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Lobate deposits in deep-water settings are diverse in their depositional architecture but this diversity is under-represented in the literature. Diverse architectures result from multiple factors including source material, basin margin physiography, transport pathway, and depositional setting. In this contribution, we emphasize the impact of differing source materials related to differing delivery mechanisms and their influence on architecture, which is an important consideration in source-to-sink studies. Three well imaged subsurface lobate deposits are described that display three markedly different morphologies. All three lobate examples, two from intraslope settings offshore Nigeria and one from a basin-floor setting offshore Indonesia, are buried by less than 150 m of muddy sediment and are imaged with high resolution 3D reflection seismic data of similar quality and resolution. Distinctively different distributary channel patterns are present in two of the examples, and no comparable distributaries are imaged in a third example. Distributary channels are emphasized because they are objectively recognized and because they often represent elements of elevated fluid content within buried lobate deposits and thus influence permeability structure. We speculate that the different distributary channel patterns documented here resulted from different processes linked to source materials: 1) a lobate deposit that is pervasively channelized by many distributaries that have branched at numerous points is interpreted to result from comparatively mud-rich, stratified, turbulent flows; 2) an absence of distributaries in a lobate deposit is interpreted to result from collapse of mud-poor, turbulent flows remobilized from littoral drift; and 3) a lobate deposit with only a few, long, straight distributaries with few branching points is interpreted to be dominated by highly viscous flows (i.e., debris flows). We propose a conceptual model that illustrates the relationship between the proportion of mud in contributing flows and the relative size and runout distance of lobate deposits. We conclude that reconciling 3D seismic morphologies with outcrop observations of channels, scours, and amalgamation zones, and simple application of hierarchical schemes, is problematic. Furthermore, when characterizing unconfined deep-water deposits in the subsurface, multiple models with significant differences in predicted permeability structure should be considered.
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INTRODUCTION
Submarine fans and other submarine lobate deposits are repositories of continentally-derived coarse sediment in the deep sea (e.g., Normark, 1978), and are important archives of palaeoenvironmental change. The potentially large volumes of sand in lobate deposits make them important targets for hydrocarbon exploration and production (Weimer et al., 2000) as well as potentially important aquifers, or reservoirs for the sequestration of CO2 or hazardous fluids (Ketzer et al., 2005). Simulations of fluid dynamics within lobate deposits designed to optimize performance, either during fluid injection or extraction, necessitate a detailed understanding of depositional architecture, heterogeneity distribution, and permeability structure.
Diverse conceptual models of submarine fan deposits have been proposed (e.g., Normark, 1970; Mutti and Ricci Lucchi, 1972; Walker, 1978; Stow, 1985; Stow, 1986; Reading and Richards, 1994). Tectonic setting, source terrain, sediment transport mechanisms, and bathymetric irregularities have long been acknowledged to be important when predicting the characteristics of submarine fans (Normark, 1970; Mutti and Ricci Lucchi, 1972; Stow, 1985; Stow, 1986; Reading and Richards, 1994). Early submarine fan models included a diverging set of channel-levee complexes each of which terminated at the distal end with a sand-rich “depositional lobe” (Normark, 1970; Mutti and Ghibaudo, 1972). More recent studies with more complete or detailed data demonstrate that lobate deposits at the terminus of each distributary channel complex typically consist of multiple smaller, nested or overlapping offset lobate to palmate bodies (e.g., Mutti, 1977; O’Connell et al., 1991; Lowry et al., 1993; Martinsen et al., 2000; Sullivan et al., 2000; Johnson et al., 2001; Gardner et al., 2003; Posamentier and Kolla, 2003; Hodgson et al., 2006; Deptuck et al., 2008; Prélat et al., 2009; Groenenberg et al., 2010; Mulder and Etienne, 2010; Prélat and Hodgson, 2013; Picot et al., 2016).
The presence of channels in at least some lobate deposits has long been recognized (Beaubouef et al., 1999; Carr and Gardner, 2000; Sullivan et al., 2000; Gardner et al., 2003). Normark (1970), in his classical and commonly cited model, included shallow distributary channels in the proximal portion of his definition of a lobe but few to none in the distal portion of the lobe. This model has been widely adopted and applied by many subsequent researchers (summarized in Mulder and Etienne, 2010). A distinct levee-confined distributary channel network is present in the proximal lobe, costructed as the upper mud-rich portion of mud-rich stratified flows overspills channel confinement. Resistance to shear of the mud-rich levees sustains confinement although levee height, shear resistance and channel depth decrease down flow. Farther down flow, as the turbulent flow becomes increasingly sand-rich, the basal part of the flow collapses at the distributary channel mouth and produces a tabular sand deposit.
More recent fan models (Prélat et al., 2009; Mulder and Etienne, 2010; Prélat et al., 2010) highlight the scaling of lobes, but do not emphasize distributary channels within depositional lobes. This is important because the potential presence and distribution of channels within lobate deposits can strongly affect the permeability structure of the deposit. Relative to the non-channelized portion of a lobate deposit, sand caliber can be coarser, and thus permeability higher within channels so that channel deposits may be a preferred pathway for subsurface fluids (Pyles et al., 2014; Jones et al., 2015; Hofstra et al., 2017; Bell et al., 2018). In contrast, models of intraslope lobe complexes (Spychala et al., 2015; Jobe et al., 2017) or transient fans (Adeogba et al., 2005) above stepped submarine slope profiles, emphasise channels that cut through lobes after accommodation is healed.
In modern or near modern turbidite systems, distributary channels have been imaged within lobate deposits in some cases (O’Connell et al., 1991; Twichell et al., 1992; Kidd, 1999; Posamentier and Kolla, 2003; Hadler-Jacobson et al., 2005; Clark and McHargue, 2007; Hadler-Jacobson et al., 2007; Bourget et al., 2010; Bakke et al., 2013; Doughty-Jones et al., 2017; Howlett et al., 2020). However, even in modern submarine fan systems, detailed bathymetric records and sidescan sonar recordings often do not produce clear images of distributary channel networks within lobate deposits (Bonnel et al., 2005; Gervais et al., 2006; Jegou et al., 2008; Dennielou et al., 2009; Bourget et al., 2010; Hanquiez et al., 2010; Migeon et al., 2010) even though incisional transient fan channels, when present, may be well imaged (Johann et al., 2001; Adeogba et al., 2005; Gamberi and Rovere, 2011; Maier et al., 2011; Barton, 2012; Maier et al., 2012; Prather et al., 2012a; Maier et al., 2013; Yang and Kim, 2014).
Outcrop studies of lobate deposits with laterally extensive exposures have guided fundamental concepts of fan architecture and facies distribution (Mutti and Ricci Lucchi, 1972; Martinsen et al., 2000; Sullivan et al., 2000; Johnson et al., 2001; Gardner et al., 2003; Hodgson et al., 2006; Prélat et al., 2009; Groenenberg et al., 2010; Prélat and Hodgson, 2013). However, there are few opportunities to unambiguously document the three-dimensional relationships of architectural components within lobate deposits in outcrop exposures. Interestingly, these few examples display conspicuous differences. The somewhat lobate deposits of the Brushy Canyon Formation in Texas, United States, are extensively channelized with tabular sands in overbank positions (e.g., Gardner et al., 2003). The Ross Formation, Ireland, displays well developed tabular sandstone units associated with multiple channels (e.g., Martinsen et al., 2000; Sullivan et al., 2000; Pyles and Jennette, 2009; Pierce et al., 2018). In the Skoorsteenberg Formation in the Tanqua Karoo Basin, South Africa, the lobate deposits with the most continuous and extensive exposure (e.g., Johnson et al., 2001; Hodgson et al., 2006; Prélat et al., 2009; Groenenberg et al., 2010; Prélat and Hodgson, 2013), conventional channels, such as seen in the Ross Formation, are present only in the most proximal exposure of the lobate units (Johnson et al., 2001; Hodgetts et al., 2004; Hodgson et al., 2006; Hofstra et al., 2017). Distally, zones of amalgamation have been interpreted as possible channels within lobate depositional units (Johnson et al., 2001; Hodgetts et al., 2004). However, these outcrop examples lack constraints on source material, basin margin physiography, or transport pathways, and their control on depositional architecture, which limit their utility within source-to-sink contexts.
