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Shelf-edge deltas: stratigraphic complexity and relationship to deep-

water deposition 

 

Joshua Francis Dixon, PhD 

The University of Texas at Austin, 2013 

 

Supervisor:  Ronald J. Steel 

 

This research investigates the character and significance of shelf-edge deltas 

within the sedimentary source-to-sink system, and how variability at the shelf edge leads 

to different styles of deep-water deposition. Because the shelf-edge represents one of the 

key entry points for terrigenous sediment to be delivered into the deep water, 

understanding of the sedimentary processes in operation at these locations, and the 

character of sediment transported through these deltas is critical to understanding of 

deep-water sedimentary systems.  The research was carried out using three datasets: an 

outcrop dataset of 6000 m of measured sections from the Permian-Triassic Karoo Basin, 

South Africa, a 3D seismic data volume from the Eocene Northern Santos Basin, offshore 

Brazil and a dataset of 29 previously published descriptions of shelf-edge deltas from a 

variety of locations and data types.  

The data presented highlight the importance of sediment instability in the 

progradation of basin margins, and deep-water transport of sediment. The strata of the 

Karoo Basin shelf margin represent river-dominated delta deposits that become more 

deformed as the shelf-edge position is approached. At the shelf edge, basinward dipping, 
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offlapping packages of soft-sediment-deformed and undeformed strata record repetitive 

collapse and re-establishment of shelf-edge mouth bar packages. The offlapping strata of 

the Karoo outcrops record progradation of the shelf margin through accretion of the 

shelf-edge delta, for over 1 km before subsequent transgression. The Eocene Northern 

Santos Basin shelf margin, in contrast, exhibits instability features which remove 

kilometers-wide wedges of the outer shelf that are transported to the basin floor to be 

deposited as mass-transport packages. In this example, shelf-edge progradation is 

achieved through „stable‟ accretion of mixed turbidites and contourites.  

The data also emphasize the importance of the role of shelf-edge delta processes 

in the delivery of sediment to the basin floor. A global dataset of 29 examples of shelf-

edge systems strongly indicates that  river domination of the shelf-edge system (as read 

from cores, well logs or isopach maps) serves as a more reliable predictor of deep-water 

sediment delivery and deposition than relative sea level fall as traditionally read in shelf-

edge trajectories or sequence boundaries. 
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Chapter 1: Introduction 

PROBLEM AND SIGNIFICANCE 

This research explores the role of shelf-edge deltas in source-to-sink systems in 

terms of their response to relative sea-level variation and delta process regime. Analyses 

of source-to-sink systems attempt to link the depositional and erosional systems of all 

parts of the geomorphologic profile from sediment source (eroding hinterland 

topography) to sediment sink (marine and non-marine basins). The shelf-edge, and shelf-

edge deltas in particular, are of great importance in source-to-sink systems as they mark a 

critical threshold between different zones on this profile that is important for two 

fundamental reasons: firstly, in a geomorphological sense, the shelf edge marks a 

boundary between the low gradient topset of a basin margin clinoform (the shelf), and the 

increased basin-ward dipping gradients of the slope, secondly, as deltas approach the 

shelf edge, the width of the shallow water shelf approaches zero such that the shelf-edge 

delta marks the boundary between fluvial and shallow marine processes, and the 

sediment-gravity flow-dominated processes of the deep-water slope and basin floor. The 

consequences of these changes in depositional conditions are explored in this work. 

The investigation of the role of shelf-edge depositional systems in this source-to-

sink context has received relatively little attention despite its importance in predictive 

stratigraphy. Previous work investigating predictive dynamic stratigraphy has focused 

attention onto base-level fluctuations and sediment supply, but this has come at the 

expense of a detailed understanding of the role of sedimentary processes at the 
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depositional system scale, and their associated deposits. Although thorough investigation 

has been carried out at a depositional-system scale at the shelf edge, the slope or basin-

floor, most of such research isolates the local system of interest, and pays less attention to 

linked up- and down-dip equivalent strata. 

The Permo-Triassic strata of the Tanqua Karoo Basin, South Africa, provide an 

excellent opportunity to address these problems. The southwest Tanqua Karoo region 

contains exposures of stacked packages of shelf, shelf-edge, slope and basin-floor strata 

that can be correlated over an area in excess of 100 km
2
. Because of the limited 

vegetation and soil cover, a series of mountain ridges and valleys permit an extensive 3 

dimensional dataset that can be interpreted at both the depositional-element, and basin-

margin-clinoform scale. The large extent and 3D continuity of the outcrops make it 

possible to examine the link between depositional features at different reaches of the 

clinoform, and how these systems change along strike. The quality of exposure also 

makes it possible to correlate multiple time-equivalent depositional packages between the 

shelf and basin floor such that investigation can be made into how this part of the source-

to-sink system evolved through time.  

An additional dataset from the Eocene Santos Basin, Offshore Brazil presents the 

opportunity to analyze shelf to basin-floor depositional systems in continuous 3D seismic 

data coverage. Although this seismic dataset has no associated well log, core or outcrop 

calibration, the greater extent and complete 3D continuity makes it possible to map 

complex depositional features both along strike and down dip. The industry-grade dataset 



3 

 

covers approximately 500 km
2
 including time equivalent shelf, slope and an intra-slope 

mini-basin that acts as a sediment sink for the strata deposited during the Neogene.  

OBJECTIVES 

The objectives of this research are: 

1. To determine the architecture of basin-margin clinoforms between the shelf and 

basin floor in the Tanqua Karoo Basin through field mapping and an analysis of 

the distribution of depositional systems. 

2. To characterize the depositional style, process dominance and level of instability 

of the Permo-Triassic shelf-edge deltas of the Tanqua Karoo Basin. 

3. To determine the link (if any) between differing styles of strike-equivalent shelf-

edge deltas and their associated depositional systems on the adjacent slope and 

basin floor in both the Tanqua Karoo, and Neogene Santos Basin, Brazil.  

4. To compare and contrast the Tanqua Karoo and Neogene Santos Basin strata with 

a global dataset of published data from other shelf margins to address the role of 

shelf-edge delta processes in basinward transport of sediment.  

5. To use seismic data from the Santos Basin, and outcrop data from the Karoo 

Basin to determine the depositional system and depositional element scale 

increments by which shelf-margin clinoforms are constructed.  

METHODOLOGY 

The bulk of the work presented in this dissertation is based upon field data 

collected from the Karoo Basin of South Africa. The field data collection happened in 
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two stages: firstly, outcrop maps of distinct stratigraphic units were produced through 

analysis of remotely sensed data and conventional field mapping. These data were 

interpreted in ESRI®‟s ArcMap™ software, such that through integration of field-

collected dimensional data and regional elevation models, isopach (stratigraphic 

thickness) maps could be produced, and these could subsequently be interpreted to 

discern regional stratigraphic architecture. Secondly, lithologic data were collected 

through the measuring of outcrop stratigraphic sections to gain insight into facies 

variability and depositional-system-scale stratigraphic architecture.  

For the work presented in the Neogene Santos Basin, seismic data were 

interpreted using conventional seismic stratigraphic methods, and Shell Oil Company‟s 

proprietary 3D seismic interpretation software, „123DI‟. To interpret complex 3 

dimensional depositional features, a variety of seismic-attribute analyses were employed, 

as described in Chapter 4. 

OVERVIEW OF CHAPTERS 

Chapter 2: Shelf to slope sediment partitioning on basin-margin scale clinoforms, 

Karoo Basin, South Africa 

Chapter 2 presents the analysis and interpretation of field data collected from the 

Tanqua Karoo Basin, South Africa, and is modified from a previously published 

manuscript (Dixon, Steel and Olariu, 2012a). The analysis presented in this chapter, and 

the associated published work benefited from the collaboration of Ronald Steel and 

Cornel Olariu who assisted with initial field-data collection, and provided constructive 
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comments on the written component of the work. All analysis and writing were 

completed by the present author. Two cycles of deposition of the Permo-Triassic 

southwestern margin of the Karoo Basin are characterized by differing styles of shelf-

edge deltaic deposition; the first section accumulated from river-dominated conditions, 

whereas the second was highly wave influenced. As well as documentation of the shelf to 

slope stratigraphic architecture and delta stratigraphic style, this chapter also addresses 

the coeval and linked depositional systems on the slope, to address the role of shelf-edge 

deltaic processes in transporting material into deeper water. Finally, the data presented is 

used to produce a revised stratigraphic model for the southwestern Karoo Basin, one 

which significantly changes the previously accepted model for clinoform height, linkage 

of facies and distribution of the sediment budget between the shelf-edge and basin floor.  

Chapter 3: A model for cutting and healing of deltaic mouth bars at the shelf edge: a 

mechanism for basin-margin accretion. 

This chapter uses the same dataset as used in Chapter 2 to investigate the role of 

shelf-edge deltas in the construction of basin margin clinoforms, and the ways by which 

shelf-edge deltas contribute to the accretion of basin-margin sediment wedges. A 

repetitive series of events by which the Tanqua Karoo margin prograded basinwards is 

documented, and is modified from a previously published manuscript (Dixon et al, 2013). 

The analysis presented in this chapter, and the associated published work benefited from 

the collaboration of Ronald Steel who provided constructive comments on the written 

component of the work and Cornel Olariu who assisted with initial field-data collection. 

All analysis and writing were completed by the present author. This series of events 



6 

 

involves (1) delta lobe progradation, (2) collapse and slumping of the segment of the 

delta sited at the shelf edge, and (3) subsequent reestablishment of deltaic mouth bars 

above the failure surface and ultimately, repetition of the sequence as many as four times. 

This collapsing and healing model is then contrasted with other documented examples of 

shelf-edge failure to highlight the unique character of the Karoo margin‟s progradation 

through punctuated delta collapse and reestablishment. 

Chapter 4: Contrasting Shelf-edge Depositional Styles in the Neogene Santos Basin, 

Offshore Brazil. 

Chapter 4 presents data provided by Shell Oil Company, and WesternGeco that 

was originally worked as part of an internship at Shell in 2010. This data from the 

northern Santos Basin, offshore Brazil reveals the stratigraphic architecture and basin-

margin evolution of a 400 km
2
 area. The data are used to investigate the relationship 

between stable shelf-edge progradation and catastrophic collapse of the shelf-margin, and 

how these two processes relate to the quantity of, and timing of deep-water deposition of 

sediment. The large aerial extent of the Santos Basin dataset presents the opportunity to 

analyze basin-margin development at a scale not possible in the outcrop data presented in 

Chapters 1 and 2. It is shown that the greatest volume of sediment is delivered to the deep 

water during conditions conventionally defined as lowstand, and this sediment delivery 

was related to catastrophic shelf-margin collapse, and not shelf-attached turbidity current 

systems. 
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Chapter 5: Shelf-edge Delta Process Regime as a Predictor of Deep-water Sand 

The fifth chapter uses a dataset of 29 previously published examples of linked 

shelf-edge delta and deep-water strata to address the nature of this linkage between 

differing styles of shelf-edge deposition and the presence or absence of deep-water sand 

deposits. This chapter is modified from a previously published manuscript (Dixon, Steel 

and Olariu, 2012b). The original publication benefited from the assistance of Ronald 

Steel and Cornel Olariu in compiling the dataset that was subsequently analyzed by the 

present author. The data were compiled only from examples that featured description and 

interpretation of shelf, slope and basin-floor strata of genetically related (time equivalent) 

deposits. The new insight of this chapter is that it demonstrates that predictive 

stratigraphy should incorporate an analysis of outer shelf and shelf-edge  processes, in 

addition to the geomorphic, base-level and sediment supply concepts that are central to 

traditional sequence stratigraphy (Posamentier et al. 1988; Steel et al. 2002). The utility 

of this approach is that it is possible to predict the presence/absence of basin-floor 

deposits when using only limited data from the outermost shelf. 
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Chapter 2: Shelf to slope sediment partitioning on basin-margin scale 

clinoforms, Karoo Basin, South Africa  

Abstract 

Shelf-edge deltas record the potential magnitude of sediment delivery from 

shallow water shelf into deep water slope and basin floor and, if un-incised, represent the 

main increment of shelf-margin growth into the basin, for that period. The three-

dimensional complexity of shelf-edge delta systems and along-strike variability at the 

shelf edge in particular, remains understudied. The Permian–Triassic Kookfontein 

Formation of the Tanqua Karoo Basin, South Africa, offers extensive three-dimensional 

exposure (>100 km
2
) and therefore a unique opportunity to evaluate shelf-edge strata 

from an outcrop perspective. Analysis of stratal geometry and facies distribution from 88 

measured and correlated stratigraphic sections show the following: (i) In outer-shelf 

areas, coarsening-upward cycles are characterized by undeformed, river-dominated, 

storm-wave influenced delta mouth-bar sandstones interbedded with packages showing 

evidence of syn-depositional deformation. The amount and intensity of soft-sediment 

deformation increases significantly towards the shelf edge where slump units and debris 

flows sourced from collapsed mouth-bar packages transport material down slope. (ii) On 

the upper slope, mouth-bar and delta-front sandstones pinch out within 2 km of the shelf 

break and most slump and debris flow units pinch out within 4 km of the shelf break. (iii) 

Further down the slope, coarsening-upward cycles consist of finer-grained turbidites, 
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characterized by interbedded, thin, tabular siltstones and sandstones. The results highlight 

that river-dominated, shelf-edge deltas transport large volumes of sand to the upper slope, 

even when major shelf-edge incisions are absent. In this case, transport to the upper slope 

through slumping, debris flows and un-channellized low density turbidites is distributed 

evenly along strike. 

