sediment transport generally was from 484 

northwest to southeast. 485 

At the time of deposition, Lobate Example 3 may have been a terminal lobe of the 486 

submarine fan (Posamentier and Kolla, 2003, their frontal splay).  Alternatively, its single feeder 487 

channel complex (approximately 300m to 500m wide) may have avulsed from a much larger 488 

parent channel complex that extended into the basin as the fan prograded.  Confinement of the 489 

parent channel complex was provided by a 110m thick and 4000m wide outer levee (estimated 490 

from Posamentier and Kolla, 2003).  The dimensions of the levee, if present, at the time of 491 

Lobate Example 3 deposition are unknown.   492 

The single feeder channel complex is about 2 km long between its connection to the 493 

larger parent channel complex and the apex of Lobate Example 3.  The feeder complex appears 494 

to have been confined primarily by erosion although a contemporaneous levee cannot be 495 

discounted.  Within the feeder channel, which is almost linear, smaller low sinuosity channel 496 

elements (sensu McHargue et al., 2011) are distinctly imaged.  An avulsion node is present at the 497 

distal end of the feeder channel marking the proximal end of a small number of long distributary 498 

channels (up to 5km long and 100-300m wide) with very low sinuosity (Figure 7).  No other 499 

avulsion nodes are recognized within Lobate Example 3.  No finer scale channel forms are 500 

recognizable surrounding the distributary channels at the distal end of the distributaries.  Fill 501 

within the distributary channels is too thin to image distinctly in cross-section (Figure 8). 502 

Except for the few distributary channels, imaging of the sediment within Lobate Example 503 

3 ranges from featureless to nodular (Figure 7).  The nodules are particularly prominent around 504 
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the fringe of Lobate Example 3, but subtle variation within the main part of the lobate unit 505 

suggests that the nodular texture may be present throughout Example 3.  Individual nodules can 506 

be up to 200m wide although a full range of smaller sizes, down to the resolution limit of the 507 

data, are evident.  508 

In cross-section (Figure 8), Lobate Example 3 is markedly lenticular.  It overlies multiple 509 

older lenticular lobate units and, at its distal part, is overlain by at least one lobate unit before 510 

burial by the channel-levee complex.  The sediment within Example 3 is crudely layered and 511 

imaged with moderate amplitudes.  Compensational stacking of the successive older and younger 512 

lobate lenses is evident surrounding the proximal part of Lobate Example 3 (Figure 8, sections A 513 

and B) but becomes more subtle distally as lens relief decreases (Figure 8, section C). 514 

4.4 Example 3 Interpretation 515 

No cores are available to confirm interpretations of sediment caliber and distribution.  516 

However, the nodular texture of seismic RMS amplitudes, best displayed in planform (Figure 7), 517 

provide an objective basis for interpreting the presence of abundant debris flow material.  The 518 

nodules in this distinct texture are interpreted to be rafted coherent to semi-coherent blocks of 519 

allocthonous sediment within a surrounding mass of mud-rich sediment.  Lobate Example 3 is 520 

crudely layered in cross-section (Figure 8) suggesting that multiple events are present within the 521 

lobate unit.  The number of events comprising Lobate Example 3 is unknown and it is possible 522 

that some events are thinner than can be resolved with available data.  The small number of 523 

distributary channels within Lobate Example 3, suggests that the lobate unit is composed of at 524 

least as many flow events as there are detectable channels, although there could be many more. 525 

The fact that distributary channels and small nodular features are imaged suggests that secondary 526 

distributaries, if present, would be recognized in these data.  The extremely low sinuosity of the 527 
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erosional feeder and distributary channels of Example 3 are compatible with an interpretation 528 

that the channels were eroded by laminar flow events.  529 

Deposits from turbidity currents also may be present within Lobate Example 3.  Smaller 530 

channel elements with low sinuosity within the feeder channel suggest that turbulent flows may 531 

have modified the complex fill of the feeder channel. However, the nodular texture of the lobate 532 

deposits strongly suggests that debris flow deposits are present in volumes sufficient to dominate 533 

the seismic imaging.  534 

4.5 Example 3 Discussion 535 

4.5.1 Hierarchy 536 

Within the feeder channel of Lobate Example 3, smaller channel forms are visible in plan 537 

view (Figure 7).  Their presence is compatible with a potential hierarchy (e.g. Campion et al., 538 

2000; Navarre et al., 2002; Sprague et al., 2002, 2005; Gardner et al., 2003; McHargue et al. 539 

2011).  However, the smaller channels within the feeder cannot be traced confidently onto the 540 

lobate deposit of Lobate Example 3.  The only recognized avulsion node of Lobate Example 3 is 541 

located at the mouth of the feeder channel (Figure 7).  The distributaries that diverge from that 542 

avulsion node might provide a basis for defining a hierarchy within Lobate Example 3 (Prélat et 543 

al., 2009, 2010).  If a separate lens of sediment is associated with each distributary, they would 544 

support the possible presence of sub-units within Lobate Example 3.  However, no internal 545 

lenses are identified unambiguously in cross-section (Figure 8) perhaps due to limited vertical 546 

resolution.  Also, the absence of secondary distributaries precludes recognition of separate 547 

subordinate lobate units in plan view (Figure 7).  Determination of a modified compensational 548 

index (Straub and Pyles, 2012) requires measurement of the thickness of all units but vertical 549 
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resolution of the seismic profiles (Figure 8) is inadequate for this purpose.  Consequently, the 550 

presence of an internal hierarchy within Lobate Example 3 remains speculative.   551 

4.5.2 Process   552 

The absence of secondary avulsion nodes and secondary distributaries coupled with the very 553 

low sinuosity of the primary distributaries is distinctive.  The widespread nodular texture within 554 