In deep subsurface examples, images of submarine lobate deposits, even in high quality 3D reflection seismic volumes, often reveal few, if any, details of architectural features within or on the surface of lobate deposits. In some cases, lens-shaped lobate deposits, typically stacked in a compensating pattern (sensuMutti and Sonnino, 1981), can be recognized within a larger lobate system (e.g., Gervais et al., 2006; Deptuck et al., 2008; Saller et al., 2008; Bourget et al., 2010; Prélat et al., 2010; Yang and Kim, 2014), but even these gross features may not be resolved in the deep subsurface. Consequently, more often than not, the presence of distributary channels and other architectural features of lobate deposits are inferred based on models, about which there is considerable uncertainty.
We recognize that the range of architectures within lobate deposits is diverse and that this diversity is under-represented in the literature. Therefore, the objective of this paper is to emphasize this diversity by describing three examples of lobate deposits with fundamentally different architectures. We describe the context within which each lobate deposit is found and suggest possible controlling mechanisms. The sinuosity, distribution, and divergence of channels, if present, are key criteria for discriminating between these three examples. These examples were chosen because of their distinctly different architectures as imaged in 3D reflection seismic data with very similar resolution (Table 1). All three are likely late Pleistocene in age, buried by about 50–160 m of muddy sediment. All three are similar in size and located on passive margins offshore of large deltas, which are the source of their sediment. Two are located in intraslope basins offshore of the Niger Delta, Nigeria, while the third is located on the basin floor offshore of the Mahakam Delta, Kalimantan, Indonesia (Figure 1). No cores are available to confirm interpretations of sediment caliber and distribution. However, seismic Root Mean Squared (RMS) amplitude displays provide an objective basis for a general interpretation of mud versus sand (Posamentier and Kolla, 2003).
TABLE 1 | Tabular summary of contextual data and observations associated with each of the three discussed lobate examples.
[image: Table 1][image: Figure 1]FIGURE 1 | (A) map of a portion of offshore Nigeria. The location of panels 2, 4 are indicated. (B) map of a portion of offshore Kalimantan, Indonesia. The location of panel 8 is indicated.
DESCRIPTION OF THREE EXAMPLES
In the description of the three examples below we use the general term “lobate deposit” because hierarchical classification originally designed for two-dimensional reflection seismic and outcrop data (e.g., Deptuck et al., 2008; Prélat et al., 2009; Mulder and Etienne, 2010; Prélat and Hodgson, 2013) does not apply directly to deposits imaged by three-dimensional reflection seismic data. We revisit this topic in the discussion.
Lobate Example 1: A Pervasively Channelized Lobate Deposit
Example 1: Regional Setting
Lobate Example 1 (LE1) is located on the continental slope of the western Niger Delta approximately 95 km from the modern shelf edge beneath 2,250 m of water (Figure 1A). The general direction of sediment transport was from north to south or southwest. The continental slope in the study area is irregular (i.e., the stepped profile of Prather et al., 1998; Prather, 2003), including areas of both high and low gradient, as well as ridges that are elevated above the regional slope profile (Allen, 1965; Doust and Omatsola, 1990; Damuth, 1994; Pirmez et al., 2000; Steffens et al., 2003). The steep segments of the profile are formed on the seaward flanks of basinward verging thrusts cored by over-pressured buoyant mud. The areas of low gradient (i.e., steps of Prather et al., 1998) occur on the landward sides of the thrust ridges. LE1 accumulated within a sediment wedge on one of these steps in what has been called a slope apron (Gorseline and Emery, 1959; Barton, 2012; Prather et al., 2012a) within healed slope accommodation (Prather, 2000; Prather, 2003; Barton, 2012; Prather et al., 2012a; Sylvester et al., 2012).
Example 1: Seismic Data
Images of LE1 (Figures 2, 3) are derived entirely from industry standard 3D reflection seismic data. The interpreted data have a dominant frequency of about 60 Hz at the shallow depth of the studied lobate deposit, which assuming an acoustic velocity of 2,000 m/sec (Flood et al., 1997), provides a nominal vertical resolution of approximately 8.3 m (Table 1). Sample spacing is 4 milliseconds (ms) and bin spacing is 12.5 m by 12.5 m. Planform images are horizon-referenced displays garnered from the uppermost 200 ms (200 m) of data below the seabed. The contiguous seismic volumes that encompass LE1 cover an irregularly shaped area of approximately 5,500 km2, of which, about 500 km2 are displayed in Figures 2, 3. The seismic volumes extend from near the modern shelf edge to a position on the continental slope approximately 110 km seaward from the shelf edge.
[image: Figure 2]FIGURE 2 | An RMS (Root Mean Squared) amplitude extraction of LE1 from a 3D reflection seismic volume on the middle slope, offshore Nigeria (see Figure 1 for location). Sediment transport is from north to south. The image is calculated from the interval between 10 and 20 ms from the top of the lobate deposit (see Figure 3). High RMS values are displayed as white to yellow colors. An older lobate deposit (marked OLD) is present to the west of LE1. Modified from Prélat et al. (2010).
[image: Figure 3]FIGURE 3 | Cross sections through LE1 from a 3D reflection seismic volume. (A) Plan view Root Mean Squared (RMS) amplitude extraction midway between the upper and lower bounding surfaces of LE1 [blue horizons in panels (B–E)] superimposed on a continuity display (lateral rate of change of RMS amplitude values from the same interval). High RMS values are displayed as white to yellow colors. Low continuity values are displayed as black. Modified from Prélat et al. (2010). The locations of cross-sections (B–E) are displayed as red lines. An older lobate deposit (OLD) is present to the west and beneath LE1. (B) Proximal section through the feeder channel complex for LE1. Prominent levees are present on both sides of the channel complex and thin away from the channel complex. (C) Seismic section through the proximal portion of LE1. This portion of the lobate deposit is characterized by highly discontinuous reflections resulting from the presence of numerous distributary channels. As an example, the top of a single lens-shaped unit within LE1 is highlighted as a yellow horizon. (D) Seismic section through the medial portion of LE1. This portion of the lobate deposit is characterized by moderately discontinuous reflections, resulting from the presence of numerous distributary channels. The top of one lens-shaped unit within LE1 is highlighted as a yellow horizon. (E) Seismic section through the distal portion of LE1. This portion of the lobate deposit is characterized by moderately continuous reflections. Very small distributary channels appear to be present in plan view but are too small (shallow) to break up reflection continuity in section view. Lens-shaped units within LE1 are not resolvable.
Example 1: Description
LE1 (Figures 2, 3) has been described previously and called a lobe complex (Prélat et al., 2010, their Figure 5). These authors noted that LE1 is the youngest of several related lobate units. Each lobate unit is displaced eastward of its predecessor, occupying low topography between the mounded sediment of the previous lobate deposit to the west and the regional southwest-dipping slope to the east (Prélat et al., 2010).
LE1 is approximately 14 km wide, in excess of 12 km long, with a maximum thickness of 130 m near the proximal (North) end of the lobe, yielding a width to thickness ratio of 108 (Prélat et al., 2010). LE1 is buried by approximately 120–170 m of mud-rich sediments. No core samples are available from LE1.