INTRODUCTION 

Shelf-edge depositional environments have received much attention in recent 

years because of their role as the staging area for delivery of sediment to deeper-water 

environments and because of a focus of hydrocarbon exploration in shelf-edge settings 

(Meckel, 2003). The gross-external architecture of shelf-edge stratigraphic units are well 

imaged in seismic reflection data, however, detailed sedimentary facies models are based 

on a handful of outcrop and sub-surface examples. The shelf-edge break is defined 

geometrically as the first major basinward increase in the shelf gradient (Southard and 

Stanley, 1976; Olariu and Steel, 2009) and it represents the boundary between the 

shallow-water continental shelf and the deep-water provinces of the continental slope and 

basin floor. This is a critical sedimentological boundary as it separates a province 

dominated by wave, current and tide depositional processes on the shelf from those 

dominated by mass-gravitational transport on the slope and basin floor (Southard and 

Stanley, 1976). Sedimentation of terrigenous clastics at the shelf edge is believed to be 

the primary mechanism for non-carbonate continental-margin accretion and the means by 

which terrestrially derived sediment can be transported to deep water (Morton and Suter, 

1996; Johannessen and Steel, 2005). The sedimentary processes operating at the shelf 
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edge are therefore pivotal in governing the distribution of material in deeper water 

environments and for understanding how basin margins build basinward. Recognition of 

the shelf-edge position and an understanding of the processes operating in this zone are 

useful in predictions of the by-pass volume and the efficiency of the by-pass mechanisms 

for transport into the deep water environments.  

Numerous studies of shelf-edge successions using shallow seismic data have led 

to an improved understanding of their gross (100s to 1000s meters) 3-D geometries (e.g., 

Suter and Berryhill, 1985; Sydow and Roberts, 1994; Kolla et al., 2000; Hiscott, 2001; 

Pinous et al., 2001; Krassay and Totterdell, 2003; Houseknecht et al., 2009; Ryan et al., 

2009). Understanding of the linkage of depositional elements is, however, dependent on 

lithologic data from outcrop belts that are either elongate in the depositional dip direction, 

such as at the Eocene margin of Spitsbergen, Norway (Mellere et al., 2002; Deibert et al., 

2003; Johannessen and Steel, 2005; Uroza and Steel, 2008) and the Cretaceous of 

Southern Chile (Covault et al., 2009; Hubbard et al., 2010), or that have discontinuous 

outcrops (the Cretaceous Fox Hills margin of Wyoming, USA (Carvajal and Steel, 2006), 

the Ainsa Basin, Spain (Dreyer et al., 1999; Callot et al., 2008)). Although such datasets 

provide insight into local facies relationships and dip-parallel facies variability, they 

provide little to discern the 3-D facies variability of shelf-edge systems. This study 

presents data from an outcropping shelf-edge dataset with good 3-D exposure, the 

Permian-Triassic Kookfontein Formation of the Tanqua Karoo Basin, South Africa (Wild 

et al. 2009; Oliveira et al. 2011). These data will be used to first identify the shelf edge 

position geometrically and only then to describe the depositional and soft-sediment-
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deformational facies relative to this position. This chapter highlights an example of shelf-

edge strata where both the clinoform geometry and sedimentary facies are readily 

identified and therefore provides a non-inferred spatial linkage between the two.  

Unlike previously studied outcrop examples that are mostly 2-D, depositional-dip-

oriented datasets (Eocene of Spitsbergen, Johannessen and Steel, (2005); Cretaceous of 

southern Chile, Romans et al., (2009)) the extensive outcrops of the Kookfontein Fm. 

exhibit various orientations to provide 3-D constraints of outer-shelf, shelf-edge and 

slope strata. This presents a unique opportunity to compare the sedimentary facies in both 

depositional strike and dip-oriented sections to generate a high-resolution sub-regional 

architectural and depositional model. The exposures from outer shelf to upper slope make 

it possible to analyze the variability of shelf-edge deltas in response to supply variability 

and to the gradient increase from outer shelf to shelf-edge environments. Characterization 

of undeformed (depositional) and soft-deformational facies at the shelf edge is 

highlighted here, in order to provide the basis for interpretation of the linkage between 

depositional processes at the outer shelf, the shelf edge and upper slope. These models of 

stratigraphic and depositional models may ultimately be used to enhance stratigraphic 

modeling in data-poor settings. 
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Figure 2.1: Regional map of southwestern South Africa with field area highlighted. The Measured sections included in 

Figures 2.6, 2.7 and 2.18 and the mountains of Pienarsfontein Se Berge (PF), Vaalberg (VL) and Meideberge 

(MD) are labeled. Regional map elevation data were obtained from http://srtm.csi.cgiar.org (Jarvis et al., 2008) 

and local map elevation data are from ASTER GDEM, a product of METI and NASA. 
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Geological Setting 

The study interval is within the 250 m thick Kookfontein Fm. of the southwest 

Karoo Basin (Figure 2.1). The Kookfontein Fm. is in the middle part of the 1400 m thick 

Ecca Group that overlies the basin-floor mudstones of the Tierberg Formation and the 

fine-grained-sandstone basin-floor fans of the Skoorsteenberg Formation (Wild et al., 

2005) (Figure 2.2). During deposition of the Ecca Group, sediment was transported from 

what is now the south west, toward the north east. The basin-floor fan sandstones have 

been the focus of most previous work in the southwestern Karoo Basin and the four 

basin-floor fans of the Skoorsteenberg Fm. are regarded as type examples of fine-grained 

deep-marine fans (Wickens, 1994; Johnson et al., 2001; van der Werff and Johnson, 

2003; Hodgson et al., 2006; Luthi et al., 2006). The fans are interpreted to have been 

deposited down dip of an incised and degradational shelf margin with fan stacking 

patterns and paleocurrent data suggesting a single point source (Hodgson et al., 2006). 

The implication is that the Skoorsteenberg margin was erosional rather than depositional 

(Ryan et al., 2009; Prélat et al. 2009), without significant deepwater slope growth, and 

that the fans were directly fed by a shelf-edge-bypassing canyon system (Hodgson et al., 

2006; Wild et al., 2009). The late-Permian age erosional shelf margin that was interpreted 

to have been coeval with the basin-floor fans is not present in outcrop.  
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Figure 2.2: Simplified stratigraphic column for the southwest Karoo Basin highlighting 

the studied section in the lower Kookfontein Fm. (modified from Fildani et 

al. 2007).  

Study Area and Dataset 

The study area is 200 km northeast of Cape Town in the southwest Tanqua Karoo 

Basin (Figure 2.1). Previous work by Wild et al. (2009) recognized multiple shelf-slope 

clinoforms in this area with characteristically low (0.5°) slope gradients and low total 

heights (<0.2 km). The strata addressed in this study correspond to the outer shelf, shelf 

edge and slope of coarsening-upward cycles (defined below) „Cycle 2‟ and „Cycle 3‟ of 

Wild et al. (2009). This work will build upon the previous work in the area by 1) adding 

greater detail to the description of shelf-edge facies variability, 2) addressing the dip and 
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strike variability of these cycles and 3) description of channelized slope sediment 

transport systems and interpretations of their implications for basin-floor stratigraphy. 

Data were collected in a field area of approximately 100 km
2
 encompassing the 

mountains of Pienaarsfontein, Vaalberg and Meideberge (Figure 2.1). Detailed 

stratigraphic data were collected at 88 measured section locations with spacing ranging 

from 50 m and 3 km between the outer shelf and upper slope areas of the clinoforms 

(Figure 2.3; Appendix A).  
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Figure 2.3: Location of all measured sections with detailed maps of areas of high 

spacing density. Maps of horizons produced using field-based GPS mapping 

and satellite imagery interpretation are featured; red line represents Cycle 

2A and blue line represents Cycle 3B. All map elevation data are from 

ASTER GDEM, a product of METI and NASA. 
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Each photograph-supplemented measured section included documentation of grain size, 

depositional and deformational sedimentary structures, paleontology and ichnology 

descriptions as well as paleo-flow indicators (Appendix A). The total data volume 

collected amounts to > 5000 m of cm-scale stratigraphic section. Excellent exposure in 

the southwestern Karoo permits regional correlation of flooding surfaces (defined below) 

and local correlation of some bedding surfaces between measured sections. In this area, 

flooding surfaces are expressed as surfaces separating underlying thick-bedded 

sandstones with ripple and planar laminated structures from overlying thin-bedded 

sandstone and siltstone. These surfaces can be correlated by walking out outcrops, the use 

of photomosaics, aerial photography and satellite imagery as well as digital elevation 

data, as described in the subsequent section. Through regional mapping of flooding 

surfaces of four stratigraphic cycles were mapped over a total distance of 308.1 km 

(Cycles 2A, 3A and 3B were mapped over 165.5km, 47.7 km and 94.9 km respectively. 

The aerial extent of Cycle 2B was not mapped due to poor outcrop Figure 2.3). Regional 

maps of the deposit thickness between flooding surfaces were produced. A regional 

flooding surface at the top of the studied succession was used as a datum based on the 

interpretation that it was deposited entirely on the shelf, and therefore had a very low 

depositional gradient. 
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SHELF-EDGE STRATIGRAPHY 

Mapping of Stratigraphic Horizons 

As mentioned above, mapping of correlatable horizons throughout the region 

forms the basis of determining the time equivalence of different outcrops separated by 

great horizontal distances, as well as mapping the 3-D geometry of regionally extensive 

flooding surfaces. Local correlation of horizons and stratigraphic mapping could be 

achieved through conventional „walking out‟ of horizons, with the coordinates and 

approximate elevation of track points recorded at 10 m increments using single receiver 

GPS systems. In areas where land access was not available, these mapped horizons were 

visually correlated to the next accessible area, and cross referenced against satellite aerial 

photography (Figure 2.4). 

The field-acquired data were supplemented by remotely sensed data including 

publically available satellite imagery, initially interpreted in Google Earth™, with 

regionally mapped tracks that were then exported for interpretation in ESRI™ 

ArcMAP™ software (Figure 2.3). To supplement the satellite imagery data, analysis was 

also made of digital elevation model (DEM) data made publically available by NASA. 

The elevation data were collected by the Advanced Spaceborne Thermal Emmission and 

Reflection Radiometer (ASTER), and are presented as raster images with each pixel 

representing a 30 x 30 m quadrant of the earth surface with a single average elevation 

value (Figure 2.4).  

The horizon lines mapped in the x-y plane were then converted to point data such 

that the elevation of the DEM could be extracted to each point using the ArcToolbox™ 
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extract values to point tool, such that each point ultimately possessed latitude, longitude 

and elevation attributes. These data could then be converted into regionally continuous 

surfaces using the ArcToolbox™ natural neighbor interpolation tool. This method was 

chosen as the natural neighbor tool honors all data points without creating artificial peaks 

or troughs between points. The resultant output raster maps could then be analyzed using 

the raster calculator tool that simply subtracts the elevation of one mapped surface from 

another to produce thickness maps, from which the stratigraphic architecture of each 

horizon could be interpreted, as described in the following section.  
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Figure 2.4: Examples of data used to correlate stratigraphy and to produce outcrop and 

isopach maps: A) aerial photography of area highlighted in Figure 2.4B, B) 

DEM data at 30 m resolution. DEM data are from ASTER GDEM, a 

product of METI and NASA. 

Shelf-Edge Clinoforms  

Herein, the stratigraphic architecture and sedimentary facies distributions of the 

outer shelf, shelf edge and slope reaches of four shelf-slope clinoforms will be described. 

The terms „shelf‟ and „slope‟ refer to the topset and foreset segments of any large-scale 



21 

 

(>150 m high, see Steel and Olsen, 2002) basin-margin clinoform (Swift and Thorne, 

1991). Using this definition, the terms „shelf‟ and „slope‟ can be used for any deep water 

clinoform, and the use of these terms is not restricted to passive continental margin scale 

clinoforms which often have heights of an order of magnitude greater than those in 

foreland basins such as the Eocene Central Basin of Spitsbergen, Laramide Waskakie 

Basin of Wyoming and the Karoo Basin of South Africa. The issue of scale is also 

important here in making the distinction between any shelf-margin clinoform and the 

order of magnitude smaller (in height) deltaic clinoforms found within their topset strata 

(Figure 2.5).  

 

 

Figure 2.5: Distinction between shelf-delta clinoforms and shelf-margin clinoforms in 

terms of height and gradient. 
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Figure 2.6: Measured sections of western Pienaarsfontein with comparisons of unit 

boundary placement of this work and that of previous work (Wild, 2005; 

Figure 2.4.5). In both examples, there is less than 300 m lateral separation 

between the measured sections of this work and those of Wild (2005) (see 

Figure 2.1 for location). Note that in the interpretations of this work, 

coarsening-upward cycles „split‟ from left (landward) to right (basinward) 



23 

 

Clinoforms of the lower Kookfontein Formation 

The studied stratigraphic succession is divided into four coarsening-upward 

cycles, each showing a coarsening-upward profile capped by a surface above which 

deposits are finer grained (Figure 2.6). These upper bounding surfaces are interpreted as 

flooding surfaces and were correlated and mapped throughout the field area. These units 

and associated flooding surfaces are named here Cycle 2A, Cycle 2B, Cycle 3A and 

Cycle 3B (Figure 2.7). These strata were first described by Wild et al., (2009); we use the 

same terminology to subdivide the strata (Cycle 1; Cycle 2), however, the units are 

further divided into sub units (Cycle 2A; Cycle 2B) as the coarsening-upward cycles and 

associated sand bodies „split‟ basinwards (Figure 2.7), in a manner not noted by Wild et 

al., 2009. As such, the unit boundaries described here are slightly different to those 

presented in Wild et al., (2009) (Figure 2.6). 
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Figure 2.7: Type section through shelf-margin clinoforms of the lower Kookfontein Fm.. Dotted lines represent coarsening-

upward cycle bounding flooding surfaces for each coarsening-upward cycle (2A, 2B, 3A and 3B). Facies 

associations are shaded. Note that coarsening-upward cycles „split‟ in a basinward direction. See Figure 2.1 for 

location. 
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Figure 2.8: Isopach map of the interval between the flooding surfaces of Cycle 3B and 

Cycle 2A highlighting the geometry of flooding surface 2A relative to a 

flattened datum (3B). The outer-shelf, shelf‐edge and upper-slope zones are 

highlighted. The mapped area is limited to sections in which both Cycles 2A 

and 3B were encountered. Line of section of Figure 2.7 is indicated by solid 

line. Yellow circles denote sections included in this cross section. 
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The flooding surface of Cycle 3B and the overlying mudstone caps a unit that has 

only shallow-water shelf deposits in the study area, and is therefore considered 

appropriate as a near-horizontal datum. Flattened to the flooding surface capping Cycle 

3B, each of the underlying flooding surfaces has a clinoformal geometry with a relatively 

flat-lying topset in the west and dipping foreset in the east separated by a gradient break. 