Lobate Example 3 deposits is interpreted to represent rafted blocks of material transport by 555 

matrix strength of debris flows.  The low sinuosity of the erosive feeder channel and distributary 556 

channels is consistent with momentum dominated, laminar flow of the debris flows.  Also, the 557 

relatively high viscosity of debris flows is consistent with the absence of avulsions and 558 

secondary distributaries of Lobate Example 3.  Therefore, we conclude that Lobate Example 3 is 559 

dominated by multiple mass transport deposits and each primary distributary represents one or 560 

more episodes of mass flow dominated flows. 561 

Alfaro and Holz (2014, their Figure 19) illustrated a lobate feature with similar 562 

characteristics; few avulsion nodes, straight long channels (including “linear scours”), and 563 

nodular texture.  The deposits of this lobate feature on the Caribbean margin of Colombia are 564 

interpreted to consist of mixed slumps, debrites and turbidites, consistent with our interpretation 565 

of Lobate Example 3.  Visually similar elongate non-avulsing features have been produced in 566 

physical experiments (Fernandez et al., 2014) to result from laminar, or, at most, weakly 567 

turbulent flows. 568 

4.5.3 Summary 569 

Lobate Example 3 is interpreted to have a small number of straight distributary channels, 570 

and is reasonably interpreted to display, the following characteristics:  571 
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(1) Lobate Example 3 is one of several lobate features within a submarine fan that 572 

evolved into a levee confined channel complex with a terminal lobe; 573 

(2) Sediments were delivered to Lobate Example 3 via a straight, erosional conduit 574 

without discernable levees and included minor slightly sinuous channel elements within 575 

its fill; 576 

(3) Lobate Example 3 displays a prominent nodular texture in plan view with individual 577 

nodules up to 200m wide;  578 

(4) A few, straight distributary channels are visible within Lobate Example 3 although no 579 

secondary distributaries are observed; 580 

(5) Only one avulsion node is observed located at the mouth of the feeder channel;   581 

(6) Lobate Example 3 is interpreted to consist primarily of debrites including rafted 582 

blocks up to 200m in diameter.  Minor turbidite, and hybrid event bed, deposits also may 583 

be present. 584 

5. DISCUSSION OF MODEL VARIABILITY 585 

When deep water lobate systems are interpreted from under-sampled data, as in 586 

subsurface reservoirs or discontinuous outcrops, it is appropriate to select a model, or variety of 587 

models, that are consistent with existing constraining data in order to guide characterization of 588 

the deposit.  For example, an important factor influencing permeability architecture of lobate 589 

deposits is the presence of amalgamation and distributary channels (Pyles et al. 2014; Jones et 590 

al., 2015; Hofstra et al., 2016; Bell et al., 2018).  Typically, the presence of distributary channels 591 
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and other architectural features of fan lobes are inferred rather than observed directly and that 592 

inference is based on models.   593 

Normark (1970, 1978), based on sparse, low resolution marine data, described a 594 

depositional lobe (herein referred to as the “Standard” Lobe Model) as being located at the 595 

terminus of a feeder channel within a submarine fan.  The lobe itself displays further shallow 596 

distributary channels in the proximal lobe but few to none in the distal lobe. Recent submarine 597 

fan models (e.g. Prélat et al., 2009, 2010; Mulder and Etienne, 2010) still emphasize the linkage 598 

of depositional lobes to fan-scale feeder channels as well as the presence of distributary channels 599 

within the proximal portions of depositional lobes.  600 

Although the “Standard” Lobe Model is widely used, we wish to emphasize that it is only 601 

one of several models and it should not be applied automatically to all lobate deposits.  The 602 

“Standard” Lobe Model was proposed based on the best data available at the time.  However, 603 

despite nearly 50 years of research since the model was proposed, we are unaware of any well 604 

constrained example of a lobate deposit that objectively confirms the “Standard” Lobe Model.  605 

Therefore it is critical to understand the range of potentially applicable models for lobate 606 

deposits.   607 

Mulder and Etienne (2010) proposed that a distributary channel network in the proximal 608 

lobe develops if flows are mud-rich whereas poorly channelized lobes result from sand-609 

dominated flows.  Based on the examples described in this paper, for which we have no direct 610 

sampling of sediment caliber, we suggest that the mode of feeder channel confinement serves as 611 

a useful proxy for sediment caliber: i.e. a levee confined feeder channel implies mud-rich flows 612 

whereas erosionally-confined feeder channels without levees imply mud-poor flows.  Consistent 613 
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with this proposal, Lobate Example 1 displays an extensive system of distributary channels and a 614 

levee confined feeder channel.  Lobate Example 2 does not display conventional distributary 615 

channels, only scours, at the mouth of one or more erosional feeder channels. 616 

All three of the Lobate Examples of this study (summarized in Figure 9) differ from the 617 

“Standard” Lobe Model in some significant way based on the presence, absence, or distribution 618 

of distributary channels.  Lobate Example 1 (Figures 1and 9) partially conforms to the 619 

“Standard” Lobe Model in that a levee-confined feeder channel leads to a system of avulsed 620 

levee-confined distributary channels.  However, at the terminus of each levee-confined 621 

distributary channel, instead of unchannelized deposits, a pervasively channelized unit is present 622 

that is dominated by a cluster of sub-parallel to slightly divergent small channels.  Thus the 623 

entirety of Lobate Example 1 (Figures 1 and 9) is covered by distributary channels with 624 

numerous avulsion nodes. The presence of well-developed levees confining the feeder and 625 

proximal distributary channels, as well as the acoustic variability required to yield well imaged 626 

channels, suggests that critical volumes of mud were transported and deposited within the 627 

system, at least in overbank settings, a conclusion that is compatible with the proposal of Mulder 628 

and Etienne (2010).  However, even their model for channelized lobes does not illustrate the high 629 

density of distributary channels present in Lobate Example 1 (Figures 1 and 9).  630 

In contrast, Lobate Example 2 (Figures 5 and 9) appears to have no distributary channels 631 

and a much higher aspect ratio (300:1) than Lobate Example 1 (108:1) (Table 1).  The source of 632 

sediments deposited in Example 2 appears to be littoral drift at the contemporaneous shelf edge, 633 

which is likely to be overwhelmingly sand-rich (Imhansoloeva et al., 2011). Thus the absence of 634 

distributary channels is consistent with the proposal of Mulder and Etienne (2010).  Other Lobate 635 