The single feeder channel complex (approximately 600–700 m wide) to LE1 was confined by a combination of erosion and outer, or external, levee aggradation (Figures 3A,B). Outer levees flanking the feeder channel complex are up to 50 m thick and 500 m wide, represented in reflection seismic data by low Root Mean Squared (RMS) amplitude values (Figures 3A,B). Sediment from the single levee-confined feeder channel complex was dispersed across LE1 via a system of distributary channels, each 300 m or less in width (Figures 2, Figures 3A). Numerous branching points resulting either from avulsion or bifurcation, are observed within the distributary channel system all across LE1 (Figure 2). For approximately 3 km down flow from the first, most proximal, branching point, distributary channels continue to be flanked by small outer levees, although levee height decreases down flow to the south until they are no longer resolvable on seismic profiles (Figure 3C). Fill within these proximal distributary channels, as well as within the feeder channel complex, are recorded as high RMS values (Figure 3).
In a down-flow (southward) direction, each levee-confined distributary channel transitions into numerous sub-parallel to slightly diverging smaller channels (100 m or less in width) that form a 2–3 km wide cluster (Figure 2). The channel pattern in each cluster is achieved by increasing the number and frequency of branching points distally so that a few channels in a proximal position increase distally to a large number of closely spaced channels toward the fringe of LE1. Despite the fact that limited vertical resolution results in compositing multiple vertically juxtaposed channels within the same image, the entire lobate unit beyond the limit of levee confinement appears to consist of numerous channel clusters. The axis of each cluster follows a path that is sub-parallel to the axis of adjacent clusters and thus the overlap between adjacent clusters is minimal.
Within LE1, depositional lenses have been interpreted (Prélat et al., 2010) as lobes and can be resolved in at least some seismic profiles in the proximal to middle, high relief portion of LE1 (Figures 3C,D). Distally, the lenses gradually become flatter and thinner until they are no longer distinguishable (Figure 3E).
Lobate Example 2: A Lobate Deposit Without Distributary Channels
Example 2 Regional Setting
LE2 is located on the continental slope of the Niger Delta (Figures 1, 4–7), 70 km southeast of LE1 and approximately 45 km basinward of the modern shelf edge beneath 1,275 m of water (Figure 1A). The general direction of sediment transport was from northeast to southwest. As is the case with LE1, LE2 is in an area of relatively low gradient along an irregular stepped profile resulting from deep seated thrusts modified by diapiric deformation of buoyant shales (circular features near the head of LE2 in Figure 6) (Allen, 1965; Doust and Omatsola, 1990; Damuth, 1994; Pirmez et al., 2000; Steffens et al., 2003). LE2 accumulated as part of a slope apron (Gorseline and Emery, 1959; Barton, 2012; Prather et al., 2012a) within healed slope accommodation (Prather, 2000; Prather, 2003; Barton, 2012; Prather et al., 2012a; Sylvester et al., 2012).
[image: Figure 4]FIGURE 4 | A Root Mean Squared (RMS) amplitude extraction from 3D reflection seismic volumes on the middle to upper slope, off shore Nigeria (location in Figure 1). The image is calculated from the interval between 50 and 150 ms below seabed (approximately 100 m of sediment). Sediment transport is from northeast to southwest and water depth increases to the southwest. High RMS values are displayed as white to orange colors. The approximate position of the shelf edge is represented by a red dashed line. The edges of large slide complexes at the shelf edge are indicated by scallop-shaped indentations in the shelf edge. The edge of a large slide scar complex on the upper slope is indicated by an orange dashed line. Influential structural highs are annotated (High). The locations of panels 5, 6 are indicated. The location of LE2 is labeled as are the locations of areas X and Y (discussed in the text).
[image: Figure 5]FIGURE 5 | A Root Mean Squared (RMS) amplitude extraction from two adjacent 3D reflection seismic volumes on the middle to upper slope, off shore Nigeria. See Figure 4 for location. The image is calculated from the interval between 50 and 150 milliseconds (approximately 100 m of sediment) below seabed. High RMS values are displayed as white to orange colors. Sediment transport is from northeast to southwest. The location of panel 6 is indicated. Influential structural highs are annotated (High). The location of LE2 is labeled, as are the locations of areas Y and Z (discussed in the text).
[image: Figure 6]FIGURE 6 | A Root Mean Squared (RMS) amplitude extraction from a 3D reflection seismic volume on the middle slope, off shore Nigeria. See Figures 4, 5 for location. The image, which includes LE2, is calculated from the interval between 50 and 100 ms (approximately 50 m of sediment) below seabed. The sampled interval corresponds to the interval between blue lines in Figure 7. High RMS values are displayed as white to yellow colors. Sediment transport is from northeast to southwest. Dark, elongate, low sinuosity features with non-parallel sides, interpreted as scours within LE2, are labeled (Scours). Small possible channel forms may be seen locally within LE2 (PC1) as well as outside of LE2 (PC2). Influential structural highs are annotated (High). The locations of seismic cross sections in Figure 7 are indicated by yellow lines labeled (A) and (B).
[image: Figure 7]FIGURE 7 | Cross sections through LE2 from a 3D reflection seismic volume. See Figure 6 for locations. The blue lines indicate the top and base of the interval from which the RMS (Root Mean Squared) values in Figure 6 were calculated. (A) Seismic section through the distal portion of LE2. This portion of the lobate deposit is characterized by highly continuous reflections. Incisional bypass channels are evident to the west of LE2. (B) Seismic section through the terminus of LE2. LE2 continues to be characterized by a highly continuous reflection. The area to the west of LE2 is dominated by multiple incised channel.
Example 2 Seismic Data
Images of LE2 are derived entirely from industry standard 3D reflection seismic data of very similar vintage and quality to the data that are illustrated for LE1 (Table 1). About 6,000 km2 of contiguous 3D reflection seismic data have been examined in the area around LE2 (Figure 4) including the shelf edge near LE2 as well as surrounding slope features. As with LE1, these interpreted data have a dominant frequency of about 60 Hz at the shallow depth of the studied lobate deposit, which assuming an acoustic velocity of 2,000 m/sec (Flood et al., 1997), provides a nominal vertical resolution of approximately 8.3 m (Table 1). Sample spacing is 4 milliseconds and bin spacing is 12.5 m by 12.5 m. The plan view images provided in this paper for LE2 are horizon-referenced displays of data between 50 and 150 milliseconds (50–150 m) below the seabed.
Example 2 Description
LE2 is approximately 6 km wide, 14 km long, and a maximum of 20 m thick yielding a width to thickness ratio of 300 (Table 1). LE2 is buried at approximately 50 m below the seabed. No core samples are available from LE2.
In cross-section, LE2 is tabular and thin (Figure 7) and distinct internal lens shapes, if present, are not resolved with available data. LE2 is a high amplitude feature (HAF) displayed in the RMS extractions of Figure 4 through Figure 7 as a light colored object (elevated RMS values). Several HAFs of diverse sizes and shapes are displayed on the continental slope surrounding LE2 including narrow linear HAFs, fan-shaped HAFs, and irregular broad HAFs that indicate the location and transport path of granular clastic material.
In the area north and east of LE2, the shelf edge has a generally smooth to slightly irregular northwest trend (Figure 4). No submarine canyon is imaged at or near the shelf edge. Instead, the shelf edge occasionally is offset landward by approximately 2 km by arcuate indentations that are 5–8 km wide (Figure 4). Numerous narrow and linear HAFs (interpreted as gullies) are imaged immediately basinward of the arcuate indentations (area X in Figure 4). Some of the linear HAFs appear to terminate down slope, after 5–10 km or less, in small divergent, fan shaped HAFs that are only one or 2 km wide and long (area X, Figure 4). Others continue farther down slope and are focused by bathymetry into larger HAFs with stronger amplitudes.
Directly up slope from LE2, the shelf edge is beyond the limit of the seismic volume (Figures 4, 5). In the most proximal portion of the seismic volume, numerous narrow linear HAFs each give way down slope to a wedge-shaped HAF consisting of a divergent collection of sharp to diffuse linear forms with elevated amplitude (area Y, Figures 4, 5). The wedge-shaped HAFs overlap to form an apron (sensu Reading and Richards, 1994). After crossing a zone of down-to-the-basin normal faults farther down slope, the apron of wedge-shaped HAFs merges into a single large HAF (area Z, Figure 5). Specific features within the HAF are indistinct although amplitude variations are elongate (channels?) and define a textural trend that is parallel to the local direction of maximum gradient. The HAF narrows down slope until it is funneled through bathymetric highs to emerge and form the single large HAF of LE2 (Figures 5, 6).