These zones correspond to the outer shelf, shelf edge and upper slope of northeast 

dipping clinoforms mapped in previous larger-scale work by Wild et al. (2009) (Figure 

2.8 and Figure 2.9). The coarsening-upward cycles of these clinoforms typically attain 

their maximum thickness basinward of the shelf break of the underlying clinoform 

(Figure 2.7). As illustrated in Figure 2.7, the shelf edge trajectory (defined by the locus of 

successive shelf-edge positions) rises gradually toward the north east. The gradient of the 

clinoforms increases from near zero on the outer shelf to c. 0.5° on the upper slope (Wild 

et al., 2009). The heights of these clinoforms is to the order of 200 m (Wild et al. 2009), 

i.e., an order of magnitude less than those of modern passive continental margin 

clinoforms and some foreland basins (Houseknecht et al., 2009; Hubbard et al., 2010), 

but are similar to those found in other foreland basins including the Central Basin of 

Spitsbergen (Mellere et al., 2002), Ainsa Basin, Spain (Dreyer et al., 1999) amongst 

others.  
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Figure 2.9: Isopach map of the interval between flooding surfaces 3B and 3A 

highlighting the geometry of the flooding surface 3A relative to a flattened 

datum (3B). The outer-shelf, shelf‐edge and upper-slope zones are 

highlighted. The mapped area is limited to sections in which both Cycles 3A 

and 3B were encountered. The boundaries between the outer-shelf, 

shelf‐edge and upper-slope zones of Cycle 2A are denoted in green, 

highlighting the progradation of the system to the north east. Notice that 

shelf-edge progradation is greater in the south of the area. 



28 

 

The area of interest for this study, the shelf edge, is highlighted in Figure 2.8 and 

Figure 2.9 with a northwest-southeast orientation for both units. Following the 

identification of the shelf edge from its stratigraphic geometry in 3 dimensions, its 

internal architecture can now be described and interpreted.  

Facies and Facies Associations 

The sedimentary facies described here were classified following the approach of 

Collinson (1969), with Facies 1-12 being defined by variation in grain size and sorting, 

ichnological features, sedimentary structures and the degree of internal reorganization of 

the deposit (Table 2.1). 

The sedimentary facies are further classified by inclusion into one of four 

sedimentary facies associations (A1, A2, A3 and A4) as described in this section and in 

Table 2.2. Each of the facies associations is made up of a definitive set of lithofacies, 

described and interpreted in detail in Table 2.1. Each lithofacies encountered in outcrop 

may be made up of several smaller beds and bed sets with various sedimentary structures 

which are interpreted to have genetically related formative processes. These lithofacies 

were then grouped into a series of facies associations on the premise that several closely 

spaced lithofacies with similar sedimentary features and depositional processes are 

genetically related and have paleoenvironmental significance (Collinson, 1969). It is 

these facies associations that are the basic building blocks of all sedimentary units within 

the study area. These facies associations are highlighted in Figure 2.7. See Table 2.1 for 

complete description and interpretation of all facies. 
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Table 2.1: Lithofacies descriptions and interpretations. Abbreviations: M=mudstone, Si=siltstone, S=sandstone, l=lower, 

m=middle, u=upper, F=fine, VF=very fine.  

Litho-

facies 

Basic 

Description 

Lithology and 

Bedding Style 

Trace fossils and 

other features 

Bounding 

surfaces 

Thickness  Sedimentary Structures Depositional Process 

1 Laminated 

mudstone 

Structureless  to 

crudely 

laminated M-

uSi with rare, 

isolated, 

laterally 

continuous ash 

beds. 

Vertical burrows <5 

mm deep and very 

fine-grained organic 

fragments.  

Gradational to 

sharp bases, 

gradational to 

sharp eroded tops. 

Total thickness 

of Facies 1 

packages in 

outcrop; <0.01 

m-4 m. 

Individual 

laminae are <3 

mm. 

Planar laminated with isolated 

ash beds.  

Offshore low density turbidites 

and minor hemi-pelagic 

sedimentation outboard or along 

strike from main clastic sediment 

fairways (Wild et al. 2009).  

2 Thin bedded 

sandstone 

and 

mudstone 

Interbedded M-

Si and rippled 

lVFS-uVFS in 

laterally 

continuous beds 

of locally, 

uniform 

thickness. 

Vertical burrows <10 

mm deep, well 

developed sinuous 

surface trails and 

abundant organic 

fragments up to 50 mm 

in size. 

Gradational base 

from underlying 

Facies 1, 

sandstone 

interbeds have 

sharp basal and 

upper surfaces. 

Sandstone and 

siltstone beds are  

<0.01 m-0.2 m 

with rare 

sandstone beds 

up to 1.2 m in 

thickness. Total 

thickness of 

Facies 2 

packages in 

outcrop; <0.2 m-

>35 m. 

Low-angle-climbing and non-

climbing asymmetric ripples 

(single sets – stacked sets of >5). 

Stacked ripples are amalgamated 

in places (upper ripple incising 

crest of underlying ripple) and 

stacked with no truncation in 

other areas. Amalgamation is 

common in western outcrops, 

non-erosional stacking is 

prevalent in the east. Thicker 

sandstone beds commonly 

Recurrent sediment gravity flows, 

possibly hyperpycnal-flow 

derived in areas in which periods 

between turbidity currents are 

characterized by hemipelagic 

sedimentation (see text for full 

discussion of interpretation). 
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contain planar lamination at base 

and basal flute and gutter casts. 

Few examples exhibit wave 

reworking of bed tops. 

3 Laminated 

and rippled 

sandstone 

Bedded VFS-

FS. 

Sinuous surface trails 

and abundant organic 

fragments. 

Sharp lower 

bounding surfaces, 

often truncating 

several cm of 

underlying strata. 

Upper surfaces are 

sharp to 

transitional into 

Facies 2. 

All beds are less 

than 1 m in 

thickness and 

typically greater 

than 5 cm. 

Interbedded planar-laminated 

and cm-scale cross laminated 

(rippled) sandstone. In most 

cases, ripple lamination is more 

common in the upper parts, 

overlying basal planar 

lamination. 

Waning sediment gravity flows 

depositing tabular turbidites in 

non-channelized settings. 

4 Tabular 

chaotic 

deformed 

sandstone 

 

Structureless 

Si-lVFS.  

Abundant organic and 

wood fragments up to 

30 mm. 

Transitional bases 

(from Facies 6, 7 

and 8) or sharp 

(erosional). Upper 

surfaces are sharp 

and often rippled. 

Individual beds 

are 0.5 m-2 m 

with rare beds up 

to 7 m in 

thickness. 

None, characteristically 

homogenous. Organic fragments 

up to 3 cm are common. 

 

Deposited by debris flows in 

which shear stress was distributed 

evenly throughout the deposit 

(Stow, 1994; Oliveira et al. 2011).  

5 Chaotic 

disorganized 

sandstone 

Tightly folded 

sandstone with 

little to no 

mudstone and 

siltstone. Grain 

size varies 

between lVFS 

Deformed beds contain 

rare surface trails and 

rare wood fragments.  

Sharp bases where 

Facies 5 overlies 

major truncation 

surfaces, and 

transitional 

overlying Facies 9 

and 11. 

Individual beds 

are between 0.3 

m and 2.5 m. 

Highly contorted beds of Facies 

9, 11 and 10. All bedding 

structures present in the Facies 5 

represent deformed examples of 

those found in 9, 11 and 10. 

Slumping of delta-front Facies of 

9, 11 and 10 with limited lateral 

movement of material. It is 

interpreted that these deposits 

underwent only limited lateral 

movement as they are often 

laterally correlatable to entirely 
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and FS. undeformed packages of Facies 9, 

11 and 10 with no dislocation 

surfaces in between.  

6 Chaotic 

disorganized 

sandstones 

and 

siltstones 

 

Large (0.2-3 

m), internally 

deformed 

lVFS-lFS 

blocks in M-Si 

matrix.  

Wood fragments (<5 

mm) are found 

throughout, several 

outcrops contain large 

(up to 1 m long) 

petrified wood 

fragments. Logs are up 

to 50 cm in diameter 

(Figure 2.11). 

Sharp, sometimes 

erosive base, sharp 

to gradational 

(into Facies 8) top. 

Individual beds 

are 0.4 m-6 m 

thick with 

packages of 

Facies 6 up to 13 

m in thickness 

Large (0.2-3 m) angular to 

rounded clasts of moderately 

deformed sands with a lFVS or 

siltstone matrix. Matrix accounts 

for 30% or less of the section 

volume such that clasts are in 

contact with one another. Clasts 

often occur as „rafts‟ of 

undeformed sandstones which 

have been rotated, broken and 

sometimes overturned. These 

rafts commonly show 

preferential fabrics, with dip to 

the east and north east.  

Slumping of delta-front beds 

(Facies 10, 9 and possibly 2). 

Large (up to 4 m) blocks or „rafts‟ 

of relatively undeformed material 

are rotated and sheared along 

discrete failure planes. The facies 

is block supported with 

deformation focused along 

discrete planes such that it is 

interpreted that movement was 

never entirely fluidized (Stow, 

1994).  

7 Folded and 

broken 

sandstones 

and 

siltstones 

Deformed uSi-

lFS beds with 

ball and pillar 

structures. 

See Facies 9 and 

Facies 10. 

Sharp base with 

dewatering 

fabrics, sharp to 

gradational (into 

Facies 4) top. 

The deformation 

characteristic of 

Facies 7 is 

restricted to 

packages 0.2 m-

2.4 m in 

thickness. 

Ball and flame structures with 

vertical siltstone-mudstone filled 

dewatering pipes. Any bedding 

is deformed (folded or broken) 

by siltstone-mudstone injectites 

equal or less than the thickness 

of the bed. 

Dewatering structures formed by 

destabilization and reorganization 

of the sediment column upon 

disturbance. Given the lack of 

lateral (down slope) movement of 

material, it is interpreted that this 

Facies indicates a flat to very low 

gradient basal surface. 
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8 Moderately 

deformed 

heterolithic 

sandstones 

Irregular uSi-

lFS clasts 

suspended in Si 

matrix. 

Trace fossils not 

recognized. Abundant 

wood fragments  (<2 

cm) distributed 

throughout. 

Sharp (sometimes 

unconformable 

base or gradational 

from Facies 6. 

Sharp or 

gradational (into 

Facies 3) top. 

Individual beds 

are 0.6 m-2.5 m 

in thickness. 

Ball and pillar structures and sub 

rounded, sub spherical clasts of 

highly deformed (folded) 

sandstones suspended in a lVFs 

or siltstone matrix. Sandstone 

clasts make up 50% or less of 

beds and are characteristically 

suspended (surrounded entirely 

by matrix with no clast-clast 

contact). 

Deposition of sands over 

unlithified, fine-grained substrate. 

Higher density sands are loaded 

into underlying silts as they are 

deposited such that ripple sets are 

rotated and occur within isolated 

bodies encased in silt. 

9 Thick, 

scoured 

sandstone 

Bedded, well-

sorted lVFS-

lFS. 

Organic fragments 

found throughout, 

siltstone rip-up clasts 

present at base of few 

beds. 

Sharp or 

gradational (from 

Facies 10) base, 

sharp or 

gradational (into 

Facies 10) top. 

Packages of 

Facies 9 are 0.1 

m-4.1 m. 

Low angle planar lamination 

with internal scour and fill 

structures up to 1.5 m deep and 

10 m wide. Laterally  accreting 

bar forms present in several 

exposures. 

Rapid deposition of sand in 

channelized flows. Like Facies 

10, Facies 9 is the product of 

quasi-continuous deposition as 

indicated by the lack of fine-

grained material and sorting. 

10 Tabular, 

thick rippled 

sandstone 

Bedded, 

structureless, 

well-sorted 

lVFS-lFS.. 

Rare trace fossils; 

Diplocraterion, very 

rare Monocraterion, 

low density Pasichnia 

on few surfaces. 

Organic fragments 

Sharp, often 

erosive base, sharp 

or gradational 

(into Facies 9) top 

Individual beds 

are 0.2 m to 4 m 

thick with 

packages of 

Facies 10 up to 

8.2 m in 

Poorly exposed climbing and 

non climbing ripples with 

varying degrees of 

amalgamation. Internal scour is 

common . 

Rapid deposition of sand from 

suspension in tabular lobes distal 

or lateral to fluvial distributary 

mouths. Deposition was constant 

with little to no hiatuses. 
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found throughout, 

siltstone rip-up clasts 

present at tops of few 

beds. 

thickness 

11 Large-scale 

cross 

stratified 

sandstone 

Bedded, well 

sorted VFs-FS. 

Trace fossils very rare. 

Milimete-scale organic 

fragments are 

common. 

Sharp lower and 

upper-bounding 

surfaces. 

Beds all less than 

1 m in thickness. 

Cross stratification up to 30 cm 

in height with cross sets 

accreting in sub-basinward 

directions. Interbedded with 

small scale (<3 cm) ripple-cross 

stratification in some areas. 

Accretion of dunes in front of 

fluvial distributary mouths . 

12 Tabular 

bioturbated 

sandstones 

Bedded clean 

VFS-lFS.  