Examples without distributary channel systems have been imaged and described.  Most notably, 636 
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Lobe X of Prather et al. (2012a) and Jobe et al. (2017) is located approximately 100 km to the 637 

northwest of Lobate Example 2 and buried to a similar depth.  Seismic data from Lobe X (60 Hz, 638 

12.5m X 18.75m bin spacing) is very similar in resolution to the data set illustrated here (Figures 639 

3-6).  Multiple cores from Lobe X confirm that it is very sand-rich.  640 

Lobate Example 3 (Figures 7 and 9) conforms superficially to the “Standard” Lobe 641 

Model but differs in that the few distributaries that avulse at the mouth of the feeder channel 642 

extend without further avulsions to the observed limits of the lobate deposit.  Although, of the 643 

three examples, the gross architecture of Lobate Example 3 most closely resembles the 644 

“Standard” Lobe Model, it appears to be constructed predominantly by mass flow deposits rather 645 

than turbidites. 646 

Thus, in addition to the “Standard” Lobe Model, updated in Prélat et al. (2009, 2010), 647 

there are at least 3 additional architectural models to consider and guide interpretation of 648 

unconfined deposits (Figure 10).  Recognition of these separate models is significant in that their 649 

architecture is consistent with the suggestions of Mulder and Etienne (2010) that lobate deposits 650 

with a well-developed distributary channel system appear to be relatively mud-rich whereas 651 

sand-rich deposits have no distributaries. Further, the recognition of debrite-dominated lobate 652 

bodies predicts a high risk for the presence of clean and connected sands.     653 

5.1 Subsurface and modern analogs 654 

High resolution reflection seismic data of features at or near the seabed provide the most 655 

robust, three dimensional images of submarine lobate bodies.  However, with few exceptions 656 

(Migeon et al., 2010; Jobe et al., 2017), core samples are sparse to non-existent.  Imaging of 657 

submarine lobes often reveals few details of architectural features within the lobe or even on the 658 
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lobe surface. These fine-scale features are best revealed by highest resolution bathymetric 659 

surveys but these surveys, with few exceptions (Maier et al., 2011; Carvajal et al., 2017; Maier et 660 

al., 2018), have rarely been conducted across submarine lobes.   661 

In some cases, lens-shaped lobate deposits (Figure 8), typically stacked in a 662 

compensating pattern (sensu Mutti and Sonnino, 1981), can be recognized within a fan from 663 

reflection seismic data (e.g. Saller et al., 2008; Yang and Kim, 2014), but even these gross 664 

features may not be resolved unless near the seabed (e.g. Gervais et al., 2006; Deptuck et al., 665 

2008; Bourget et al., 2010; Picot et al., 2016; Dannielou et al., 2017; Hamilton et al., 2017; and 666 

Jobe et al., 2017).  667 

Within individual lobate deposits, unambiguous seismic images of distributary channel 668 

systems are uncommon in deeply buried deposits, though they may be imaged in some near 669 

surface examples (Kidd, 1999; Posamentier and Kolla, 2003; Hadler-Jacobsen et al., 2005, 2007; 670 

Clark and McHargue, 2007; Prather et al., 2012b; Bakke et al., 2013; Oluboyo et al., 2014).  671 

Curiously, in these examples, distributary channels tend to extend across the entire lobate body 672 

rather than just in the proximal portion.  Incisional transient fan channels may be well imaged 673 

(Johann et al., 2001; Adeogba et al., 2005; Prather et al., 2012a; Barton, 2012; Yang and Kim, 674 

2014).  More common are lobate deposits with elongate to slightly divergent textures that might, 675 

ambiguously, be interpreted to represent distributaries (e.g. Jegou, et al., 2008; Shanmugam et 676 

al., 2009; Bourget et al., 2010; Migeon et al., 2010; Sylvester et al., 2012; Egawa et al., 2013). 677 

If distributaries are not imaged, is that because they are difficult to image or because they 678 

are absent?  It is understandable if distributaries are not well imaged.  Lobate deposits typically 679 

represent sand-rich environments both within and surrounding distributary channels.  Therefore, 680 
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it may be common that the acoustic properties of the channel fill are similar to those of 681 

surrounding overbank deposits.  With little impedance contrast, imaging of distributaries is poor.  682 

Yet, in Lobate Example 1 (Figure 1), distributaries are well imaged. Relatively mud-rich flows 683 

allowed for levee construction in proximal distributaries but also may have provided sufficient 684 

mud in overbank deposits of the middle to outer distributaries to provide impedance 685 

differentiation.   686 

Distributaries may be present, even if not imaged, but it does not follow that one can 687 

assume their presence.  Like Example 2, Jobe et al. (2014), based on detailed imaging, described 688 

a lobate deposit from Nigeria which has no distributaries.  The absence of levees and 689 

distributaries in Example 2 (Figure 5) contrasts with the presence of both levees and 690 

distributaries in Example 1 (Figure 1).  Are distributaries usually levee-confined (contrary to 691 

Normark 1978 and Mutti, 1979)?  If so, are mud-rich flows necessary to develop a distributary 692 

system as suggested by Mulder and Etienne (2010)?  This is an intriguing possibility.  Perhaps 693 

some degree of bank stabilization, provided by the presence of clay, is necessary in order to 694 

construct distributaries, as in Lobate Example 1 (Figure 1).  Sand-rich, mud-poor flows, as 695 

proposed for Lobate Example 2 (Figure 5), may collapse without the development of 696 

distributaries if reduced gradient is insufficient to sustain momentum. Flows with greater 697 

momentum scour and bypass without constructing distributaries.  698 

So, if one cannot assume the presence of distributaries, how can one predict their 699 

presence or absence when none are imaged?  To that end, we propose a hypothesis: in a lobate 700 

deposit, distributaries are likely if the feeder channel is levee confined (the clay content of the 701 

lobate deposits exceeds an as yet undefined threshold) whereas distributaries are unlikely if the 702 

feeder channel is erosionally confined (non-leveed). 703 
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Lobate deposits dominated by mass transport in Lobate Example 3 (Figure 7) are not 704 

unique. The example from Alfaro and Holz (2014) also appears to be dominated by debrites and 705 

shares most of the features displayed by Example 3.  Debrite dominated lobate deposits also have 706 

been imaged with sidescan data and confirmed with core from the Mississippi (Twichell et al., 707 