Sediment was supplied to LE2 through multiple entry points rather than through a single channel complex (Figures 5, 6). No outer levees are observed anywhere along the transport path to or within LE2. Sediment was dispersed across the bulk of LE2 without leaving evidence for either a distributary channel system or branching (Figure 6) comparable to LE1. Instead, elongate textures are imaged in RMS amplitude extractions, most prominently defined by dark elongate features (low RMS values), in LE2 that vary in morphology in planform from lenticular or irregularly shaped to continuous with slightly convergent or slightly divergent margins (Figure 6). The most continuous elongate features lack the sharply defined parallel margins of channels that are clearly imaged in LE1 (Figure 2). A possible exception to the absence of conventional channels is present in the southern part of LE2 where a slightly divergent set of narrow moderately high amplitude threads (PC, Figure 6) appear locally down flow from a prominent elongate low amplitude feature.
At the down-flow terminus of LE2, deeply incised channels are observed (Figures 6, 7). One is located at the terminus of the main part of LE2 (Figure 7B), while another is located at the terminus of a narrow arm of the HAF located to the west of LE2. These deeply incised channels are located at positions that would have, in combination, received any flows and transported sediments that bypassed LE2 (transient fan of Adeogba et al., 2005). These incised channels deepen along their path to the southwest and converge basinward with other erosional channels (Figure 4).
Lobate Example 3: A Channelized Lobate Deposit With Few Distributaries
Example 3 Regional Setting
LE3 (Figure 8) is located at the base of slope east of Kalimantan, Indonesia, in the Kutei Basin, Makassar Strait (Figure 1B). LE3 is part of a larger fan system on the basin floor, approximately 40 km from the shelf edge beneath about 2,000 m of water (Saller et al., 2008). Sediment transport generally was from west to east or southeast. The continental slope proximal to the fan that contains LE3 is irregular, including areas of both high and low gradient, as well as ridges that tend to stand above the regional slope profile. The stepped slope profile results from prominent toe thrusts that maintain a gradient of 2.1° at the base of slope compared to the basin floor gradient of 0.3° (Saller et al., 2004).
[image: Figure 8]FIGURE 8 | A Root Mean Squared (RMS) amplitude extraction of LE3 from a 3D reflection seismic volume. The image is horizon referenced and derived from the interval 0–50 ms above the base of the lobate deposit (purple horizon in Figure 9). High RMS values are displayed as white color. Sediment transport is from northwest to southeast. The locations of seismic cross sections in Figure 9 are indicated by vertical lines labeled (A), (B) and (C). Modified from Posamentier et al. (2000), Fowler et al. (2001), Posamentier and Kolla (2003), Saller et al. (2003), Saller et al. (2004), Ruzuar et al. (2005), Saller et al. (2008), and Saller et al. (2010).
The fan, including LE3, has been imaged and interpreted multiple times (Posamentier et al., 2000; Fowler et al., 2001; Posamentier and Kolla, 2003; Saller et al., 2003; Saller et al., 2004; Ruzuar et al., 2005; Saller et al., 2008; Saller et al., 2010). The fan was deposited in association with a sea level lowstand about 240 ka (Saller et al., 2004). The submarine fan was both preceded and followed immediately by substantial mass transport deposits (Posamentier et al., 2000; Fowler et al., 2001; Posamentier and Kolla, 2003; Saller et al., 2003; Saller et al., 2004; Ruzuar et al., 2005; Saller et al., 2008; Saller et al., 2010).
LE3 (Figures 8, 9) is located approximately midway within a strongly progradational and moderately aggradational succession of lobate bodies (Saller et al., 2008). Each lobate body was connected to the same feeder channel-levee complex. Deposition, avulsion and abandonment of each lobate body resulted in the progressive basinward offset of successive lobate deposits and progradation of the system. The youngest expression of the channel-levee complex culminated with a terminal lobate deposit (Posamentier et al., 2000; Fowler et al., 2001; Posamentier and Kolla, 2003; Saller et al., 2003; Saller et al., 2004; Ruzuar et al., 2005; Saller et al., 2008; Saller et al., 2010). At least one mass transport complex (MTC) was deposited within the fan during progradation (Posamentier and Kolla, 2003; Saller et al., 2008) and a younger MTC eroded the southern edge of LE3 (Figure 8).
[image: Figure 9]FIGURE 9 | Cross sections through LE3 from a 3D reflection seismic volume. See Figure 8 for locations. The green and purple horizons indicate the top and base respectively of LE3 (highlighted in yellow). (A) Seismic section through the feeder channel complex of LE3. (B) Seismic section through the proximal part of LE3. (C) Seismic section through the distal part of LE3.
Example 3 Seismic Data
Images of LE3 are derived entirely from industry standard 3D reflection seismic data acquired in 1998–1999 by WesternGeco as part of the much larger Makassar 3D survey. The interpreted data have a dominant frequency of about 50 Hz (Saller et al., 2008) at the shallow depth of the studied fan. Assuming an acoustic velocity of 2,000 m/sec (Flood et al., 1997), the nominal vertical resolution of these data is approximately 10 m (Table 1). The plan view image provided in this paper is a horizon-referenced RMS amplitude display garnered from the uppermost 200 milliseconds (200 m) of data below the seabed. Bin spacing is 12.5 m by 12.5 m. The studied portion of the seismic volume extends from near the modern base of slope to a position approximately 22 km to the east on the basin floor.
Example 3 Description
LE3 is approximately 7 km wide, more than 7 km long, and a maximum of approximately 43 m thick near the proximal (NW) end of the lobate deposit yielding a width to thickness ratio of 163 (Figures 8, 9; Table 1). LE3 is buried by approximately 160 m of mud-rich sediments. No core samples are available from LE3.
At the time of deposition, LE3 may have been a terminal lobe of the submarine fan (Posamentier and Kolla, 2003, their frontal splay). Alternatively, its single feeder channel complex (approximately 300–500 m wide) may have avulsed from a larger parent channel complex that extended into the basin as the fan prograded. Confinement of the parent channel complex was provided by a 110 m thick and 4,000 m wide outer levee (estimated from Posamentier and Kolla, 2003). The dimensions of the levee, if present, at the time of LE3 deposition are unknown.
The single feeder channel complex is about 5 km long between its connection to the larger parent channel complex and the apex of LE3 (Figure 8). The feeder complex appears to have been confined primarily by erosion although a contemporaneous levee cannot be discounted. Within the feeder channel, which is almost straight, smaller low sinuosity channel elements (sensu McHargue et al., 2011) are distinctly imaged. A branching point is present at the distal end of the feeder channel marking the proximal end of a small number of long distributary channels (up to 5 km long and 100–300 m wide) with very low sinuosity (Figure 8). No other branching points are recognized within LE3. No finer scale channel forms are recognizable surrounding the distributary channels or at the distal end of the distributaries. Fill within the distributary channels is too thin to image distinctly in cross-section (Figure 9).
Except for the few distributary channels, plan-view imaging of the sediment within LE3 ranges from featureless to nodular (Figure 8). The nodular features are particularly prominent around the fringe of LE3, but subtle variation within the main part of the lobate unit suggests that the nodular texture may be present throughout LE3. Nodular texture also is present lateral to LE3 in adjacent lobate bodies (Figure 8). Individual nodular features can be up to 200 m wide although a full range of smaller sizes, down to the resolution limit of the data, are evident.
In cross-section, LE3 is markedly lenticular (highlighted in yellow, Figure 9). It overlies multiple older lenticular lobate units and, at its distal part, is overlain by at least one lobate unit before burial by the channel-levee complex. The sediment within LE3 is crudely layered and imaged with moderate amplitudes. Compensational stacking of the successive older and younger lobate lenses is evident surrounding the proximal part of LE3 (Figure 9, sections A and B) but becomes more subtle distally as lens relief decreases (Figure 9, section C).