Abundant trace fossils, 

burrows including 

Diplocraterion, 

Arenicolites, various 

Pasichnia and 

unidentified vertical 

burrows <3 mm deep. 

Wood fragments are 

also abundant 

Sharp base and 

sharp top 

Individual beds 

0.2 m-1.5 m in 

thickness 

Few symmetrical ripples. Mostly 

homogenized by burrows 

Deposited in a low sediment 

supply, shallow water 

environment with wave reworking 

in an area along strike from the 

main deltaic axis. 
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Facies Association A1: Interbedded Mudstone, Siltstone and Sandstone  

Facies Association A1 is encountered in the lower parts of stratigraphic units and 

consists of parallel laminated siltstones of Facies 1 (Table 2.1) interbedded with or 

overlain by thin-bedded rippled tabular sandstones of Facies 2 (Table 2.1; Figure 2.10) 

and Facies 3. Individual very-fine grained sandstone beds and laminae of Facies 2 show 

evidence of normal, inverse and absent grading and are made up of asymmetric climbing 

and non-climbing unidirectional laminae. The unidirectional rippled sandstones have high 

organic fragment content, fragments range in size from <1 mm to tens of cm in length 

(Figure 2.10D), some of which show wood-like grain patterns similar to larger fragments 

found in Facies Association A2 (Figure 2.11). Very-fine-grained sandstone laminae and 

beds are <5 mm to 4 cm thick with rare beds up to 20 cm in thickness, laterally 

continuous for tens to hundreds of meters with bases that appear flat and show no 

evidence of onlap or other stratal terminations at outcrop scale. Ripple-laminated 

sandstone beds are sharp based and show little sandstone bed thickness variation over 

several meters vertically (Figure 2.10).  The tops of the thin sandstone beds of Facies 2 

have straight to gently sinuous crested ripples with large amounts of the surface covered 

with Pasichnia trace fossils (Figure 2.10C). Facies 3 consists of planar-laminated and 

rippled sandstone similar to the thin-bedded sandstone of Facies 2. In contrast to Facies 2, 

however, Facies 3 is defined by 20-80 cm thick beds of sandstone comprised of planar-

laminated sandstone overlain by ripple-laminated sandstone, and in some places, entirely 

structureless beds. Like the sandstone beds of Facies 2, Facies 3 beds are typically sharp 

based and occur within accumulations of Facies 1 and 2. In several areas in the northeast 
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of the field area, beds of 3 are characterized by isolated flute casts (Figure 2.12) with 

paleoflow indicators trending southwest to northeast. In several outcrops of Cycle 2A in 

the east of the field area, Facies 3 occurs in broad (>200 m) convex bodies with 

thicknesses increasing from <1 m at the flanks to 11 m in the center (Figure 2.12).  In 

most areas, Facies 2 makes up the bulk of A1 and also the most thickness (or volume) of 

many stratigraphic units, especially on the upper slope where A1 occurs in basinward-

thickening wedges (Figure 2.7). In most sections, A1 exhibits an overall upward increase 

in grain size, percentage sandstone and thickness of individual thin-bedded sandstone 

bodies. Paleocurrent indicators within A1 are typically sub parallel to the regional down-

slope directions (NNE to ENE) as indicated by the isopach maps (Figure 2.8 and Figure 

2.9). 

A1 is interpreted to be the product of intermittent low density turbidity currents 

with minor hemipelagic deposition of clay and organic matter. Unidirectional ripples (1-4 

cm thick) in very fine grained sandstone indicate a weak current (10-50 cm/s) (Harms et 

al., 1982). The climbing nature of the unidirectional ripples indicates a relative high 

depositional rate (Harms et al., 1982) and also sustained (long lived) flows (Mulder and 

Alexander, 2001). The rhythmic nature of the rippled sandstone beds and alternation with 

parallel laminated mudstone and siltstone suggest that they were produced by recurrent 

flows with similar hydrodynamic characteristics. The flows which formed the sandstone 

beds are interpreted to have been unconfined as the sandstone beds are relatively flat 

based and continuous for long (tens to hundreds of meters) distances and no onlap or 

erosional surfaces are observed. The location of these tabular deposits on the delta front 
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and prodelta basinwards of mouth-bar sandstones suggests that the flows did not travel a 

long distance down slope, did not autoignite (Kneller and Buckee, 2000) and instead, 

spread out and deposited broad sheets close to the distributary mouth bars. 

 

 

Figure 2.10: Diagnostic features of Facies 2 (see Table 2.1 for details). Interbedded 

lower‐very‐fine-grained rippled sandstones and laminated siltstone and 

mudstones with repetition of bed thicknesses (A). Stacked current ripple sets 

in an individual sharp‐based, sharp‐topped ungraded lower‐very‐fine-

grained sandstone (B). Rippled bedding surface with abundant Pasichnia 

surface movement trace fossils (C). Organic fragments (D). 
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Figure 2.11: Detailed characteristics of large (0.2-1.5 m) fragments of petrified wood (A) 

and example of elongate „log‟ in outcrop. In both examples, 0.3-0.8 cm 

thick growth rings can be observed. Both examples were encountered within 

Facies 6 of Cycle 2A. 

Two triggering mechanisms are commonly proposed for such deposits: 1) short-

lived, sediment-failure „events‟ and resultant „surge-like‟ flows (Mulder and Alexander, 

2001) and 2) density underflows emanating from river mouths (hyperpycnal flows), 

commonly occurring during conditions of river flood (Mulder and Syvitski, 1995). For 

the Facies 2 deposits described here, the hyperpycnal interpretation is preferred for the 

following reasons: 1) the abundance of organic, land-derived organic fragments within 
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the rippled sand beds (Figure 2.10D) (Plink-Björklund and Steel, 2004); 2) the variable 

normal, inverse and absent grading (Mulder and Alexander, 2001 ); 3) interpreted low 

flow velocities and 4) the occurrence of these deposits in areas both down-dip of delta-

fronts with and without evidence of delta-front collapse (Figure 2.7) (if these deposits 

were related to delta-front collapse only, they would not be expected in pro-delta areas on 

the shelf down dip of areas where delta collapse is not seen). A similar process is 

described in Prior et al., (1986) and Wright et al. (1986) in studies of the modern 

Huanghe (Yellow River) delta where hyperpycnal flows are common, travelling several 

kilometers from the river mouth to the delta toe forming characteristic thin-bedding of 

turbidites on the delta front. The deposits of Facies 3, however may be related to 

conventional failure events given their lack of variable grading, greater interpreted flow 

velocities as evidenced by a greater proportion of low-angle planar cross stratification 

and erosive bases, and irregular spacing and non uniform thickness as seen in Facies 2 

(Figure 2.10a). In other areas where 3 occurs in broad convex lenses, the truncation of the 

underlying strata, the basal flute cases and the occurrence within thick successions of 

Facies 1 and 2, Facies 3 is interpreted to represent the infilling stage of slope channels 

(Figure 2.12).  
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Figure 2.12: Slope channel fill deposits of Cycle 2A on western Vaalberg. A) panorama of north side of the channel-fill 

outcrop, B) basal contact of channel-fill sandstone and underlying pre-channel mudstone, C) detail of flute casts 

preserved on base of sandstone bed, D) paleocurrent data measured from flute casts on base of channel.  
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Facies Association A2: Chaotic Deformed Deposits 

Facies Association A2 occurs in thicknesses of up to 15 m with individual and 

stacked beds of Facies 4 and Facies 6. Bases are commonly irregular, with concave-up 

depressions up to 2 m deep in places. In all stratigraphic units, occurrences of A2 are 

characterized by an increase in the proportion of Facies 4 toward the east. Facies 6 

contains internally deformed (broken, folded, rotated) blocks with sedimentary features 

similar to those of Facies 9 and 10; these deformed inclusions however have higher fine-

grained content than those of undeformed Facies 9 and 10. Blocks within Facies 6 are, in 

places, oriented with their long axis dipping to the north east (Figure 2.13), however, 

most blocks appear to be randomly oriented.  In western sections, A2 is commonly 

interbedded with thin packages of A1 and F3. Facies association A2 occurs in concave-up 

lenses overlying A4 in several areas around the shelf edge (Figure 2.14). 

Facies association A2 is interpreted to be the product of a variety of soft-

sediment-deformational, mass-transport processes. Outer-shelf areas are prone to 

slumping (Facies 6) and areas farther basinward on the slope are subject to debris flows, 

producing debrites of Facies 4. Both the slump and debrite packages occur, in places, in 

concave-up depressions interpreted as slump scars, and in other places, both occur in 

tabular morphologies. The slump scars are at least 2 m deep as identified in scar-flank 

relief (Figure 2.14). Although some areas exhibit unconformable bases overlain by as 

much as 15 m of slump and debrite packages, such features are not interpreted as slump 

scars as the flanks of these scars are unexposed. Facies 6 is interpreted to be the product 

of slumps derived from collapsed mouth-bar sandstones of A4 because of 1) the 
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similarity between the deformed current rippled and scoured sandstones of Facies 6 and 

the undeformed sandstones of the Facies 9 and 10 mouth bars and 2) the occurrence of 

Facies 6 within slump scars that cut into mouth bar sandstone (Facies 6 and 8) at the shelf 

edge. Shelf-edge delta mouth-bar slumping has been documented in other areas including 

the Eocene Central Basin of Spitsbergen (Mellere et al. 2003), the Cretaceous Fox Hills 

Sandstone of Wyoming, USA (Pyles and Slatt, 2007) and the Pliocene Gulf of Mexico 

(Mayall et al. 1992). 

 

 

Figure 2.13: North‐easterly dipping blocks within slumped unit of Facies Association F3, 

at measured Section 28, Cycle 2A (see Figure 2.11 for section location). 

Blocks of lower-very-fine-grained mouth bar sandstones are internally 

deformed but are not entirely homogenized as in Facies 4 (Facies 2, 3, 6, 8 

and 10 are labeled). These blocks have characteristic dip toward the 

northeast (basinward) and are separated by cuspate bodies of homogenized 

lower‐very‐fine-grained sandstones and siltstones. 
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The collapse of the mouth-bar sand to form Facies 6 is interpreted to have 

occurred soon after deposition (before lithification) as the majority of sandstone clasts 

within individual slump beds are well rounded and show no evidence of brittle failure. It 

is interpreted that deformation was focused along discrete, folded planes within the mass 

that separate relatively undeformed blocks of sandstone (see also Stow, 1994). Facies 4 is 

produced by the deposition of debris flows which have travelled some distance from their 

source, however given the complete homogenization of Facies 4 it is impossible to 

determine what original depositional feature was deformed to produce these deposits.  

 

 

Figure 2.14: Slump scar with basal unconformity truncating beds of Facies 10 and Facies 

9 (lower right), infilled with chaotic, unconnected, overturned, internally 

deformed blocks of Facies 9 and Facies 10 (Facies 6). This slump scar has a 

relief of at least 2.5 m and a width of at least 80 m.  
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Figure 2.15: Diagnostic features of Facies 8. Sand ripples deposited on an unlithified 

substrate of lower density such that rippled sands are loaded and embedded 

within structureless substratum (Anketell and Dzulynski, 1968). 

Facies Association F3: Moderately Deformed Strata 

Facies Association F3 (Figures 2.15, 2.16) comprises Facies 7 and 8 and occurs in 

packages up to 5 m in thickness, in the western part of the field area. Facies 8 is 

characterized by small (<50 cm diameter) beds of internally deformed rippled sandstones, 

often with mud drapes (Figure 2.15) which are encased in homogenous siltstone or very-

fine-grained sandstone. This facies occurs in beds up to 4 m in thickness, and these are 

common in outer shelf locations of all coarsening-upward cycles. Facies 7 commonly 

overlies Facies 8 and contains concave-up packages of sandstone and siltstone. Sandstone 

laminae and beds are commonly tilted and some examples show lateral thickness 

variability (Figure 2.16).  In places, F3 is characterized by broken blocks of sandstone 

separated by vertical pillars of finer grained material to form dish and pillar structures 

(Figure 2.16). These occur at a variety of scales from <10 cm to >2 m. 
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Figure 2.16: Characteristic features of Facies 7. In both cases sand beds have been loaded 

into underlying silts such that ball and pillar structures are formed. In the 

upper example, both post-depositional and syn-depositional deformation can 

be identified (labeled). (A) Signatures of syn-depositional deformation can 

be identified at the base of the base of the hammer, here deposits are thicker 

to the left and right where loading was greater during deposition, and less in 

the center where loading was less. Post depositional deformation is 

characterized by folded beds that have constant thickness along the length of 

the outcrop.  
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F3 is interpreted to be the product of soft-sediment deformation. Unlike A2, 

deformation in F3 is interpreted to have occurred in situ as all deformation appears to 

have been accommodated by vertical displacement of beds and laminae (perpendicular to 

the seafloor) rather than lateral mass transport that is often represented by broken, 

overturned and highly contorted beds (A2). In both of the component facies, F3 shows 

evidence of penecontemporaneous deformation. In Facies 8, rippled sandstones are 

interpreted to have been deposited above an unconsolidated fine-grained layer into which 

they sank producing load structures with rotated ripple lamination and recumbent 

dewatering pipes. Deposits similar to those of Facies 8 were produced experimentally by 

Anketell and Dzulynski (1968) and defined as „detached pseudonodules‟ by Owen (1996) 

(Figure 2.15). The deformation required to form these detached pseudonodules can occur 

in a variety of ways, but most involve the differential loading of a denser material into a 

liquidized, lower density substrate (Owen, 1996). Lateral thickness variation in sandstone 

beds and laminae (Figure 2.16) is interpreted to be the product of syn-depositional 

differential loading where the thicker deposits accumulated in zones of higher local 

subsidence. In other areas where sandstone beds and laminae are simply folded without 

lateral thickness variation, the strata are interpreted to have been subject to loading 

shortly after deposition. Without lateral movement of material, it is unlikely that the 

deformation is associated with sediment collapse; instead it is proposed that the 

deformation was a product of differential compaction due to locally high sedimentation 

rates.  
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Facies Association A4: Amalgamated, Thick Sandstones 

Facies Association A4 (Figure 2.17) comprises the predominantly low-mudstone-

content, well-sorted sandstone Facies 9, 10, 11 and 12. Examples of A4 are 

characteristically sharp based and occur in thicknesses of up to 10 m exclusively at the 

tops of coarsening-upward cycles, thinning and splitting toward the northeast where they 

are interbedded with elements of A1, A2 and A3. Broad scour fills (>10 m wide; Figure 

2.17) are common in western parts of the field area and exhibit basal relief of >1 m 

truncate underlying deposits of Facies 9 or Facies 10. These scour fills comprise low 

angle-cross laminated very fine-grained to fine-grained sandstones (Facies 9 and 11) with 

little to no siltstone or mudstone content and many examples are loaded at the base 

(Figure 2.17). From west to east, scours reduce in abundance and packages of Facies 9 

pinch out, passing laterally into the stacked rippled tabular sandstones of Facies 10. 