1992, 2009) and Nile (Ducassou et al., 2009; Migeon et al., 2010) submarine fans.  However, 708 

given the very different tools with which these lobate bodies have been imaged versus Lobate 709 

Example 3, the architecture is hard to compare.  Nevertheless, these examples suggest that 710 

debrite dominated lobate deposits may be common. 711 

5.2 Outcrop analogs 712 

It is challenging to reconcile architectural features illustrated in high resolution 3D 713 

reflection seismic data with observations from outcrops.  Yet outcrop exposures are the principal 714 

way by which facies relationships within submarine lobate deposits are observed and 715 

documented.  In order to relate outcrop-based facies observations to the architectural elements 716 

documented in reflection seismic data, it is critical to unambiguously recognize these elements in 717 

laterally continuous and extensively exposed outcrops. This has not always proven possible due 718 

to limitations of outcrop exposure, quality, and continuity.  More often, models are used to guide 719 

the interpretation of outcrops rather than outcrops constraining models. 720 

Multiple slightly diverging feeder channels have been reported from the Brushy Canyon 721 

Formation (Carr and Gardner, 2000; Gardner et al., 2003).  In the Ross Formation of Ireland, 722 

feeder channels and incisional transient fan channels have been recognized and mapped, but not 723 

distributaries within lobes (Elliott, 2000; MacDonald et al., 2011; Pyles et al., 2014; Pierce et al., 724 

2018).  Likewise, in the Skoorsteenberg Formation of South Africa, probably the most 725 

extensively exposed lobate succession in the world, feeder channels are reported but 726 



 Non-peer reviewed preprint submitted to EarthArXiv  

distributaries are not recognized, at least not as conventional erosional channels (Hodgetts et al., 727 

2004; Hodgson et al., 2006).  Instead, what are seen repeatedly within lobate deposits of the 728 

Skoorsteenberg Formation are scours and zones of bed amalgamation (Johnson et al., 2001; 729 

Hodgetts et al., 2004; Hodgson et al., 2006; Prélat et al., 2010; Hofstra et al., 2015).  Scours and 730 

zones of amalgamation also are common in other well exposed lobate deposits  (e.g. Elliott, 731 

2000; Carr and Gardner, 2000; Gardner et al., 2003; Remacha et al., 2005; MacDonald et al., 732 

2011; Van der Merwe et al., 2014; Figueiredo et al., 2010).  Scours, or megaflutes, are 733 

interpreted to be local features rather than through going distributary channels (Elliott, 2000; 734 

Hodgson et al., 2006; MacDonald et al., 2011; Hofstra et al., 2016), although scours and scour 735 

trains (cyclic steps) have been proposed as possible channel precursors (Fildani et al., 2006, 736 

2013; Armitage et al., 2012; Maier et al., 2011, 2013; Covault et al., 2014, 2017). 737 

Zones of bed amalgamation have been interpreted in the Skoorsteenberg Formation to 738 

represent the axes of distributive flows (depositional channels of Johnson et al., 2001).  It is 739 

logical that zones of amalgamation represent locations of focused flow, and it is possible that 740 

these zones are present in a distributary pattern. Unfortunately, extensive work on these outcrops 741 

has not confirmed any particular pattern in map view (Hodgetts et al., 2004; Hodgson et al., 742 

2006; Prélat et al., 2010).  Also, it seems unlikely that the slight difference in the amount of mud 743 

within the preserved interbedded mud laminations of non-amalgamated areas versus zones of 744 

amalgamation would provide sufficient acoustic contrast to produce a channel image with 745 

distinct channel margins as displayed in reflection seismic images of Lobate Example 1 (Figure 746 

1).  747 

In rare contrast, erosional distributary channels have been reported from the Kaza 748 

Formation of the Windermere Group (Terlaky et al. 2016).  It is possible that, because of vague 749 
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definitions and inconsistencies in the use of terminology and hierarchy, lobe distributaries are 750 

more common than summarized here.  For example, the multiple feeder channels of the 751 

Ongeluks River outcrop of the Skoorsteenberg Formation might be considered proximal 752 

distributaries although they are absent in the rest of the outcrop belt (Johnson et al., 2001; 753 

Hodgetts et al., 2004; Hodgson et al., 2006).  754 

Despite these challenges in determining the presence, absence, and distribution of 755 

distributaries in outcrop exposures, published illustrations of proposed models of unconfined 756 

units in outcrop routinely resemble the “Standard” Lobe Model with a few distributaries in the 757 

proximal lobe and none in the middle and distal lobe (e.g. Hirayama and Nakajima, 1977; 758 

Eschard et al., 2004; Hodgson et al., 2009; Prélat et al., 2010; Bernhardt et al., 2011; MacDonald 759 

et al., 2011; Brunt et al., 2013; Etienne et al., 2013; So et al., 2013; Grundvag et al.,2014; Van 760 

der Merwe et al., 2014; Spychala et al., 2015; Masalimova et al., 2016; Terlaky et al., 2016; 761 

Kane et al., 2017).  However, highest resolution bathymetric data have not confirmed the 762 

“Standard” Lobe Model (i.e. Carvajal et al., 2017).  Furthermore, high resolution 3D seismic 763 

images, such as illustrated here (Figs. 1, 5, 7), indicate that unconfined lobate deposits are more 764 

diverse than any single model (Figure 10).   765 

Outcrop analogs for the three lobate deposits described here are not obvious.  The Kaza 766 