INTERPRETATION
Lobate Example 1 Interpretation
The diversity of amplitudes suggests that LE1 received flows transporting a wide range of grain-sizes including both sands and muds. The feeder channel complex and proximal distributary channels of LE1 are confined primarily by outer levees (Figures 3B,C). Low seismic RMS amplitudes in the levees suggest that they are composed dominantly of mud. Low seismic RMS amplitudes within outer levees contrast with high seismic RMS amplitudes within the feeder channel complex and within distributary channels of LE1. High RMS amplitudes require strong contrasts in impedance and suggest the presence of mixed sand and mud within the channel-fills. Farther down flow, where levees are no longer discernable, it is suspected that overbank sediments continue to have higher mud content relative to channel sediments accounting for distinct, well imaged channels. The presence of well-developed levees confining the feeder and proximal distributary channels, as well as the acoustic variability required to yield well imaged channels, suggests that the contributing flows were density stratified (Kneller and Buckee, 2000; Peakall et al., 2000; Hansen et al., 2015). As each turbidity current crossed LE1, the top of the dilute layer was eventually lost overbank by flow stripping as levee height decreased down flow.
At the terminus of each levee-confined distributary channel, instead of unchannelized deposits, a pervasively channelized unit is present that is dominated by a cluster of sub-parallel to slightly divergent small channels. Adjacent clusters tend to be laterally offset from each other suggesting compensation. LE1 (Figures 2, 10) is covered by distributary channels with numerous branching points, an observation that, when combined with the presence of levee-confined distributaries, is compatible with the proposal of Mulder and Etienne (2010) that lobate deposits with a well-developed distributary channel system appear to be constructed from relatively mud-rich flows. However, even their model for channelized lobes does not illustrate the high density of distributary channels present across all of LE1 (Figures 2, 10).
[image: Figure 10]FIGURE 10 | Summary of distinctive characteristics of the three discussed lobate examples. See Figures 2, 6, 8 for explanations of seismic RMS amplitude displays.
Summary
In summary, LE1 is interpreted to have a well-developed distributary channel system that is interpreted to display the following characteristics (Figures 10, 11):
1) Sediments were delivered to LE1 through a single levee-confined feeder channel complex.
2) Transported sediments were heterolithic, including enough mud in the upper dilute portion of flows to allow for outer levee construction.
3) Sediments were dispersed across LE1 via an extensive system of distributary channels.
4) The proximal distributary channels are interpreted to have been levee confined.
5) LE1 grew as a result of avulsions or bifurcations at numerous and diverse branching points along the distributary channel pathways.
6) The most distal visible channels form channel clusters that tend to be laterally offset relative to one another in a stacking pattern that suggests compensation.
[image: Figure 11]FIGURE 11 | Generalized illustrations of the three models of lobate deposits proposed here emphasizing their distinctive characteristics. (A) Pervasively channelized; (B) Unchannelized; and (C) Few long, straight distributaries.
Lobate Example 2 Interpretation
LE2 (Figures 6, 10) appears to have only sparse, fine-scale distributary channels and a much higher aspect ratio (300) than LE1 (108) (Table 1). Much can be inferred regarding the nature of the shelf edge and slope from the regional horizon-based RMS amplitude extraction (Figure 4). The sizes, shapes and linkages of the HAFs displayed on the continental slope indicate the locations of sediment transport paths and deposition. The presence of high amplitudes (light colors in Figure 4 through Figure 6) within the HAFs suggests sand-rich sediments within the HAFs (Posamentier and Kolla, 2003). The source area on the shelf for the sediment within LE2 lies outside the available seismic coverage. However, the transport path from shelf to lobate deposits is well imaged for sediment immediately to the east (area X in Figure 4). Upper slope architectures are very similar in areas X and Y so, by analogy, we interpret that those similar conditions prevailed for both systems at the shelf edge. No submarine canyon is imaged at or near the shelf edge up slope from area X. Instead, arcuate indentations in the shelf edge and upper slope are well imaged and are interpreted as coalesced slide scars (Figure 4). Because these slide scars are well imaged, we infer that submarine canyons, if present, also would be imaged. The narrow and linear HAFs immediately down slope of the slide scars (area X in Figure 4) are interpreted to represent numerous slope gullies, some of which terminate in small fan-shaped deposits. Others coalesce and continue down slope to deliver sediment to large HAFs. Because of the spatial association of slide scars and the clustered transport paths (Figure 4), it is inferred that the slide scars were integral to intercepting shelf sediments and directing them down slope within density currents. The gullies in area Y (Figures 4, 5) up slope of LE2 have very similar morphology and clustering as in area X and, assuming lateral continuity of the slide scar pattern, are inferred to have the same origin as those in area X. Therefore, although a degree of speculation is required, features in area Y are interpreted to represent the transport path of shelf sediments that were intercepted at slide scars and directed through multiple HAFs to LE2.
We speculate that the dominant source of sediment was from littoral drift. The Niger Delta is a wave-dominated system today (Allen, 1965; Doust and Omatsola, 1990) with strong littoral cells (Burke, 1972; Biscara et al., 2013). Because littoral drift potentially is available all along the lowstand delta front, especially concentrated where slide scars intersect the shelf edge, it seems reasonable that gravity flows, consisting of sand-rich littoral deposits (Imhansoloeva et al., 2011), spilled over the indented lowstand shelf edge and traversed numerous gullies to coalesce in areas of decreased gradient as HAFs. No outer levees are observable anywhere within LE2, or along the train of HAFs leading to LE2, suggesting that the gravity flows that traversed the HAFs lacked sufficient mud caliber sediments to build outer levees (Posamentier and Kolla, 2003). Furthermore, these observations are consistent with the contention that the HAFs contain sand-rich sediment that originated from littoral drift on the shelf.
On LE2 (Figure 6), no large conventional distributary channels with parallel margins are observed. Instead, indistinct elongate textures are recorded by RMS amplitudes within LE2 (Figure 6). Some of the most continuous elongate features are slightly darker (lower RMS amplitude) than the surrounding deposits. Perhaps this amplitude distribution results from thinning of the sand-prone deposits within the linear features as a result of scouring reminiscent of the central feature of the Navy Fan (Carvajal et al., 2017). We further suggest that these elongate features served as conduits for sediment transport (De Leeuw et al., 2016; Ferguson et al., 2020). A possible exception occurs in a local area in the southern part of LE2 where fine-scale thread-like features (possible channels) appear to emanate from the distal end of one of the dark, elongate, linear features (PC1 in Figure 6). If these features are channels, analogous to the small channel threads to the east outside of LE2 (PC2 in Figure 6) they are markedly smaller than the channels in LE1. The origin of the possible fine-scale channels is unclear; they may be superficial, but they do demonstrate that channels, even fine-scale channels, when present, may be imaged successfully.
Deeply-incised channels at the terminus of LE2 deepen along their path to the southwest (Figure 7) and converge with other erosional channels (Figure 4). The strongly erosive character of these channels indicates that significant volumes of sediment periodically bypassed LE2 resulting in increased basal shear stress and scour (Adeogba et al., 2005; Gamberi and Rovere, 2011; Maier et al., 2011; Barton, 2012; Maier et al., 2012; Prather et al., 2012a; Maier et al., 2013; Yang and Kim, 2014). We reconcile these observations and the interpretation of sand-rich flows by speculating that deposition of LE2 occurred as flows slowed and collapsed at an area of relatively low gradient. Other flows had sufficient momentum to scour and bypass LE2 producing local erosion of linear troughs and incisional bypass-dominated channels. Compatible with this model, the dark, linear features are thought to have low RMS amplitude due to thinning or complete removal of sand by scour of more energetic flows.