Facies 10 is made up of stacked climbing and non-climbing current ripple sets with little 

to no siltstone or mudstone content. In contrast to Facies 9, Facies 10 shows less 

indication of internal erosion and ripple sets are tabular. All examples of A4 pinch out 

within 2 km of their associated shelf break (Figure 2.7). 
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Figure 2.17: Broad scour infilled by laterally accreting bar forms. Facies 9, Cycle 2A. 

Heavy red line denotes the scour base that truncates the strata to the right. 

This is infilled by bar forms, highlighted, that dip to the left (southeast). 

Packages of A4 are interpreted to have been deposited basinward of distributary 

channel mouths in a subaqueous environment. Low mudstone content and lack of 

abandonment surfaces suggest that A4 was an environment of sustained flows with 

deposition for prolonged periods. The transition between the erosional scours of Facies 9 

and 11 and the stacked, tabular ripple sets of Facies 10 reflects the transition between the 

channelized terminal distributary channel (Olariu and Bhattacharya, 2006) and frontal 

splay sub environments of the distal subaqueous delta. The terminal distributary channels 

are assumed to be significantly shallower than their associated main fluvial „trunk‟ 

channels which do not crop out. Although hummocky-cross stratification and double-

mud-draped ripples (indicators of wave and tide influence respectively) do exist (Wild et 

al. 2009), they are isolated and rare leading to the interpretation of A4 as a subaqueous, 

river-dominated mouth-bar system. 



 

48 

 

DISCUSSION 

Facies Transitions from the Outer Shelf to the Slope 

Following the geometric identification of clinoform profiles from mapping of key 

flooding surfaces, the facies of the deltaic deposits and their variability in response to the 

increase in basal gradient from outer shelf to shelf edge can be discussed.  Although each 

stratigraphic unit shows differences in thickness, and abundance of specific facies, 

similarities between all four coarsening-upward cycles (2A, 2B, 3A, 3B) permits the 

facies and facies association transitions relative to the shelf edge to be discussed together. 

Dip-parallel facies variation 

  The bulk of the outer-shelf sections are made up of sandstones and siltstones with 

loading and dewatering in-situ deformation structures (Facies 3) interbedded with thin, 

frontal splay deposits (A4) (Figures 2.7 and 2.16). These overlie siltstone and thin-

bedded sandstone packages of A1 and thin basal debrites of A2, and are overlain by the 

tabular, undeformed rippled sandstones and low-angle cross-laminated deposits of 

fluvially dominated distributary-mouth deposits (A4).  As the shelf-edge position is 

approached, the in-situ deformation facies (Facies 3) becomes less abundant and there is 

a transition into the thicker, more abundant slump and debris flow packages of A2 

(Figure 2.7). Oliveira et al. (2011) note a similar distinction. In several locations, broad 

concave-up surfaces are cut into the shelf edge. These features, interpreted as slump 

scars, are infilled with debris flow and slump deposits (Figure 2.14). The mouth bar 

sandstones (A4) and in situ-deformation deposits (F3) pinch out entirely within 2 km 
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basinward of the shelf break such that these locations on the upper slope are defined by 

interbedded debrites and beds of A1 overlain by thick, stacked debrites and slump 

deposits (A2) (Figure 2.7). In contrast to the shelf edge location, the upper-slope debrites 

and slumps are tabular and show little evidence of significant basal erosion. These tabular 

debrites and slump deposits pinch out 5 km basinward of the shelf edge. The most distal 

sections are made up almost entirely of stacked low density turbidity current deposits of 

Facies 2 (A1), with isolated sandstone-filled channel scours, exhibiting paleocurrent 

indicators trending toward the northeast (Figure 2.12). 

Strike-parallel facies variation 

At the shelf edge, distributary mouth-bar sandstones attain their maximum 

thickness. In several locations within the shelf-edge zone, broad, concave slump scars 

truncate mouth-bar sandstones and are filled with deformational elements of A2 (Figure 

2.18). Figure 2.14 highlights such an example from Cycle 2A. The concave-up scour 

surfaces have low-angle basal surfaces, widths of over 100 m and maximum depths of at 

least 2 m and occur at multiple locations along the shelf edge (Figure 2.18). Areas 

between these bodies also feature packages of A2 and A4 but in these instances, deposits 

are conformably bedded with no major basal unconformities and individual beds can be 

physically correlated for 10s to 100s of meters where exposure is continuous.  

Although along-strike variability is recognized on a local scale (tens to hundreds 

of meters), this small-scale variation is repeated along the margin on the hundreds to 

thousands meter scale. Furthermore, no major change in coarsening-upward cycle 

thickness or deltaic process dominance (river, wave, tide) or transition into a non-deltaic 
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shoreline is observed along strike. It is noted, however, that along strike transitions 

between contrasting deltaic depositional styles are not necessarily recognizable in 3D 

outcrop datasets; in the lower Kookfontein Fm., the strike-parallel extent of observation 

is limited at 10 km, a distance less than individual delta lobe widths described in modern 

(Bhattacharya and Giosan, 2003) and ancient (Sydow and Roberts, 1994) systems. 
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Figure 2.18: Strike correlation through shelf-edge strata of Cycle 2A. Correlation is flattened to the flooding surface of Cycle 

2A. See Figure 2.1 for location. 
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Shelf-Edge Depositional Systems 

The deposits described above show a positive relationship between gradient 

increase on the outer shelf, and the increased evidence of submarine mass movements. 

The style and abundance of deformation and incisional features changes from the outer 

shelf toward the shelf edge. Figure 2.19 illustrates the interpreted depositional systems of 

the area and how those of the outer shelf can be distinguished from those of the shelf 

edge. 

The outer shelf is characterized by deltaic clinoforms with heights of 25-30 m and 

the topset strata are defined by terminal distributary mouth bar sandstones with evidence 

of sediment instability (Figures 2.16, 2.17). The common in-situ deformation structures 

of the outer shelf were the product of destabilization of material during or shortly after 

deposition in an area with low basal gradient (Figure 2.19). High rates of sedimentation 

over an unlithified substrate caused the sediments being deposited to destabilize the 

underlying bed producing distinctive loading and dewatering sedimentary structures 

(Figure 2.15 and Figure 2.16).  

Toward the shelf edge, the distributary mouth-bar sandstones increase in 

thickness. An increase in basinward-dipping gradient (Figure 2.19b) and a change in 

deformational style can be observed within the shelf-edge zone, and destabilized material 

moved down slope as slumps and debris flows, many of which were headed in slump 

scars. This zone of transition between in-situ and mass-transport styles of deformation 

matches closely the shelf-edge location (as recognized based on stratal geometry in 

regional cross sections) for all clinoforms described in this chapter. Slump deposits at the 
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shelf edge are commonly overlain by undeformed distributary-mouth-bar sandstones 

often with sharp, unconformable bases cutting several meters into the underlying strata 

(Figure 2.19c).  This relationship suggests that the slumps themselves were derived from 

distributary-mouth-bar failure. This interpretation is supported by the inclusion of rotated 

blocks of internally deformed mouth-bar sands within the slumped units. Distributary-

mouth-bar failure occurred in multiple locations along strike at the shelf edge. It is likely 

that mouth-bar failures were derived from mouth bar sands with a higher fine grained (silt 

and mud) component given the finer average grain size of the slumped deposits. The 

mouth bar packages between areas modified by slump scars show fewer signatures of 

instability and have a low proportion of fine-grained material (silt and mud). It is possible 

that the higher fine-grained component of some depositional units contributed to their 

instability: unconsolidated sediments with a high mud and silt content are subject to 

instability due to increases in pore pressure that is produced due to biogenic gas 

generation or rapid sedimentation (Orton and Reading, 1993). 

Farther basinward on the upper slope, deformed material sourced from these 

slump scars spread out to form tabular deposits conformably interbedded with tabular 

hyperpycnal-flow deposits which make up the bulk of upper slope successions (Figure 

2.19). This relationship suggests that most mass transport deposits of Facies Association 

3 are only erosionally confined within the shelf-edge zone, and that this erosional 

topography is not present <2 km basinward of the shelf break. The thin-bedded 

hyperpycnal-flow deposits make up the bulk of the lower parts of coarsening-upward 

cycles in the outer shelf as well as almost the entire coarsening-upward cycle on the 
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upper slope (Figure 2.7). As the thin deposits show little variation in style from the outer 

shelf (where they occur down-dip of areas where there is no delta-front failure) to the 

shelf edge and upper slope (where failure is commonplace), it is inferred that the deposits 

are unrelated to turbidity currents derived from sediment collapse and instead they are the 

product of quasi-steady hyperpycnal currents sourced at the distributary mouth, spreading 

out to produce tabular deposits of sand on the pro delta.  
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Figure 2.19, caption below. 
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Figure 2.19: Summary of depositional features of the shelf-edge strata of the lower 

Kookfontein Fm.. A) perspective model of depositional systems operating 

when deltas are situated on i) the shelf, ii) the outer shelf and iii) the shelf 

edge, B) schematic cross section highlighting the facies associations from 

the outer shelf to upper slope, C) strike-oriented section through the shelf-

edge zone. 
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Comparison to other shelf-edge examples 

The exposures of the Kookfontein Fm. can be distinguished from many other 

shelf-edge datasets by their lack of any major canyon/valley incision at the shelf break 

and upper slope within the study area (Figure 2.20). In examples such as the Pleistocene 

Western Gulf of Mexico (Anderson et al., 1996), Clinoform 8 of the Central Basin of 

Spitsbergen (Mellere et al., 2003) and the Paleogene Porcupine Basin, Offshore Western 

Ireland (Ryan et al., 2009), canyons or incised valleys are distinctive features of the shelf 

edge zone. These features are the primary conduits for sediment being transported from 

the shallow water shelf to deep water slope and basin floor. In such examples, shelf-edge 

incisions act as conduits for transportation of terrigenous clastics to deep water, limit the 

deposition of terrigenous sediment in inter-canyon areas and therefore exhibit only 

modest shelf-margin accretion while the canyons are active. The modest gullies at the 

shelf edge and upper slope in this example (<3 m deep) are around an order of magnitude 

smaller than those described by Mellere et al., (2003) (up to 25 m) and Anderson et al., 

(1996) (35-40 m). In these examples with deeper incised valleys at the shelf edge and 

upper slope, it was interpreted that there was direct connectivity between fluvial channels 

on the shelf and subaqueous turbidite channels on the upper slope (Anderson et al. 1996; 

Mellere et al. 2003). The scours and gullies that incised this shelf did not evolve into 

larger erosional features and it is possible to speculate that this reflects the high sediment 

yield of younger deltas healing the topography of the gullies. Without large incisions at 

the shelf edge and upper slope, the bulk of sediment deposited in these locations is 

tabular. In this respect, the strata of the lower Kookfontein Fm. are somewhat analogous 
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to those discussed by Plink-Björklund and Steel (2002) from the Eocene Central Basin of 

Spitsbergen (Figure 2.20), where the upper slope is characterized by widespread, tabular 

slope turbidite sandstones. It is likely that in the lower Kookfontein Fm. as well as in the 

clinoforms discussed in Plink-Björklund and Steel (2002), tabular sandstone deposition in 

shelf-edge attached aprons on the upper slope accounts for the majority of shelf-margin 

accretion, in agreement with Wild et al. (2009). 

 

 

Figure 2.20: Schematic comparison of stratigraphy from five shelf-edge deltaic outcrops 

worldwide. All dimensions and gradients are artificially standardized to aid 

in comparison.  Subsurface datasets from seismic studies are omitted for 

lack of lithologic and depositional facies data. 

A characteristic feature of the exposures discussed here is the widespread soft 

sediment deformation that increases towards the shelf edge (Figure 2.20). Similar 

deformed shelf-edge deltaic and associated upper slope features are described in the 
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northern Gulf of Mexico (Mayall et al. 1992), offshore of eastern Trinidad (Moscardelli 

et al. 2006), the Magallanes Basin, Chile (Romans et al. 2009). The deformation at the 

shelf edge generated debris flows that drape the upper slope, also contributing to 

progradation of the delta.  

CONCLUSIONS 

The shelf-edge strata of the lower Kookfontein Fm. provide a unique opportunity 

to both observe basin-margin-scale clinoform geometries as well as to gain insight into 

the bed-scale architecture of these strata. The exposures of the Tanqua Karoo basin are 

distinctive as they are well exposed over a broad (c.100 km
2
) area on several 

mountainsides such that stratigraphic levels can be correlated and analyzed in three 

dimensions. Stacked stratigraphic units include shelf-edge deltas which built out onto a c. 

0.5° slope, and areas of change in depositional style closely correspond to areas of 

gradient change from c. 0° on the outer shelf to c. 0.5° on the upper slope in the 

basinward dipping clinoform profile.  