Formation (Terlaky et al. 2016) is most similar to Lobate Example 1(Figures 1 and 9) in that 767 

multiple scales of channels are present.  However, channel density in the Kaza Formation 768 

apparently is inadequate to match that of Lobate Example 1.  In fact the channels are so 769 

numerous in Lobe Example 1 that, in outcrop, it might not be recognized as a lobate deposit.  770 

Likewise, it is questionable if an outcrop dominated by mass transport deposits, such as Lobate 771 

Example 3 (Figures 7 and 9), would be recognized as a fan-related lobate deposit.  The 772 
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Skoorsteenberg Formation records multiple feeder channels, or possibly proximal distributary 773 

channels, at the Ongeluks River outcrop but appears to lack channels within the rest of the 774 

deposits.  The lack of distinct channels can be compared to Lobate Example 2 (Figures 5 and 9), 775 

but there are few distinct features in Lobate Example 2 to provide constraints.  The 776 

Skoorsteenberg Formation fans (Lobe Complexes of Prélat et al., 2009) are larger than Example 777 

2 and have been interpreted to display a strongly hierarchical structure, which is unlikely for 778 

Lobate Example 2.  Possibly, prolonged deposition of multiple stacked and/or offset lobate 779 

deposits like Example 2 could resemble Skoorsteenberg Fan 3, but this is speculative. 780 

5.3 Processes 781 

We have explained the morphology of lobate deposits and their associated channels as 782 

products of specific processes and mud concentration (Figures 9 and 10).  Turbulent density 783 

stratified mud-rich flows produce levee-confined feeder channels and proximal distributaries, 784 

and multiple secondary and tertiary distributaries with many avulsion nodes (Lobate Example 1, 785 

Figures 1 and 2).  Mud-poor turbidity currents, likely sourced from littoral drift or effective 786 

filtering of mud through flow stripping in long slope conduits, are prone to collapse and result in 787 

a lobate deposit with scour features but no distributaries (Lobate Example 2, Figures 3 through 788 

6). Debris (laminar) flow dominated lobate features display straight, erosional feeder channels, a 789 

small number of straight distributary channels emanating from the mouth of the feeder channel, 790 

and minimal avulsion nodes (Lobate Example 3, Figures 7 and 8).   791 

Flows in Lobate Example 1 may be thin enough, after passing through a succession of 792 

avulsions, to allow the development of braided or multi-thread channels (Foreman et al., 2015).  793 

Because multi-thread channels are rarely reported in submarine settings, it is unclear what they 794 
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might look like in high resolution reflection seismic data, but perhaps the distal channel clusters 795 

of Lobate Example 1 are candidates. 796 

In Lobate Example 2, the absence of distributaries or levees is attributed to flow collapse 797 

with some scouring. If one accepts the interpretation that Lobate Example 2 is composed of 798 

sediments derived from littoral drift, then delivered sediment is very sand-rich with minimal 799 

mud, consistent with the absence of levees.  Cohesion is minimal so these sediments are easily 800 

scoured (e.g. Hir et al., 2008).  Although initial erosion of the substrate may be a prerequisite for 801 

channel initiation (Fildani et al., 2013), parallel sided channels did not form in Lobate Example 802 

2; consistent with the conclusion of Rowland et al. (2010) that cohesive banks are necessary to 803 

produce parallel sided channels in flume experiments.  However, elongate scours with distally 804 

divergent margins, as seen in Lobate Example 2, are similar to features generated in non-805 

cohesive sediments in flumes (e.g. Metivier et al., 2005, their Figure 2; and Cantelli et al., 2011, 806 

their Figures 1 and 4) and in at least one example of very high resolution bathymetry from a 807 

channel-lobe transition (Carvajal et al., 2017). 808 

In Lobate Example 3, the straight erosional feeder channel and sparse straight distributaries 809 

without secondary evulsions resemble features deposited from laminar flows in a flume 810 

(Fernandez et al., 2014).  The morphology of Lobate Example 3 also is similar to debris flow 811 

deposition on subaerial fans (Figure 11A) with long straight distributaries and few avulsions.  812 

This morphology contrasts sharply with the pervasive distributaries and abundant avulsion nodes 813 

of subaerial fans dominated by turbulent flows (Figure 11B) which have more features in 814 

common with the distributary architecture of Lobate Example 1.  The two subaerial fans also 815 

differ in grain size populations aligned with their submarine counterparts.  The debris flow 816 
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dominated subaerial fan (Figure 11A) contains more mud (primarily as matrix) than the fan 817 

dominated by turbulence which consists mostly of gravel and sand (Figure 11B). 818 

The significance of differences in aspect ratios in unconfined lobate deposits is unclear but 819 

may provide evidence of the dominant responsible process.  For the three examples studied here 820 

(Table 1), collapse of sand-rich flows, Lobate Example 2, produces a thin deposit (W/T = 300/1). 821 

Relatively mud-rich turbulent flows, Lobate Example 1, produce a much thicker deposit relative 822 

to width (W/T = 108).  The debris flow dominated deposit, Lobate Example 3, displays 823 

intermediate dimensions and an intermediate aspect ratio (W/T = 163).  All three of these 824 

examples fall within the “confined” cluster of Prélat et al., (2010).  We should point out that two 825 

of our examples (Lobate Examples 1 and 3) are also included in the six deposits they measured 826 

(their Nigeria and Indonesia examples respectively). 827 

 Although the settings are radically different, it is interesting that turbulent flows in both 828 

subaerial and submarine settings are capable of generating similar distributive architectures.  829 

Likewise, laminar flows in both settings are capable of producing distributive architectures that, 830 

though similar to Lobate Example 3, are distinctly different from the architectures formed from 831 

turbulent flows.  These two examples suggest that further, more detailed and quantitative 832 

comparisons to subaerial fans might prove useful for developing predictive models of submarine 833 

lobate deposits.   834 

5.4 Classification 835 

Application of the “Standard” Lobe Model is problematic.  The model (Normark, 1970, 1978 836 

and Mutti and Ghibaudo, 1972) loosely defined a lobe as part of a submarine fan consisting of a 837 

lobate sand-rich deposit at the distal end of a feeder channel and containing a distributary 838 
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channel system in its proximal part.  However, lobate depositional bodies can be present at 839 

multiple scales with a variety of architectures and permeability structures.  If we restrict the term 840 

lobe to the original definition, then what should non-conforming lobate bodies be called?  841 