Summary
LE2 is interpreted to have no conventional distributary channel system; rather it is interpreted to display, the following characteristics (Figures 10, 11; Table 1):
1) LE2 likely is constructed of sediments derived from multiple points along the shelf edge (a line source) without evidence of a submarine canyon (a point source).
2) Transported sediments are interpreted to consist of mud-poor sandy littoral drift intercepted and remobilized at slide scars at or near the shelf edge.
3) The delivered sediments are transported from the shelf edge to LE2 via multiple erosional gullies or channels that are focused by slope topography toward the location of LE2.
4) Feeder channels and lobate deposits lack any resolvable levees suggesting that the delivered sediments are extremely sand-rich with minimal accompanying mud.
5) Large elongate scours with non-parallel sides are interpreted to be present.
6) No conventional distributary channel system is visible within the lobate deposit. Local thin threads (PC1 in Figure 6) near the southern margin may represent local distributaries.
7) Deposition is interpreted to result from collapse of sand-rich flows at decreased gradient although other, more robust flows scoured the deposits and bypassed LE2.
Lobate Example 3 Interpretation
LE3 (Figures 8, 10) displays only a few distributaries that diverge at the mouth of the feeder channel and extend without further branching points to the observed limits of the lobate deposit. The absence of secondary branching points and secondary distributaries coupled with the very low sinuosity of the primary distributaries is distinctive. The nodular texture of seismic RMS amplitudes, best displayed in planform (Figure 8), are interpreted to be rafted coherent to semi-coherent blocks of allocthonous sediment within a surrounding mass of mud-rich sediment (e.g., Saller et al., 2008; Hodgson et al., 2016) and suggests the presence of abundant debrites. LE3 is crudely layered in cross-section (Figure 9) suggesting that multiple events are present. The fact that distributary channels and small nodular features are imaged suggests that secondary distributaries, if present, would be recognized in these data. The nodular texture, lack of observed secondary distributary channels, and the extremely low sinuosity of the primary distributary channels, are interpreted to result from deposition from viscous flows.
Interestingly, similar morphology of long, nearly straight distributary channels with few branching points, is well demonstrated for debris-flow dominated alluvial fans (Figure 12). In these alluvial fans, avulsion is triggered either by debris plugs and/or slow aggradation that fill the channel, or by unusually large events (De Haas et al., 2019); these mechanisms might apply to submarine systems as well.
[image: Figure 12]FIGURE 12 | Hill-shade map based on LiDAR produced topography of subaerial debris flow dominated fan in Saline Valley, California. Laminar flow of the subaerial debris flows has produced a surface distributary texture with long, nearly straight channels, sparse branching points, and narrow depositional bodies. This distributive architecture is reminiscent of LE3 (Figure 8). Source: Earthscope Eastern and Southern California. Resolution = 0.5 m. Lat. 36.824674°, Long. -117.919470°. The material for this example is based on services provided to the Plate Boundary Observatory by NCALM (http://www.ncalm.org). The Plate Boundary Observatory is operated by UNAVCO for EarthScope (http://www.earthscope.org) and supported by the National Science Foundation (No. EAR-0350028 and EAR-0732947).
Summary
LE3 is interpreted to have a small number of straight distributary channels and rare branching points (Figures 10, 11; Table 1), and is interpreted to display the following characteristics:
1) LE3 is located at the end of a straight, erosional conduit without discernible levees and with minor slightly sinuous channel elements within its fill.
2) It displays a prominent “nodular” seismic character in plan view, typical of debrites, with individual nodular seismic features interpreted to represent rafted blocks up to 200 m wide.
3) A small number of long, straight distributary channels diverge at the mouth of the feeder channel.
4) Distributaries extend without further branching to near the end of the lobate deposit.
5) The long, straight, non-branching channels are interpreted to result primarily from viscous flows (debris flows) although minor turbidite and hybrid event deposits also could be present.
DISCUSSION
Processes and Sediment Caliber
The three lobate examples illustrated here are visually distinct based on distributary architecture (Figures 10, 11). No core material is available from any of the three examples so interpretations of process and sediment caliber are conjectural, constrained by regional context, seismic response and depositional architecture (Figures 10, 11). Based on these observations, we propose that relatively mud-rich turbulent, density-stratified flows produce levee-confined feeder channels, leveed proximal distributaries, and multiple secondary and tertiary distributaries with many branching points (LE1, Figures 2, 3, 10). Mud-poor turbidity currents, likely sourced from littoral drift, or via effective filtering of mud through flow stripping in long slope conduits (e.g., McHargue et al., 2011; Hodgson et al., 2016), are prone to collapse and result in a lobate deposit with scour features but no distributaries (LE2, Figure 4 through Figures 7, 10). Debris flow-dominated lobate features display straight, erosional feeder channels, a small number of straight distributary channels emanating from the mouth of the feeder channel, and few branching points (LE3, Figures 8–10).
Interpretations of LE1 and LE2 are consistent with the suggestions of Mulder and Etienne (2010). Although their proposal is intended to explain morphologically distinct portions within a single lobate deposit, we extrapolate their process-response model and the concept of flow efficiency proposed by Mutti and Normark (1987) to illustrate the relationship between the mud-richness of contributing flows and the relative size and runout distance of lobate deposits (Figure 13). Consistent with this model, the implications of varying mud-richness in fluvial versus littoral drift sediment supply on the size and runout distance of lobate deposits have been documented by Paumard et al. (2020). In addition, we propose that mud-poor flows produce poorly channelized lobate deposits whereas mud-rich stratified flows produce lobate deposits with a prominent distributary channel network (Figures 10, 11). Likewise, we suggest that the mode of feeder channel confinement serves as a useful proxy for sediment caliber: i.e., a levee-confined feeder channel implies mud-rich flows whereas erosionally-confined feeder channels without levees imply mud-poor flows.
[image: Figure 13]FIGURE 13 | Simplified schematic field diagram of the gross architectural succession from proximal to distal of a submarine turbidite system as a function of the abundance of initial mud in the average turbulent flow. Boundaries between fields are displayed as a linear function for simplicity but we acknowledge that these boundaries may be non-linear. The model is scale independent. Gradient is not considered here explicitly because mud-rich systems respond to gradient very differently than sand-rich systems. Mud is assumed to be located primarily in the upper dilute portion of highly stratified turbulent flows and to be consumed during transport primarily due to levee construction that shortens flow height. Levees decrease in height and decrease contribution to confinement down flow. Substrate entrainment is not considered. Also, this model does not consider the contribution of debris flows (LE3 does not apply). This model illustrates that systems with relatively high initial volumes of mud (higher on the Y axis) extend farther into the basin (more efficient) and tend to have larger sediment volume, larger levee volume, and more extensive levee-confined distributaries. Systems with relatively low initial volumes of mud (lower on the Y axis) extend a shorter distance into the basin (less efficient) and tend to have smaller sediment volume, smaller levee volume, increased reliance on erosional confinement, increased tendency to collapse, and increased sensitivity to gradient. Mud-rich systems, such as the Amazon, Nile or Congo Fans, are dominated by large levee-confined channels arranged in a distributary pattern. Extremely sand-rich systems, such as LE2 and Lobe X, are small, fed by erosional feeder channels with little to no distributary channels.
Consistent with this proposal, LE1 displays a levee-confined feeder channel and an extensive system of distributary channels; in fact, except for its small size, LE1 has the morphology of a submarine fan (Normark, 1970). The volume of mud in a succession of mud-rich stratified flows feeds an increase in the volume and length of levees around the feeder channel as well as distributary channels (Figure 13). This trend is one of the drivers for progradation of the lobate body (Ferguson et al., 2020). At some undefined size, the mud-rich lobate deposit is large enough to be called a submarine fan containing multiple subordinate lobate deposits, one at the terminus of each levee-confined distributary.