On the outer-shelf area, deltas are characterized by river-dominated mouth-bar 

sandstones that contain abundant penecontemporaneous in-situ deformation structures.  

At the shelf edge, many of the deltaic mouth bars show evidence of instability. 

Undeformed tabular mouth-bar sandstone is interbedded with tabular in-situ deformed 

packages and slump beds that are made up of highly deformed, rotated mouth-bar 

sandstone blocks. In several locations, deltaic sandstones were cut by concave-up slump 

scars which became infilled with slumped deltaic sandstones. Farther basinward on the 

upper slope, the majority of undeformed mouth-bar sandstones pinch out within 2 km of 
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the shelf break. The upper-slope deposition was dominated by slumps and debris flows 

(derived from fine-grained sandstone mouth bars), which were deposited as both stacked 

tabular lobes and within shallow erosive chutes. Farther down the slope, the tabular 

slumps and debris flows pinch out and the strata are characterized by tabular, interbedded 

low-density turbidites and siltstones of A1 and debris flows (F3). Without major canyon 

incision at the shelf edge and upper slope, deposition of terrigenous clastics at these 

positions is tabular, and formed widespread upper-slope sandy aprons. The deposition of 

large amounts of tabular turbidite sandstones and siltstones, debris flows and slumps on 

the upper slope is, in this area, the primary means for shelf-margin accretion.   

The style of depositional and soft-sediment-deformational facies documented in this 

article are closely related to the local gradient of the shelf-slope clinoform and, as such, 

may be used as criteria for the recognition of shelf-edge position in other outcrop and 

core datasets. Documentation of the complex interrelationships between undeformed and 

deformed strata may assist in improving architectural and fluid flow models in the 

context of hydrocarbon exploration and production. 

The sedimentary facies and stratigraphic relationships indicate that the shelf-edge 

zone, where gradient begins to increase from the outer shelf onto the upper slope, is a site 

of significant sediment instability. This relationship between the increase in gradient at 

the shelf edge and the increase in deformation is noteworthy as the shelf-slope transition 

in the southwest Tanqua Karoo basin was defined by a gradient increase of <1°, less than 

many other modern (Olariu and Steel, 2009) and ancient shelf-slope gradient transitions 

(Carvajal et al., 2009). 
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Chapter 3: A model for cutting and healing of deltaic mouth bars at the 

shelf edge: a mechanism for basin-margin accretion 

ABSTRACT 

The architecture and facies variability of shelf-edge deltaic deposits from 

Permian-Triassic strata of the Karoo Basin, South Africa, are described. The architecture 

of the deposits is used to propose a model of repetitive collapse and re-establishment of 

mouth-bar packages at the shelf edge, and associated delivery of sand to the slope and 

basin floor. Accretion of basin-margin sediment wedges is facilitated through deposition 

of sediment on the basin-margin clinoform. This sediment is delivered by deltas at the 

shelf edge in the form of turbidity currents, delta collapse, and other gravity-driven 

processes.  

 A well exposed 3-km-long transect that records the transition between the outer 

shelf and upper slope for one progradational unit is described. The strata are defined by 

basinward-dipping, offlapping clinoform packages of soft-sediment-deformed and 

undeformed sandstone and mudstone. Undeformed sandstone units are characterized by 

meter-thick beds of mouth-bar sandstones with internal scour incisions, 1-2 m deep. Sets 

of undeformed sandstone beds thicken in a basinward direction from less than 1 m to 

over 10 m, and in multiple locations the bed sets are truncated by slump-scar surfaces that 

are overlain by mass-transport deposits. Soft-sediment-deformed strata are defined by 

packages of contorted, broken, and overturned beds. The deformed deposits are 
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interpreted as being the product of dewatering features, as well as slumps, slides, and 

debrites, all of which emanate from slump-scar features at the shelf edge. On the 

uppermost slope, thin-bedded prodelta turbidites are interbedded with mass transport 

deposits, most of which pinch out within 2 km of the shelf edge. 

The clinoformal packages presented record the basinward transition between: a) 

prograding mouth-bar deposits on the delta topset, b) truncation of the mouth-bar 

deposits by slump-scar incisions, 2-6 m deep, c) deposition of mass-transport deposits on 

the delta front and prodelta, and finally, d) re-establishment of mouth-bar deposition 

above and basinward of the slump-scar and mass-transport deposits. The observed 

stratigraphic stacking patterns, facies transitions, and interpreted depositional systems 

form the basis of a model for cutting and healing of deltaic packages that describes the 

repetitive deltaic progradation, delta collapse, and subsequent re-establishment of deltaic 

deposition. This process of repetitive collapse and reestablishment records the 

depositional-element-scale progradation of the shelf edge and accretion of the basin 

margin within the same depositional sequence. 

INTRODUCTION 

Progradation of the entire basin-margin clinoform is the primary way in which 

many basins become infilled (Steel and Olsen 2002, Johannessen and Steel 2005). 

Because basin-margin clinoforms host a variety of depositional features between the 

shallow-water topset and deep-water bottomset, this progradation involves clinoform 

construction through a variety of sedimentary processes.  
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River deltas, and particularly those situated near the shelf edge (shelf-edge 

deltas), play a central role in shoreline and shelf-margin progradation, and in several 

cases it is possible to link basin-floor deposits to deltas at the shelf edge (Dixon et al. 

2012b, see Chapter 5). With sufficient sediment supply, river deltas may prograde across 

the continental shelf to the shelf edge, where they form shelf-edge deltas that deliver 

terrigeneous sediment to the deep-water slope and basin floor through an array of 

sediment-transport styles. The importance of sediment supply in the cross-shelf 

progradation of deltas was first emphasized by Burgess and Hovius (1998) and Muto and 

Steel (2002), and its importance for shelf-margin growth at times other than sea-level 

lowstand was underlined by Carvajal et al. (2009). In modern high-sediment-supply 

river-delta settings, it has been shown that clear salients of the shelf edge occur 

immediately in front of the river mouth, whereas adjacent areas have narrower shelves 

associated with the lesser sediment supply (Olariu and Steel 2009). Relative to adjacent 

low-supply areas, an increased ratio of slope gradient to shelf gradient is commonly 

generated in front of major river mouths (Olariu and Steel 2009) by the decrease of the 

shelf gradients by multiple transgression-regression (T-R) cycles of the delta deposits 

contributing to accretion of the shelf edge (Porebski and Steel 2006). Similarly, shelf-

edge progradation (or shelf-margin accretion) is the product of the contribution of 

multiple T-R cycles combined with multiple shifting delta lobes over an extended period. 

The shelf edge progrades on a much smoother “front” than shorelines (Galloway 2001; 

Carvajal and Steel 2006) which can be highly irregular as they prograde tens of 

kilometers through a single lobe (Fisk et al. 1954; Frazier 1968; Olariu et al. 2012).  
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Deposition and Basin-Margin Clinoforms 

Often, sediment bypass across one reach of the clinoform, involving non 

deposition or erosion, leads to increased deposition and accretion at a different reach of 

the clinoform. For example, incision at the shelf edge contributes to the bypass of this 

location, and net-bypass slope channels deliver sediment to the base of slope and basin 

floor (Mellere et al. 2003, Petter and Steel 2006) where sediment is deposited as basin-

floor fans (Figure 3.1A; Steel and Olsen 2002). In contrast, on unincised shelf margins, 

the lack of shelf-edge canyons or channels means that deltaic lobes or sand sheets may 

drape the upper slope, with minimal sediment volume reaching the deep-water lower 

slope and basin floor (Figure 3.1B; Plink-Björklund and Steel 2005; Carvajal and Steel 

2009; Chapter 2). 
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Figure 3.1:  Contrasting styles of deposition of shelf-margin clinoforms. A) basin-

margin with falling shelf-edge trajectory, topset erosion, channel incision, 

and bypass of sand to the basin floor, B) non-erosional, flat shelf-edge 

trajectory basin margin with accretion of shelf-edge delta packages and 

modest deposition on the basin floor, and C) rising shelf-edge trajectory 

with shelf-edge accretion and no basin-floor deposition.  

Although deltaic systems may be the most significant contributors of material to 

basin-margin accretion, other process that deliver material to the slope and basin floor 

have been documented in both modern and ancient systems. Locations at which ocean 

currents or longshore-drift currents are strong often have a large proportion of shoreline-

parallel sediment transport on the shelf before moving into deep water (Flemming 1981). 
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Shoreline-parallel sediment transport occurs on the shelf where sediment is deflected 

from the river mouth, particularly in wave-dominated coastlines, to form arcuate sand 

bodies which thin in a direction away from the river mouth (Galloway 1975). Farther 

from the coastline, and often in deeper water, contourite drifts are deposited from fine-

sediment-laden currents driven by oceanic circulation systems, and can deposit hundreds 

of meters of thickness of sediment on the slope and basin floor (Faugères et al. 1999, van 

Rooij et al. 2003). Similarly, local bathymetry may play a role in conjunction with 

shoreline circulation to deliver sediment beyond the shelf edge in the absence of shelf-

edge deltas: in the case of carbonate reefs on the shelf (Boyd et al. 2008), or in the case 

where slope canyons incise the shelf, shoreline-parallel sediment laden currents may be 

intercepted by canyons and diverted to the deep water (Covault and Graham 2010). 

Incremental Growth of the Shelf Margin: Aims of This Chapter 

Although basin-margin progradation, and thus shelf-edge accretion, has been 

investigated at a large (spatial and temporal) scale, through the analysis of the stacking 

patterns of depositional sequences (Posamentier and Vail 1988) and shelf-edge 

trajectories (Steel and Olsen 2002), these models do not shed much light on the 

incremental depositional-element-scale progradation of the basin margin. There are a few 

cases where detail of deposition at the shelf edge has been recorded. For example, 

repeated channeling into previous sandy shelf-edge deltas produced thick, laminated 

hyperpycnal flows in the channels that led down into turbidite-filled canyons (Mellere et 

al. 2003). In other un-incised cases, mouth-bar prisms that drape the upper slope reaches 
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of the clinoform with greatly varying geometry, up to 20 m thick, were built by 

alternating mildly deformed strata (1-2 m beds) and undeformed laminated mouth-bar 

sands (Plink-Björklund and Steel, 2005). 

This article describes a high-resolution dataset of outcropping shelf-edge deltas 

that record a repetitive set of processes by which the delta contributes to shoreline 

progradation and shelf-margin accretion. In the Permo-Triassic shelf-edge strata from the 

Tanqua Karoo Basin of South Africa, sediment instability (mass-transport) features play 

an important role in shelf-edge accretion. The outcrops described here allow the 

description and interpretation of systematic delta progradation, delta instability and 

collapse, subsequent re-establishment of the delta system before further collapse, and 

repetition of this cycle, and how these processes contribute to shelf-margin accretion and 

basin infill. 

GEOLOGICAL SETTING AND DATASET 

The study area is situated in the southwestern Tanqua Karoo Basin of South 

Africa (Figure 3.2), a sub-basin of the in the southwestern Main Karoo Basin of Southern 

Africa. The Main Karoo Basin was an active location of deposition from the 

Pennsylvanian until the Jurassic, with sediment in the southwestern part of the basin 

being delivered from what is now a south-to-north direction (Catuneanu et al. 2005). The 

record of the tectonic development of the Karoo basin is incomplete, due in part to the 

removal of the late Paleozoic strata to the south of the basin during regional extension 

associated with Atlantic rifting (Flint et al. 2011). Traditionally, the Karoo Basin has 
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been interpreted as being deposited in a retroarc foreland basin associated with 

subduction of the paleo-Pacific plate beneath Gondwana, in a subduction zone to the 

southwest of the modern basin location (Veevers et al. 1994; Catuneanu et al. 2005). This 

interpretation suggests the presence of a magmatic arc and fold-thrust belt, likely serving 

as the sediment source to the Karoo basin, located to the south of the modern basin 

location. More recent analyses of regional seismic refraction data, however, suggest that 

subsidence of the Karoo Basin was controlled by an interplay between mantle flow 

coupled to adjacent subduction (Pysklywec and Mitrovica 1999) and foundering 

basement blocks (Tankard et al. 2009). Although the provenance of the Permian-Triassic 

sediment analyzed in this work remains unclear, it is unlikely that it was derived from the 

adjacent Cape Fold Belt (Figure 3.1), in that it is interpreted that this fold belt did not 

become active until the Triassic (Fildani et al. 2009; Tankard et al. 2009) 

Previous work in the Permo-Triassic Ecca group identified a suite of north-

dipping basin-margin-scale clinoforms defined by shelf-edge deltas and a diversity of 

slope strata within the Kookfontein Fm. and basin-floor fans of the underlying 

Skoorsteenberg Formation (Hodgson et al. 2006; Wild et al. 2009; Dixon et al. 2012a; 

Chapter 2) (Figure 3.3). The clinoformal surfaces represent correlatable marine flooding 

surfaces, and they define the upper surface of coarsening-upward cycles (Figure 3.4; see 

also Chapter 2). This chapter describes strata from the shelf-edge zone of Cycle 2A 

defined in Chapter 2, on the north side of the mountain Pienaarsfontein. Because the data 

presented in this chapter are taken from a single 2.5 km dip-parallel transect, the detail 

presented here is greater than that of the 100 km
2 
dataset of Chapter 2. 
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Figure 3.2:  A) Location of study area in southwestern South Africa; B) the central 

Tanqua Basin with mountains Skoorsteenberg (SK), Vaalberg (VL), 

Pienaarsfontein (PN), and Roosterberg (RS); and C) the western 

Pienaarsfontein region with highlighted locations of measured sections 1-15. 

Regional map elevation data were obtained from http://srtm.csi.cgiar.org 

(Jarvis et al. 2008), and local map elevation data are from ASTER GDEM, a 

product of METI and NASA. Note that the measured section numbers differ 

from those in Figure 2.3. Section numbering was modified to simply 

presentation in this chapter.  
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Figure 3.3:  Simplified stratigraphic section through the Ecca Group of the Tanqua 

Karoo Basin (modified from Fildani et al. 2007). 