Instead, it seems advisable to accept a broader definition of the term lobe and differentiate 842 

diverse architectures with a standardized set of descriptors such as “pervasively channelized 843 

lobe” or “unchannelized lobe”.  This approach is flexible and can be adapted as new 844 

architectures are recognized. Unfortunately, the term “lobe” has been used to label one level 845 

within a hierarchy of lobate architectures (Prélat, et al., 2009; Groenenberg et al., 2010; Mulder 846 

and Etienne, 2010; and Prélat and Hodgson, 2013) with an informal and empirical range of 847 

external dimensions (Prélat, et al., 2009).  We suggest that it is confusing and undesirable to use 848 

a common morphological term such as lobe to also designate one particular scale within a 849 

hierarchy of lobate bodies. 850 

5.5 Hierarchy  851 

The outcrop belt of lobate deposits that is most intensely studied and extensively exposed is 852 

the Skoorsteenberg Formation in the Tanqua Karoo Basin, South Africa (e.g. Johnson et al., 853 

2001; Hodgson et al., 2006; Prélat, et al., 2009; Groenenberg et al., 2010; and Prélat and 854 

Hodgson, 2013).  These deposits have been interpreted to display a hierarchy of tabular, lobate 855 

sandstone bodies that systematically increase in thickness and lateral extent with increasing rank.  856 

Furthermore, each higher rank within the sandstone hierarchy is separated by a siltstone unit that 857 

correspondingly also increases in thickness (Prélat et al., 2009).  This scheme has been adopted 858 

by other researchers for other lobate deposits (e.g. Mulder and Etienne, 2010).  Straub and Pyles 859 

(2012) discussed the difference between hierarchical structure and self-similar structure in lobate 860 

deposits and provided cartoons to illustrate the difference (their Figure 1).  Although correlation 861 



 Non-peer reviewed preprint submitted to EarthArXiv  

cross-sections of the Skoorsteenberg deposits (Prélat et al, 2009, their Figure 13) compare well 862 

with hierarchical structure as illustrated by Straub and Pyles (2012, their Figure 1A), the 863 

summary cartoon of Prélat et al. (2010, their Figure 2) could be interpreted to represent a fractal 864 

structure as illustrated by Straub and Pyles (2012, their Figure 1B).  This ambiguity reflects the 865 

difficulty of constraining 3-dimensional structure from limited outcrop data, even in the best of 866 

circumstances. 867 

In theory, each unit within a hierarchical level is separated from the others by avulsion.  A 868 

plan view map of units is most helpful for recognizing avulsions imaged by reflection seismic 869 

data although ambiguity remains. Furthermore, terminology is a recurring issue.  A feeder 870 

channel at a fine scale may accurately be called part of a distributary channel system at a larger 871 

scale.  In Lobate Example 1 for example (Figure 1), so many avulsions are imaged at so many 872 

scales that it is difficult to keep track of how many levels within a hierarchy would be required.  873 

Or, more likely, Lobate Example 1 has a fractal structure (Straub and Pyles, 2012).  On the other 874 

extreme, the absence of channel avulsions in Lobate Example 2 (Figure 5) provides no basis for 875 

a hierarchical structure linked to avulsions.  Lobate Example 3 (Figure 7), because of the 876 

presence of a few distributary channels and at least one avulsion node, suggests the possible 877 

presence of a hierarchical structure.   878 

However, without bed scale lithologic data, the assignment of specific hierarchical terms as 879 

defined by Prélat et al. (2009) for the Skoorsteenberg Formation is ambiguous based on 880 

reflection seismic data alone. The three examples described here are much too thick relative to 881 

their lateral extent to equate with any of the hierarchical units defined by Prélat et al. (2009).  882 

Possibly the lobate bodies imaged in reflection seismic data extend laterally beyond the imaged 883 

limits because of inadequate resolution.   If so, based on their thickness, these lobate deposits 884 
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might equate with Lobe Complexes of Prélat et al. (2009).  Alternatively, the Skoorsteenberg 885 

hierarchy might not be transferrable to the lobate units described here.   886 

6. CONCLUSIONS 887 

1. The “Standard” Lobe Model, an unconfined lobate deposit with proximal 888 

distributary channels and unchannelized medial to distal deposits fed through a 889 

single levee-confined feeder channel, is widely applied to guide interpretation of 890 

unconfined deep marine deposits.  However, this model has not been confirmed by 891 

any high resolution data set and its validity is questionable.  Alternative models of 892 

unconfined architectures are sorely needed. 893 

2. Three models presented here illustrate some of the diversity of architectures to be 894 

found in unconfined deposits and provide alternative models to guide 895 

interpretation (Figures 9 and 10). 896 

a.  Lobate Example 1 (Figures 1 and 2), a feature with prominent distributary 897 

channels, is interpreted to display the following characteristics: (1) sediments 898 

are transported to the lobate deposit via a single levee-confined channel 899 

complex, (2) delivered sediments are heterolithic, including enough mud in 900 

the upper dilute portion of flows to allow for levee construction, (3) sediments 901 

are dispersed across the lobate deposit via an extensive system of distributary 902 

channels, (4) the proximal distributary channels were levee confined, (5) the 903 

lobate deposit grows as a result of avulsions or bifurcations at numerous and 904 

diverse nodes along the distributary channel pathways, and (6) the resulting 905 

deposit is pervasively channelized to the imaged limits of the lobate deposit. 906 
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b.  Lobate Example 2 (Figures 3 through 6), a lobate feature without distributary 907 

channels, is interpreted to display the following characteristics: (1) it is 908 

constructed of sediments derived from multiple points along the shelf edge (a 909 

line source) without evidence of a submarine canyon, (2) the line source 910 

reflects remobilized littoral drift intercepted and remobilized at slump scars at 911 

or near the shelf edge, (3) the delivered sediments are transported from the 912 

shelf edge to the  lobate deposit via multiple erosional gullies or erosional 913 

channel complexes that are focused by slope topography toward the location 914 

of the lobate deposit, (4) feeder channels and lobate deposits lack any 915 

resolvable levees suggesting that the delivered sediments are extremely sand-916 

rich with minimal accompanying mud, (5) no distributary channel system is 917 

visible within the lobate deposit although elongate scours are interpreted, and 918 