The LE2 feeder system lacks levees and LE2 does not display conventional distributary channels, only scours (Figure 13). In mud-poor sediments, cohesion is minimal and these sediments are easily scoured (e.g., Hir et al., 2008). Although initial erosion of the substrate may be a prerequisite for channel initiation (Fildani et al., 2013; De Leeuw et al., 2016), parallel sided channels did not form in LE2; consistent with features generated in non-cohesive sediments in flumes (e.g., Metivier et al., 2005, their Figure 2; and Cantelli et al., 2011, their Figures 1, 4) and with the conclusion of Rowland et al. (2010) that cohesive banks are necessary to produce parallel sided channels in flume experiments.
The morphology of LE3, the straight erosional feeder channel and sparse straight distributaries without secondary branches, is visually similar to elongate non-branching features produced in physical experiments from viscous flows, or at most weakly turbulent flows (Fernandez et al., 2014). Alfaro et al., 2014, their Figure 19) illustrated a lobate feature on the Caribbean margin of Colombia with characteristics similar to LE3 that they interpreted to consist of mixed slumps, debrites and turbidites, consistent with our interpretation of LE3.
For the three examples studied here (Table 1), relatively mud-rich turbulent flows, LE1, produce a thick deposit relative to width (W/T = 108) whereas the collapse of sand-rich flows, LE2, produces a thin deposit (W/T = 300). The debris flow dominated deposit, LE3, displays intermediate dimensions and an intermediate aspect ratio (W/T = 163). The significance of differences in aspect ratios between the three lobate examples is unclear but likely is linked to the dominant depositional process. Furthermore, there are implications for source-to-sink investigations on the size, morphology, and runout distance of lobate deposits, which we interpret to be influenced by the varying character of sediment supplied by fluvial versus littoral drift systems. However, more lithological data from contemporary systems, where the source material and physiography are well constrained, are needed to test these controls on the architecture of lobate deposits in deep-water systems.
Seismicly Imaged Subsurface and Modern Analogs
High resolution reflection seismic data of features at or near the seabed provide the most robust constraints on the 3D architecture of submarine lobate bodies. However, with few exceptions (e.g., Migeon et al., 2010; Jobe et al., 2017), core samples are sparse to non-existent. Additionally, because of resolution limitations, imaging of submarine lobes often reveals few details of architectural features within the lobe or even on the lobe surface. These fine-scale features are best revealed by high resolution bathymetric surveys (Maier et al., 2011; Carvajal et al., 2017; Maier et al., 2018; Droz et al., 2020; Maier et al., 2020). Such high resolution surveys illustrate the diversity of deep-water depositional systems but these surveys are rare. Given the relative sparsity of high resolution data on lobate deposits, it remains unclear whether the three examples shown here are representative of most such deposits. More data will help address this question.
In some cases, lens-shaped lobate deposits (Figure 9), typically stacked in a compensating pattern (sensuMutti and Sonnino, 1981), can be recognized within a fan from reflection seismic data (e.g., Saller et al., 2008; Yang and Kim, 2014), but even these gross features may not be resolved unless near the seabed (e.g., Gervais et al., 2006; Deptuck et al., 2008; Bourget et al., 2010; Picot et al., 2016; Dennielou et al., 2017; Hamilton et al., 2017; Jobe et al., 2017).
Unambiguous images of distributary channel systems, as seen in LE1, have been recorded in some near surface seismic volumes of individual lobate deposits (Kidd, 1999; Posamentier and Kolla, 2003; Hadler-Jacobsen et al., 2005; Clark and McHargue, 2007; Hadler-Jacobsen et al., 2007; Prather et al., 2012b; Bakke et al., 2013; Oluboyo et al., 2014), or in high resolution bathymetric data (Maier et al., 2018). Curiously, in these examples, distributary channels tend to extend across the entire lobate body rather than just in the proximal portion. More common are lobate deposits with elongate to slightly divergent textures that might, ambiguously, be interpreted to represent distributaries (e.g., Jegou et al., 2008; Shanmugam et al., 2009; Bourget et al., 2010; Migeon et al., 2010; Sylvester et al., 2012; Egawa et al., 2013; Paumard et al., 2020).
If distributaries are not imaged, is that because they are present but difficult to image or because they are absent? Lobate deposits typically represent sand-rich environments both within and surrounding distributary channels. Therefore, it may be common that the acoustic properties of the channel fill are similar to those of surrounding overbank deposits. With little impedance contrast, imaging of distributaries is poor. Yet, in LE1 (Figure 2), distributaries are well imaged. Relatively mud-rich flows allowed for levee construction in proximal distributaries but also may have provided sufficient mud in overbank deposits of the middle to outer distributaries to provide impedance differentiation.
Distributaries may be present, even if not imaged, but it does not follow that one can assume their presence. For example, Lobe X of Prather et al. (2012a), Jobe et al. (2014), and Jobe et al. (2017) is located approximately 60 km to the northwest of LE1 and buried to a similar depth. Likewise, seismic data from Lobe X (60 Hz, 12.5 m × 18.75 m bin spacing) is very similar in resolution to LE1 data (Figures 2, 3; Table 1). Multiple cores from Lobe X confirm that it is very sand-rich. However, in contrast to LE1, Lobe X displays neither levees nor distributaries. In that respect, it is similar to LE2.
Lobate deposits dominated by debrites, as in LE3 (Figure 8), have been imaged with sidescan data and confirmed with core from the Mississippi (Twichell et al., 1992; Twichell et al., 2009) and Nile (Ducassou et al., 2009; Migeon et al., 2010) submarine fans. However, given the very different tools with which these lobate bodies have been imaged versus LE3, the architecture is hard to compare. Nevertheless, these examples suggest that debrite dominated lobate deposits may be widespread.
Outcrop Analogs
We do not confidently recognize any outcrop analogs for any of the three examples of lobate deposits described here, although some partial analogs are suggested. It is challenging to reconcile architectural features illustrated in 3D reflection seismic data, even relatively high resolution data, with observations from outcrops because of poor resolution of seismic data relative to outcrop exposures and limited 3D exposure of even the best outcrops. Yet outcrop exposures are the principal way by which facies relationships within submarine lobate deposits are observed and documented.
An outcrop dominated by debrites, such as LE3 (Figures 8, 10), may not be recognized as a lobate deposit. Likewise, channels are so numerous in LE1 that, in outcrop, it might not be recognized as a lobate deposit. An extensively channelized distributary system has been recognized in outcrop in the Brushy Canyon Formation in the form of multiple erosional channels that diverge at an acute angle (Carr and Gardner, 2000; Gardner et al., 2003). Erosional distributary channels have been interpreted from 2D exposures of the Kaza Formation of the Windermere Group (Terlaky et al., 2016). However, channel density in the Kaza Formation apparently is inadequate to match that of LE1. In the Ross Formation of Ireland, feeder channels and incisional transient fan channels have been recognized and mapped, but not distributaries within lobes (Elliott, 2000; MacDonald et al., 2011; Pyles et al., 2014; Pierce et al., 2018).
Likewise, in the Skoorsteenberg Formation of South Africa, probably the most extensively exposed lobate succession in the world, a distributary system is not recognized, at least not as conventional erosional channels (Hodgetts et al., 2004; Hodgson et al., 2006). The multiple feeder channels of the Ongeluks River outcrop of the Skoorsteenberg Formation might be considered proximal distributaries although they are absent in the rest of the outcrop belt (Johnson et al., 2001; Hodgetts et al., 2004; Hodgson et al., 2006). Instead, what are seen repeatedly within lobate deposits of the Skoorsteenberg Formation are scours and zones of bed amalgamation (Johnson et al., 2001; Hodgetts et al., 2004; Hodgson et al., 2006; Prélat et al., 2010; Hofstra et al., 2015). The lack of distinct channels can be compared to LE2 (Figures 6, 10), but there are few distinct features in LE2 to provide constraints.