METHODOLOGY 

The data presented here are from the lower Kookfontein Fm. around the shelf-

edge zone of Cycle 2A, described in Chapter 2 (Figures 3.2, 3.3). The shelf edge is 

described as a zone rather than a definitive point inasmuch as it is argued that: 1) the 

increase in seafloor gradient from shelf to slope occurs over a broad area, and not a 

definite point (2-D) or a line (3-D), and 2) a prograding shelf edge comprises shelf-edge 

deltas deposited at multiple times, progressively younger in a basinward direction. A 
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series of outcrops on the northwestern face of the mountain of Pienaarsfontein were 

analyzed through the measurement of 15 stratigraphic sections (Figure 3.4) which were 

georeferenced using single-receiver GPS systems and photomosaics. The analysis 

presented herein focuses on a 2.5 km shelf-edge to uppermost-slope transect through 

Cycle 2A (Figure 3.5). This section was chosen because the excellent outcrop on the 

north face of Pienaarsfontein presents the opportunity to physically correlate through 

“walking out” and tracing surfaces on photo mosaics. Along the 2.5 km transect, the 

upper bounding surface could be correlated between all measured sections, and in most 

cases individual beds could be correlated between sections, particularly in the upper part 

of the cycle, where the quality of exposure is greatest.  
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Figure 3.4:  Type section through shelf-edge strata of Cycle 2A with facies associations 

and interpreted depositional settings highlighted. This section represents the 

location of gradient increase from west to east (location 10 in Figure 3.2). 

Note that this is the same location as “measured section 3” in Chapter 2 and 

Dixon et al. (2012a). 
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SEDIMENTOLOGY  

The shelf edge, defined as the maximum slope change seen from the increase in 

basinward-dipping gradients, was found in the study area on the north side of the 

mountain of Pienaarsfontein, and is described in previous regional work (Wild et al. 

2009; Chapter 2 of this dissertation). With 280 m of measured section in 15 locations, the 

work presented here reveals a higher resolution of local facies variability with more 

detailed interpretations than described previously in Chapter 2, and Dixon et al. (2012a). 

The morphology of the upper bounding surface of a cycle, in this case a flooding surface, 

can be determined by measuring from the upper bounding flooding surface of the interval 

of interest (Cycle 2A), to the flooding surface of the overlying cycle (in this case, Cycle 

2B). In this location, the Cycle 2B flooding surface is interpreted to have been deposited 

on the shelf, a surface of very low gradient, used here to represent a horizontal datum. 

Any increase in thickness between the two surfaces is interpreted to reflect an increase in 

gradient of the Cycle 2A flooding surface relative to the Cycle 2B surface (Figure 3.5; 

Chapter 2).  In the west, between sections 1 and 11 (Figure 3.5), basinward-dipping 

gradients of the Cycle 2A flooding surface are interpreted to be less than 0.05°, reflecting 

a basinward increase in thickness between the Cycle 2A and 2B flooding surfaces of 4 m 

over 1.5 km laterally. In the east, between the locations of sections 11 and 15 (Figure 

3.5), basinward dipping gradients increase to approximately 0.5°, consistent with the 

average regional slope angle interpreted by Wild et al. (2009).  
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Figure 3.5:  Correlated stratigraphic section through the stratigraphy of northwestern Pienaarsfontein. The basinward-dipping 

gradient of the upper-bounding surface is interpreted from the thickness between this surface and the upper-

bounding surface of the overlying cycle. See text and Chapter 2 for full discussion.  



 

 75 

Facies Associations 

The sedimentary facies and facies associations described here were classified 

based on the approach of Collinson (1969), with Facies 1-12 being defined by distinct 

characteristics of grain size, sedimentary structures, and ichnological variability. These 

facies were further categorized into four facies associations on the premise that closely 

spaced facies with similar features and interpreted depositional processes are genetically 

related and have paleoenvironmental significance. The 12 facies, and four facies 

associations, described and interpreted in Table 3.1 and 3.2, respectively, provide a 

framework for the recognition of depositional elements. Here, facies-association 

designations are similar to those in Chapter 2, although with additional data, additional 

facies are described and the detail in facies-association description is expanded.  

Facies Association 1 (A1): Thin-Bedded Siltstone and Sandstone 

Description 

 Facies Association 1 (A1) is characterized by laminated mudstone and siltstone 

(Facies 1) and centimeter-scale interbeds of laminated siltstone and cross-bedded very 

fine-grained sandstone of relatively uniform thickness (Facies 2). Individual sandstone 

beds of Facies 2 are < 4 cm thick, defined by sharp bases, and are laterally continuous for 

tens to hundreds of meters (Figure 3.6). Beds of Facies 2 are defined by interbedded 

planar and centimeter-scale cross stratification with millimeter-scale organic fragments. 

Interbedded with Facies 2 are thicker (5-80 cm) beds of sandstone (Facies 3) with sharp 
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bases, normal grading from fine- to very fine-grained sandstone defined by planar-

laminated strata overlain by centimeter-scale cross-stratified sandstone (Figure 3.6C). 

Facies Association 1 makes up most of the bases of the coarsening-upward cycles, and 

occurs as basinward-thickening wedges interbedded with other facies associations in the 

upper parts of coarsening-upward cycles (Figure 3.5). 
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Figure 3.6:  Characteristic features of Facies Association 1: A) laminated siltstone of 

Facies 1 with a sharp upper contact with interbedded sandstone and siltstone 

of Facies 2, B) detail of thin-bedded sandstone turbidite beds of Facies 2, C) 

8-cm-thick turbidite bed (Facies 3) with an erosional base; lower planar-

laminated sandstone is separated from overlying climbing-rippled sandstone 

by a low-angle truncation surface denoted by heavy black line. 
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Table 3.1: Lithofacies of the shelf-edge zone. 

Class Name Lithology Sedimentary Features Depositional Process 

1 Laminated siltstone 

and mudstone 

Siltstone and mudstone Laminated mudstone with < 1 cm 

ungraded volcanic ash beds. 

Hemipelagic deposition. 

2 Interbedded, thin-

bedded sandstone and 

siltstone 

Very-fine-grained 

sandstone and siltstone 

Laterally continuous beds (< 20 cm thick) 

with planar and ripple-scale cross-

laminated sandstone interbedded with 

laminated siltstone. 

Non channelized delta-

front turbidites.  

3 Laminated and 

Rippled Sandstone 

Very-fine- to fine-

grained sandstone 

Planar-laminated sandstone with overlying 

climbing ripple-scale cross-stratified 

sandstone. 

High-density turbidites. 

4 Massive Chaotic  

sandstone and 

siltstone 

Sandstone and 

siltstone 

No depositional sedimentary structures. 

Wood fragments < 10 cm are common. 

Debris flow sourced 

from destabilized 

mudstone and siltstone. 

5 Highly reorganized 

sandstone 

Very-fine- to fine-

grained sandstone 

Overturned bedding, shear planes, broken 

stratigraphy. 

Slumping of mouth-bar 

sandstone. 

6 Highly reorganized 

mudstone and 

sandstone 

Mudstone to fine-

grained sandstone 

Overturned bedding, shear planes, broken 

stratigraphy. 

Slumping of heterolithic 

strata. 

7 Broken, non-

overturned sandstone 

Mudstone to very-fine-

grained sandstone 

Gently folded and broken sandstone 

interbedded with mudstone. Folded 

sandstone includes ball-and-pillow 

structures and vertical dewatering pipes.  

Dewatering of fluid-

laden mud and 

associated in-situ 

deformation of 

overlying, unlithified 

sand. 

8 Deformed rippled 

heterolithic sandstone 

Mudstone to very-fine-

grained sandstone 

Internally deformed clasts of ripple-scale 

cross-stratified heterolithic sandstone 

supported in mudstone. All clasts < 20 cm 

in diameter. 

Deposition of sand over 

unlithified substrate. 

Higher-density sand is 

loaded into fine-grained 

material. 

9 Laminated sandstone Very-fine- to fine-

grained sandstone 

Low-angle laminated sandstone with 

internal scours up to 1.5 m deep and 10 m 

wide. 

Rapid deposition of 

sand in sub-channelized 

conditions within, or in 

front of fluvial 

distributary mouths. 

10 Rippled sandstone Very-fine- to fine-

grained sandstone  

Amalgamated climbing and non-climbing 

ripple-scale stratification with wood 

fragments and low-relief (< 100 cm) 

scours. 

Rapid deposition of 

sand in front of fluvial 

distributary mouths. 

11 Dune stratified 

sandstone 

Very-fine- to fine-

grained sandstone 

Cross stratification up to 30 cm in height 

with cross sets accreting in sub-basinward 

directions. Interbedded with small-scale (< 

3 cm) ripple-scale cross stratification in 

some areas. 

Accretion of dunes in 

front of fluvial 

distributary mouths. 

12 Laminated sand with 

mud clasts 

Very-fine- to fine-

grained sandstone with 

mudstone clasts 

Massive sandstone with rounded 5-30 mm 

diameter clasts of mudstone and wood 

fragments.  

Lag deposit deposited 

during transgression. 

     

     

 

Interpretation 

Facies Association 1 is interpreted to be the product of deposition from delta-front 

and prodelta turbidity currents interbedded with hemipelagic deposits (Figure 3.6; Tables 
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3.1 and 3.2). Unidirectional ripple and climbing lamination thicknesses of 5 mm to 4 cm 

suggest weak currents (10 to 50 cm s
-1

) with high deposition rates (Harms et al. 1982). 

The sediment flows that produced the deposits of Facies 2 and 3 are interpreted to have 

been unconfined, because in all cases beds are laterally continuous for tens to hundreds of 

meters and show no evidence of basal erosion or truncation of underlying strata.  

 

Table 3.2: Lithofacies associations and interpreted depositional systems. 

Number Name Lithofacies Depositional System 

A1 Interbedded 

mudstone, siltstone 

and sandstone 

1,2,3. Delta-front to prodelta deposits. 

A2 Mass transport 

deformed 

4, 5, 6. Delta-front deformation with lateral displacement of material.  

A3 In-situ deformed 7, 8. Delta-front deformation without significant lateral displacement 

of material. 

A4 Low-mud-content 

sandstone 

9, 10, 11, 12. Distributary mouth bars. 

 

  



 

 80 

Facies Association 2 (A2): Chaotic Deformed Deposits 

Description 

Facies Association 2 (A2) consists of completely broken, overturned, and folded 

blocks of sandstone and siltstone supported in a mudstone and siltstone matrix. Facies 4 

is defined by 5-300-cm-thick beds of homogeneous, poorly sorted mudstone to fine-

grained sandstone (Figure 3.7A) with sharp bases that often truncate several tens of 

centimeters of underlying strata. Facies 5 and 6 are defined by overturned, folded, and 

broken beds of sandstone that, in Facies 6, occur as isolated blocks suspended in 

mudstone and siltstone (Figure 3.7). In both Facies 5 and 6, discontinuity surfaces dissect 

the strata; this suggests small-scale displacement of strata along west-dipping planes 

(Figure 3.7). Deposits of A2 are as much as 15 m thick, with individual beds reaching 9 

m thick. Bases of beds are commonly irregular, and in several cases these bases are 

defined by concave unconformable surfaces, truncating up to 3 m of underlying strata. 
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Figure 3.7:  Characteristic features of Facies Association 2: A) Debrite bed of Facies 4 

conformably bedded, encased in delta-front turbidites of Facies 2, B) Facies 

5 defined by highly deformed mouth-bar sandstone packages with internal 

shear surfaces and overturned bedding, indicative of lateral mass movement, 

C) Facies 6 defined by highly deformed sandstone and mudstones. 

Sandstone packages contain contorted bedding and internal shear surfaces. 

Interpretation 

The intensity of deformation and the presence of sub horizontal, to landward-

dipping shear surfaces lead to the interpretation of this association being the product of 

basinward mass transport of material through slumping and debris flows (Tables 3.1 and 

3.2; Figure 3.7). Facies 5 and 6 are interpreted to be the product of slumping of 

unlithified deposits as evidenced by highly contorted folds and lack of internal fracturing. 

The west-dipping discontinuity surfaces are interpreted to represent lateral displacement 

of material along shear surfaces (Figure 3.7) that separate relatively undeformed blocks 
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(see also Stow 1994), supporting the interpretation that these strata underwent lateral 

(basinward) movement. Strata are offset across these surfaces such that the overlying 

material was displaced basinward over the underlying material, suggesting that these 

deposits underwent internal shortening during movement (Martinsen 1989). Facies 5 

slumps are interpreted as derived from mouth-bar collapse on the basis that the deformed 

strata contain beds with dune cross stratification and thick current-rippled beds, with 

mudstone being absent, all of which are indicative of the mouth-bar package Facies 9 and 

10. It is likely that Facies 6 slumps were derived, in part, from failure of mouth-bar and 

delta-front-turbidite packages because Facies 6 slumps make up a greater proportion of 

siltstone and mudstone. Facies 4 is interpreted to represent debrites on the basis that the 

deposits are poorly sorted, have erosional bases and no internal stratification or 

deformational structure. Unlike Facies 5 and 6, however, the lack of preservation of 

internal structures makes it impossible to determine the depositional features that were 

deformed to produce Facies 4 deposits.  

Facies Association 3 (A3): Moderately Deformed Strata 

Description 

Facies Association 3 (A3) is composed of folded, and in some cases broken, beds 

with relatively little overturning or reorganization of bedding (Figure 3.8). Facies 7 is 

defined by gently folded beds of sandstone that show lateral thickness variability and are 

loaded into underlying Facies 1, 4, and 8 (Figure 3.8A). Facies 8 is defined by isolated 

cross-stratified sandstone laminae supported in a mudstone and siltstone matrix (Figure 
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3.8B). In many cases, cross-stratified sandstone laminae are contorted in centimeter-scale 

packages, interbedded with non contorted packages (Figure 3.8C). 