(6) deposition is interpreted to result from flow collapse although occasional 919 

robust flows scour and bypass previous deposits. 920 

c. Lobate Example 3 (Figures 7 and 8), a feature with few long, straight 921 

distributaries, is interpreted to display the following characteristics: (1) it is 922 

located at the end of a straight, erosional feeder channel without discernable 923 

levees, (2) it displays a “nodular” seismic character in plan view, typical of 924 

mass transport deposits, with individual nodules representing rafted blocks up 925 

to 200m wide, (3) a small number (<5) of long, straight distributary channels 926 

avulse at the mouth of the feeder channel, (4) distributaries extend without 927 

further avulsion to near the end of the lobate deposit, and (5) the long, 928 

straight, non-avulsing channels are interpreted to result primarily from laminar 929 
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flows (debris flows) although minor turbidite and hybrid event deposits also 930 

may be present. 931 

3. We have explained the morphology of lobate deposits and their associated 932 

channels as products of specific processes and mud concentration.  Mud-rich 933 

turbidity currents produce levee-confined feeder channels, levee-confined proximal 934 

distributaries, and multiple secondary and tertiary distributaries with many 935 

avulsion nodes (Lobate Example 1, Figure 10A).  Mud-poor turbulent flows, likely 936 

sourced from littoral drift, are prone to collapse and result in a lobate deposit with 937 

scour features but no distributaries (Lobate Example 2, Figure 10B). Debris 938 

(laminar) flow dominated lobate features display straight, erosional feeder 939 

channels, a small number of straight distributary channels emanating from the 940 

mouth of the feeder channel, and minimal avulsion nodes (Lobate Example 3, 941 

Figure 10C).   942 

4. Outcrop analogs for the three lobate deposits described here are not obvious.  For 943 

example, it is likely that a pervasively channelized outcrop, as would be produced 944 

by a lobate deposit like Lobate Example 1, might not be interpreted as a lobate 945 

deposit. 946 

5. It is unclear how zones of amalgamation, which are common in outcrops of lobate 947 

deposits outcrops, will appear in horizon-referenced displays from 3D reflection 948 

seismic data.  However, we think it unlikely that they could look like conventional 949 

channels or distributaries. 950 

6. With regard to terminology, we recommend a broad definition of the term lobe. 951 

Diverse architectures can be differentiated by using a standardized set of 952 
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descriptive qualifiers such as “pervasively channelized lobe” or “unchannelized 953 

lobe”.  This approach is flexible and can be adapted as new architectures are 954 

recognized. 955 

7. Without bed scale lithologic data, the assignment of specific hierarchical terms as 956 

defined by Prélat et al. (2009) for the Skoorsteenberg Formation is ambiguous 957 

based on reflection seismic data alone. For example, Lobate Example 1 may have a 958 

fractal structure and Lobate Example 2, without distributaries, lacks a basis for 959 

defining a hierarchy.  Lobate Example 3 could have a hierarchical structure but it 960 

is much thicker than any of the hierarchical units of Prélat et al. (2009). 961 

8. It is prudent to incorporate a high degree of uncertainty in models of sand-rich 962 

lobate deposits in the subsurface.  Lobate deposits are diverse with a significant 963 

range of permeability architectures.  The percentage of lobate deposits with 964 

distributary systems versus lobate deposits without distributary systems is 965 

unknown and the architecture and mode of confinement in distributary channels, if 966 

present, may vary across lobate deposits as well as across submarine fans. 967 

9. Detailed quantitative comparisons to subaerial fans are useful for developing 968 

models of submarine lobate deposits. 969 
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 1412 

FIGURE CAPTIONS: 1413 

Figure 1.  An RMS (root mean squared) amplitude extraction of Lobate Example 1 from a 3D 1414 

reflection seismic volume on the middle slope, off shore Nigeria.  The image is calculated from 1415 

the interval between 10ms and 20ms from the top of the lobate deposit (see Figure 2).  High 1416 

RMS values are displayed as white to yellow colors.  Modified from Prélat et al. (2010). 1417 

Figure 2.  Cross sections through Lobate Example 1 from a 3D reflection seismic volume.  (A) 1418 

Plan view RMS (root mean squared) amplitude extraction midway between the upper and lower 1419 

bounding surfaces of Lobate Example 1 (blue horizons in figures B-E) superimposed on a 1420 
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coherency display (lateral rate of change of amplitude values from the same interval). High RMS 1421 

values are displayed as white to yellow colors.  Low coherency values are displayed in black. 1422 

Modified from Prélat et al. (2010).  The locations of cross-sections B-E are displayed as red 1423 

lines.   (B)  Proximal section through the feeder channel complex for Lobate Example 1.  1424 

Prominent levees are present on both sides of the channel complex.  (C)  Seismic section through 1425 

the proximal portion of Lobate Example 1.  This portion of the lobate deposit is characterized by 1426 

highly discontinuous reflections resulting from the presence of numerous distributary channels.  1427 

The top of a single lens-shaped unit is highlighted as a yellow horizon.  (D)  Seismic section 1428 

through the medial portion of Lobate Example 1.  This portion of the lobate deposit is 1429 

characterized by moderately discontinuous reflections, resulting from the presence of numerous 1430 

distributary channels.  The top of one lens-shaped unit is highlighted as a yellow horizon.  (E) 1431 

Seismic section through the distal portion of Lobate Example 1.  This portion of the lobate 1432 

deposit is characterized by moderately continuous reflections.  Very small distributary channels 1433 

appear to be present in plan view but are too shallow to break up reflection continuity in section 1434 

view.  The top of a single lens-shaped unit is highlighted as a yellow horizon.   1435 