Zones of bed amalgamation have been interpreted in the Skoorsteenberg Formation to represent the axes of distributive flows (depositional channels of Johnson et al., 2001). It is logical that zones of amalgamation represent locations of focused flow, and it is possible that these zones are present in a distributary pattern. Unfortunately, extensive work on these outcrops has not confirmed any particular pattern in map view (Hodgetts et al., 2004; Hodgson et al., 2006; Prélat et al., 2009). Also, it seems unlikely that the slight difference in the amount of mud within the preserved interbedded mud laminations of non-amalgamated areas versus zones of amalgamation would provide sufficient acoustic contrast to produce a channel image with distinct channel margins as displayed in reflection seismic images of LE1 (Figure 2).
Scours and zones of amalgamation also are common in other well exposed lobate deposits (e.g., Carr and Gardner, 2000; Elliott, 2000; Gardner et al., 2003; Remacha et al., 2005; MacDonald et al., 2011; Van der Merwe et al., 2014). In these systems, scours, or megaflutes, are interpreted to be local features rather than through going distributary channels (Elliott, 2000; Hodgson et al., 2006; MacDonald et al., 2011; Hofstra et al., 2016), although scours and scour trains (cyclic steps) have been proposed as possible channel precursors (Fildani et al., 2006; Maier et al., 2011; Armitage et al., 2012; Fildani et al., 2013; Maier et al., 2013; Covault et al., 2014; Covault et al., 2017).
Despite these challenges in determining the presence, absence, and distribution of distributaries in outcrop exposures, published illustrations of proposed models of unconfined units in outcrop routinely illustrate a few distributaries in the proximal lobe and none in the middle and distal lobe (e.g., Hirayama and Nakajima, 1977; Eschard et al., 2004; Hodgson, 2009; Prélat et al., 2010; Bernhardt et al., 2011; MacDonald et al., 2011; Brunt et al., 2013; Etienne et al., 2013; So et al., 2013; Grundvåg et al., 2014; Van der Merwe et al., 2014; Masalimova et al., 2016; Terlaky et al., 2016; Kane et al., 2017).
Classification
Normark (1970), Mutti and Ghibaudo (1972), and Normark (1978) loosely defined a lobe as part of a submarine fan consisting of a lobate sand-rich deposit at the distal end of a feeder channel and containing a distributary channel system in its proximal part. However, lobate depositional bodies can be present at multiple scales with a variety of architectures and permeability structures. For flexibility, it seems advisable to use a broader definition of the term lobe and differentiate diverse architectures with a standardized set of descriptors such as “pervasively channelized lobe” or “unchannelized lobe.” This approach is flexible and can be adapted as new architectures are recognized. We are fully aware that the term “lobe” has been used to label a specific level within a hierarchy of lobate architectures (Prélat et al., 2009; Groenenberg et al., 2010; Mulder and Etienne, 2010; Prélat and Hodgson, 2013) defined by an empirical range of two-dimensional external dimensions (Prélat et al., 2009). We note that using a general and common morphological term such as lobe to describe one particular scale within a hierarchy of lobate bodies can cause confusion.
Hierarchy
The outcrop belt of lobate deposits that is most intensely studied and extensively exposed is the Skoorsteenberg Formation in the Tanqua Karoo Basin, South Africa (e.g., Johnson et al., 2001; Hodgson et al., 2006; Prélat et al., 2009; Groenenberg et al., 2010; Prélat and Hodgson, 2013). These deposits have been interpreted to display a hierarchy of tabular, lobate sandstone bodies that systematically increase in thickness and lateral extent with increasing rank. Furthermore, each higher rank within the sandstone hierarchy is separated by a siltstone unit that correspondingly also increases in thickness (Prélat et al., 2009), which is the fine-grained fringe of a body at the same hierarchical level (Prélat and Hodgson, 2013). This scheme has been adopted by other researchers for other lobate deposits (e.g., Mulder and Etienne, 2010; Grundvåg et al., 2014; Pierce et al., 2018).
Each unit within a hierarchical level is separated from the others by avulsion. A plan view map imaged by three-dimensional reflection seismic data is helpful for recognizing avulsions. However, it is difficult to assign a specific hierarchical term as defined by Prélat et al. (2009) based on reflection seismic data alone (i.e., without bed scale lithologic data) and thus it is not directly transferrable to the lobate units described here. Therefore, we choose to use the descriptive term “lobate” to refer to these seismically imaged examples.
LE1 Hierarchy
LE1 is a unit within a larger fan deposit (Prélat et al., 2010), suggesting that a hierarchical structure might be present. However, within LE 1 (Figure 1), many avulsions are imaged at many scales implying a large and unwieldy number of subordinate levels of hierarchy within the deposit. A distributary at one scale is a feeder channel at a finer scale and all lobate units, regardless of scale, are pervasively channelized. At multiple scales, each distributary channel avulses and feeds an additional cluster of distributary channels. Perhaps each channel cluster is analogous to a lobe in this case, or, an unchannelized and unresolved lobe is present at the distal end of each small distributary of each ultimate channel cluster. The latter option implies a very large number of strongly overlapping, unresolved, small lobes.
Perhaps, rather than a hierarchical architecture, LE1 has a fractal structure. Straub and Pyles (2012) provided a mechanism for testing hierarchical versus fractal structure with a modified compensational index. Unfortunately, this requires measurement of the thickness of all units at all scales and the vertical resolution of seismic profiles (Figure 2) of LE1 is inadequate for this purpose.
LE2 Hierarchy
LE2 is a solitary deposit, not a component of a larger submarine fan. Due to the absence of distributary channels and avulsions, the conventional basis for recognizing smaller hierarchical units within LE2 is lacking (Figure 5). Alternatively, because sediments enter LE2 from two entry points, the deposits derived from each entry point might form subunits within LE2. This setting is more likely to cause such subunits if the entry points were active at different times rather than simultaneously. Unfortunately, seismic resolution is inadequate to test this model. Interestingly, thin (meter scale) laterally offset lobate units within a potentially analogous deposit (Lobe X of Prather et al., 2012a; Jobe et al., 2017) have been confirmed with multiple cores. However, again, comparable lobate units, if present in LE2, are too thin to image with our available data.
LE3 Hierarchy
LE3 is a unit within a larger fan deposit (Saller et al., 2008), suggesting that a hierarchical structure might be present. The only recognized avulsion node of LE3 is located at the mouth of the feeder channel (Figure 7). The distributaries that diverge from that avulsion node might provide a basis for defining a hierarchy within LE3 if a separate lens of sediment is associated with each distributary. Unfortunately, no lense-shaped deposits are recognized unambiguously in cross-section within LE3 (Figure 8) perhaps due to limited vertical resolution. Consequently, the presence of an internal hierarchy within Lobate Example 3 remains speculative.
CONCLUSION

1) Three lobate examples (LE) presented here illustrate some diversity of lobate architectures and provide additional models to guide interpretation (Figures 10, 11).
2) Although speculative, we suggest a conceptual model for the morphology of lobate deposits and their associated channels as products of specific processes and mud concentration (Figures 10–12).
3) LE1: Relatively mud-rich turbidity currents produce levee-confined feeder channels, levee-confined proximal distributaries, and multiple secondary and tertiary distributaries with many branching points (Figure 11A).
4) LE2: Mud-poor turbulent flows, likely sourced from littoral drift, are prone to collapse and result in a lobate deposit with scour features but no distributaries comparable to LE1 (Figure 11B).
5) LE3: Debris (viscous) flow dominated lobate features display straight, erosional feeder channels, a small number of straight distributary channels emanating from the mouth of the feeder channel, and minimal branching points (LE3, Figure 11C).
6) These lobate examples illustrate the important role of source material, basin margin physiography, and seabed topography in contolling the architecture of lobate features, and that these are important considerations in source-to-sink studies.
7) Outcrop analogs for the three lobate deposits described here are not obvious. For example, it is unclear if zones of amalgamation, which are common in outcrops of lobate deposits, will look like conventional channels or distributaries in horizon-referenced displays from 3D reflection seismic data or if they will be imaged at all.
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