Figure 3.  An RMS (root mean squared) amplitude extraction from two adjacent 3D reflection 1436 

seismic volumes on the middle to upper slope, off shore Nigeria.  The image is calculated from 1437 

the interval between 50 and 150 milliseconds (approximately 85m of sediment) below seabed.  1438 

Water Depth increases to the southwest.  High RMS values are displayed as white to orange 1439 

colors.  The approximate position of the shelf edge is represented by a red dashed line.  The 1440 

boarders of large slump complexes at the shelf edge are indicated by scallop-shaped indentations 1441 

in the shelf edge.  The boarders of a large slump scar complex on the upper slope are indicated 1442 
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by an orange dashed line. The location of Lobate Example 2 is labeled as are the locations of 1443 

areas X and Y (discussed in the text). 1444 

Figure 4.  An RMS (root mean squared) amplitude extraction from two adjacent 3D reflection 1445 

seismic volumes on the middle to upper slope, off shore Nigeria.  See Figure 3 for location.  The 1446 

image is calculated from the interval between 50 and 150 milliseconds (approximately 85m of 1447 

sediment) below seabed.  Water Depth increases to the southwest.  High RMS values are 1448 

displayed as white to orange colors.  The location of Lobate Example 2 is labeled, as are the 1449 

locations of areas Y, and Z (discussed in the text). 1450 

Figure 5.  An RMS (root mean squared) amplitude extraction from a 3D reflection seismic 1451 

volume of Lobate Example 2 on the middle slope, off shore Nigeria.  See Figures 3 and 4 for 1452 

location.  The image is calculated from the interval between 50 and 100 milliseconds 1453 

(approximately 43m of sediment) below seabed.  The sampled interval is indicated by the 1454 

interval between blue lines in Figure 6.  Water Depth increases to the southwest.  High RMS 1455 

values are displayed as white to yellow colors.  The locations of seismic cross sections in Figure 1456 

6 are indicated by yellow lines labeled A, B, and C. 1457 

Figure 6.  Cross sections through Lobate Example 2 from a 3D reflection seismic volume.  See 1458 

Figure 5 for locations. The blue lines indicate the top and base of the interval from which the 1459 

RMS (root mean squared) values in Figure 5 were calculated.   (A) Seismic section through the 1460 

distal portion of Lobate Example 2.  This portion of the lobate deposit is characterized by highly 1461 

continuous reflections. Incisional bypass channels are evident to the west of Lobate Example 2.  1462 

(B) Seismic section through the terminus of Lobate Example 2.  The lobate deposit continues to 1463 

be characterized by highly continuous reflections. The area to the west of Lobate Example 2 is 1464 
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dominated by multiple incisional bypass channels.  (C) Seismic section across a highly incisional 1465 

channel that exits the perched basin through the saddle between structural highs.  Presumably, 1466 

multiple flow pathways are funneled through this erosional fairway providing sand-rich 1467 

sediments farther down slope. 1468 

Figure 7.  An RMS (root mean squared) amplitude extraction of Lobate Example 3 from a 3D 1469 

reflection seismic volume at the base of slope, Kutei Basin, off shore Kalimantan, Indonesia.  1470 

The image is horizon referenced and derived from the interval 0-50ms above the base of the 1471 

lobate deposit (purple horizon in Figure 8).  High RMS values are displayed as white color.  1472 

Modified from Posamenier et al. (2000), Fowler et al. (2001), Posamentier and Kolla (2003), 1473 

Saller et al. (2003, 2004, 2008 and 2010), and Ruzuar et al. (2005).  1474 

Figure 8.  Cross sections through Lobate Example 3 from a 3D reflection seismic volume.  See 1475 

Figure 7 for locations. The green and purple horizons indicate the top and base respectively of 1476 

Lobate Example 3 (highlighted in yellow).   (A) Seismic section through the feeder channel 1477 

complex of Lobate Example 3.  (B) Seismic section through the proximal part of Lobate 1478 

Example 3.  (C) Seismic section through the distal part of Lobate Example 3. 1479 

Figure 9.  Summary of distinctive characteristics of the three discussed lobate examples.  See 1480 

Figures 1, 5, and 7 for explanations of seismic RMS amplitude displays. 1481 

Figure 10.  Generalized illustrations of the three models of lobate deposits proposed here 1482 

emphasizing their distinctive characteristics.  (A) Pervasively channelized. (B) Unchannelized. 1483 

(C) Few long, straight distributaries. 1484 
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Figure 11.  Hill-shade maps based on LiDAR produced topography of subaerial fans with 1485 

contrasting distributary patterns.  (A) Debris flow dominated fan in Saline Valley, California.  1486 

Laminar flow of the subaerial debris flows has produced a surface distributary texture with long, 1487 

nearly straight channels, sparse avulsion nodes, and narrow depositional bodies.  This 1488 

distributive architecture is reminiscent of Lobate Example 3 (Figure 7). Source: Earthscope 1489 

Eastern and Southern California.  Resolution = 0.5m.  Lat. 36.824674 o, Long. -117.919470 o.  1490 

(B) Alluvial fan in Death Valley, California, sculpted by turbulent runoff during infrequent 1491 

heavy rains.  The surface of the fan displays a pervasive distributary texture with low sinuosity 1492 

flow paths and frequent avulsion nodes reminiscent of Lobate Example 1(Figure 1). Source: 1493 

NCALM dataset for Death Valley.  Resolution = 1m.  Lat. 36.893189o, Long. -117.270879o.  1494 

The material for both examples is based on services provided to the Plate Boundary Observatory 1495 

by NCALM (http://www.ncalm.org). The Plate Boundary Observatory is operated by UNAVCO 1496 

for EarthScope (http://www.earthscope.org) and supported by the National Science Foundation 1497 

(No. EAR-0350028 and EAR-0732947).   1498 

Table 1. Tabular summary of contextual data and observations associated with each of the three 1499 

discussed lobate examples.  1500 
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