 

 

Figure 3.8:  Characteristic features of Facies Association 3: A) deposits of Facies 7 

loaded into underlying laminated siltstone of Facies 1, B) sandstone ripples 

of Facies 8 deposited on an unconsolidated substrate such that the sand 

laminae become progressively rotated with deposition (Anketell and 

Dzulynski 1968), C) loaded or dewatered sandstones in deposits of Facies 

Association 4. 
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Interpretation 

Facies Association 3 is interpreted as being the product of soft-sediment 

deformation of material with little to no lateral movement of deformed sediment, such 

that all deformation occurred in situ (Oliveira et al 2011). Deformation occurred with 

vertical displacement of material attributed to loading of unlithified strata, and water 

escape following deposition. Deposits similar to Facies 8 have been described elsewhere 

as “detached pseudonodules” (Owen 1996), and similar features have been reproduced 

experimentally through differential loading of a denser material being deposited on a less 

dense, liquidized substrate (Anketell and Dzulynski 1968). Without indicators of lateral 

movement of material as defined in A2, A3 is interpreted to have been deformed not by 

collapse of mouth-bar packages, but instead, differential loading in response to spatial 

variation in sedimentation rates. 

Facies Association 4 (A4): Amalgamated, Thick Sandstones 

Description 

Facies Association 4 (A4) is defined by low-mud-content sandstone characterized 

by centimeter- to decimeter-scale cross lamination and planar lamination of fine-grained 

sandstone (Figure 3.9). Facies 9 is defined by parallel-laminated sandstone with little to 

no bioturbation or organic fragments. Packages of Facies 9 are 0.3-2 m thick (Figure 

3.9B). Facies 10 is characterized by stacked sets of cross-stratified sandstone, with 

individual cross sets less than 3 cm in height, and in many examples of Facies 10 the 

cross sets exhibit stacking arrangements typical of climbing ripples (Figure 3.9C). Facies 
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11 is defined by 10-30-cm-scale east-dipping cross lamination, occurring as lenses 

encased in packages of Facies 10 and 11 (Figure 10C). Facies 12 occurs only at the tops 

of cycles and is defined by fine-grained sandstone with well-rounded clasts of mudstone 

that are 5-40 mm in diameter. In laterally continuous outcrops, beds of all facies of A4 

are inclined > 10° in a basinward direction (Figure 10B, C). 

 

 

Figure 3.9:  Characteristic features of Facies Association 4: A) mud-clast lag deposit at 

the top of cycle 2A (Facies 12), B) package of planar-laminated sandstones 

of Facies 9 encased in Facies 10, C) stacked climbing ripples in sandstone of 

Facies 10, D) dune-stratified sandstone of Facies 11.  
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Interpretation 

Facies Association 4 makes up the upper part of the coarsening-up cycles, and is 

interpreted in terms of a subaqueous environment in front of deltaic distributary mouths 

in a river-dominated delta setting (Tables 3.1 and 3.2; Figure 3.9). It is interpreted that all 

deposition was subaqueous on account of the lack of non marine trace fossils, rootlet 

horizons, or other indicators of subaerial exposure. A lack of heterolithic strata in 

packages of A4, and the presence of unidirectional dune (Facies 11) and climbing ripples 

(Facies 10) packages and a lack of tidal and wave signatures (mud-draped ripples and 

hummocky cross stratification, respectively) support the interpretation of A4 as being 

deposited in a river-dominated setting (Wild et al. 2009).  

STRATIGRAPHY 

Despite the lateral variability evident in the facies and facies associations in the 

study area, each measured section shows general similarity in the stacking pattern of 

sedimentary characteristics (Figure 3.4). In general, the bases of sections are made up by 

1-12 m of A1, and Facies 2 in particular constitutes up to half of many of the measured 

sections. Deposits of A1 are overlain by interbedded A3 and A4, with the changes 

(increase in A4 thickness) in the relative proportion of these strata from west to east 

accounting for most of the lateral variability. In several cases, deposits of A3 and A4 

occur above local unconformities that truncate up to 6 m of strata (Figure 3.5). The 

deformed strata of A3 and A4 are overlain by A2, which is often interbedded with A3. 

The sand-prone A2 deposits show erosional bases in several areas, especially where they 
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overlie mudstones of A4. In A2, Facies 10 is typically overlain by 9 and 11, with Facies 

12 making up the uppermost 1-3 m of each section (Figure 3.9). Towards the east, the 

upper parts of measured sections are lacking in A2 (Figure 3.5). The top of each 

coarsening-upward package is marked by a sharp vertical transition into A1 representing 

the basal part of the overlying coarsening-up package. This abrupt reduction in grain size 

and change in depositional environments from distributary mouth sandstone to pro-delta 

mudstone and siltstone is interpreted as representing a marine flooding surface (Figure 

3.5).  

Dip-Parallel Facies Variation 

Description 

From west to east, changes in the arrangement of dominant facies and facies 

associations are observed (see also Chapter 2). Western sections are characterized by 5-

10 m of association A1 comprising Facies 1 being overlain by Facies 2 in the lower parts 

of cycles. These strata are overlain by A3, which is interbedded with beds of Facies 3. 

Accumulations of A3 in the west are defined by in situ deformed Facies 7 with 

subordinate Facies 8 and rare debrites (Facies 4). Deposits of A3 are overlain by 

packages of A4 that are defined by interbedded mouth-bar Facies 9, 10, 11, and 12 which 

forms the uppermost part of the cycle (Figure 3.5). Towards the east, around the zone of 

increased gradient of the cycle-bounding flooding surface, a similar proportion of each 

measured section is characterized by soft-sediment-deformation features, but the style of 

deformation is different. In this central area, the mass-transport deformation Facies 4, 5, 



 

 88 

and 6 are dominant, with subordinate in situ deformation Facies 8 and rare Facies 7 

(Figure 3.5). Throughout this area, deformational facies of A2 are interbedded with thin-

bedded sandstone and mudstones of A1. Overlying A2 are packages of A4; however, in 

contrast to the western locations, here the rippled sandstone of Facies 10 is dominant, 

with Facies 9, 11, and 12 being rare. Farther to the east, in the zone of increased 

basinward-dipping gradient, measured sections reveal differences from western areas 

including a reduced thickness of soft-sediment deformation deposits and low-mud-

content sandstone (associations A2, A3, and A4), and instead the bulk of the section is 

made up of thin-bedded sandstone and siltstone of A1. In contrast to central and western 

locations, in the east, deformed strata present are characterized by Facies 4 and 6 with 

rare to absent Facies 5, 7, and 8. From west to east, further facies and stratigraphic 

complexity can be observed in the upper parts of cycles: in areas where deformed and 

undeformed beds are interbedded, at least four packages of basinward-dipping offlapping 

packages of A2 define the upper 2-5 m of cycles (Figure 3.5). In such areas, the basal 

surfaces of packages of A2 are in some cases unconformable, truncating up to 6 m of 

underlying stratigraphy (Figures 10A, 11). At section 08, the truncated strata contain 

additional, parallel, truncation surfaces below the main truncation surface, below which 

strata are slightly reorganized (Figure 11A). At both section 11 and section 08, packages 

of A2 are overlain by laminated packages of A4. 
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Interpretation 

 The gross stratigraphic architecture of the Cycle 2A flooding surface described 

above is interpreted to represent the transition between the shelf in the west, the shelf-

edge zone in the central area, and the uppermost slope in the east (Figure 3.5). This 

interpretation is based upon the increase in basinward-dipping gradient from west to east, 

the increase in mass-transport facies, and the decrease in thickness of distributary-mouth-

bar deposits (Chapter 2).  

Mouth-Bar Pinch-Out 

The change in depositional style of packages of Facies Association 4 (eastward 

decrease in Facies 9, 11, and 12, and replacement with Facies 10) is interpreted to record 

the transition between an environment with channel scours and accreting bar forms with 

high-energy mouth-bar deposits (Facies 9, 11, and 12), and the more distal rippled 

frontal-splay deposits of Facies 10 in central and eastern areas. Facies of A4 are absent 

from the far-eastern sections on the upper slope given the clinoform morphology, this 

zone was interpreted to have been deposited in water depths of at least 10 m, assuming 

that base level did not fall below the shelf (topset) surface in the west (Figure 3.5).  

Slump Scar of Section 11 

The offlapping deformed strata interfingering with A4 in the upper parts of cycles 

are interpreted as delta-front failure and associated run out of slumps and debris flows 

(Figures 10 and 11). The unconformable surfaces present in measured section 11 have 
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been previously described (Chapter 2; Dixon et al. 2012a), and are interpreted as delta-

front slump scars (Figure 3.10). This interpretation is made on the basis that basinward-

dipping unconformable surfaces truncate underlying, undeformed strata of Facies 10, and 

are immediately overlain by deformed Facies 6, which in turn is overlain by a package of 

Facies 10 (Figure 10A). The undeformed packages of Facies 10 exhibit a significant 

basinward expansion of thickness, with an increase from 1 m thick at section 11 to 9 m 

east of section 12 (Figure 10B), 40 m down dip. The 8 m expansion over a 40 m distance 

corresponds to an 11 degrees basinward-dipping scour surface. Down dip of the failure 

surface are thick (9 m) deposits of Facies 6, interpreted to represent the slumps and 

debrites running out from the failure at section 11 (Figure 3.5). The infill of the space 

generated by the delta-front failure is interpreted to have been rapid, in that the basal 

surface of the undeformed Facies 10 package above the Facies 8 deposits overlying the 

slump scar between sections 11 and 12 is erosional (Figure 10D), and the overlying strata 

are characterized by clinoformal packages (Figure 10C), defined by interbedded 

climbing-ripple stratification (Figure 3.9).  
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Figure 3.10: Shelf-edge slump scar and subsequent infilling strata. All images were taken facing south. A) Detail of the slump-

scar head with scar surface truncating up to 2 m of undeformed mouth-bar sandstones (Facies 3.10); B) Facies 

relationships of the strata between section 10 (right) and section 11 (left), note the eastward thickening of the 

post-slump-underformed strata and the clinoformal nature of these strata; C) Detail of post-slump clinoformal 

strata at section 11 (see Figure 10B for larger scale clinoform morphology); D) Basal surface of undeformed post-

slump strata defined by erosional surface truncating (at least 20 cm) underlying strata.  
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Slump Scar of Section 8 

Five hundred meters landward (west) of the section 11 slump scar, at section 8, is 

a similar package of strata defined by mass-transport packages (Facies 6) overlain by 

mouth-bar packages within which a locally correlatable truncation surface separates 

underlying Facies 9 from an overlying succession of Facies 8, 9, 10, and 11 (Figure 3.11). 

In the package of Facies 9 immediately underlying the main truncation surface, subtle 

surfaces that are sub parallel to the main truncation surface separate undeformed Facies 9 

(east) from gently deformed Facies 7 (west) deposits (Figure 3.11A). It is interpreted that 

these surfaces represent minor failure planes that were produced as small slide blocks 

were displaced from the flanks of the main slump scar. The zone represented by the 

gently deformed strata to the west is interpreted to have become deformed upon release 

of the lateral confinement of the slide block (Figure 3.12C). Down-dip (east) of the 

section 8 slump scar are 8-m-thick deposits of Facies 6, interpreted to represent the slump 

deposits running out from this slump scar (Figure 3.5). 
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Figure 3.11:  Shelf-edge slump scar and subsequent infilling strata at section 7 and 8, all 

images face southward. A) Scar-bank slide block recording displacement 

towards the center of the main scar; B) Undeformed strata of A4 with 

internal scour cuts overlying the main slump-scar surface; C) 2x vertically 

exaggerated panorama of the local stratigraphy, highlighting the westward 

dip of the scar surface and the westward thickening of the undeformed post-

scar strata; D) Interbedded slump and turbidite beds associated with an older 

shelf-edge failure episode; E) Slump scar cut into undeformed mouth-bar 

packages of Facies 9. 
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In addition to the two slump scars described above, it is interpreted that additional 

failure surfaces occur in poorly exposed outcrops between sections 9 and 10 and between 

12 and 13 to account for the abrupt basinward decrease in thickness of undeformed 

mouth-bar sandstone (A4) and the basinward increase in thickness of mass-transport 

deposits (A2) at the same level (Figure 3.5). Basinward of section 14, all mouth-bar 

sandstones pinch out, and most of this, the upper slope section, is defined by thin-bedded 

turbidite sandstones and rare mass-transport deposits (Figure 3.5). As discussed above, it 

is interpreted that this is a reflection of the increased water depths beyond the shelf edge 

as defined by the increased thickness between the Cycle 2A flooding surface and the 

flooding surface of the overlying cycle 2B, interpreted as a horizontal datum in this area 

(Chapter 2). 

DISCUSSION 

Depositional Systems Contributing to Shelf-Edge Accretion 

River deltas, irrespective of the dominant processes, are the main depositional 

environments that contribute to shoreline progradation and eventual shelf construction in 

the lower Kookfontein Fm. of the Tanqua Karoo Basin. Because of high rates of 

deposition, delta deposits are commonly prone to instability, as shown by delta-front 

slumps (Lindsay et al. 1984; Mayall et al. 1992; Mellere et al. 2003; Pyles and Slatt 

2007) and by growth faults (Edwards 1981; Bhattacharya and Davis 2001; Wignall and 

Best 2004). Shelf-edge deltas in particular have an increased propensity to instability, 

given the increase in seafloor gradients towards the edge of the shelf (Porebski and Steel 
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2003). Shelf-edge deltas are important agents for accreting sediment onto basin-margin 

clinoforms, and they may do so by delivering sand down the slope to the basin floor 

(Chapter 5), depositing tabular turbidites on the delta front and upper slope (Gerber et al. 

2008) or by accretion at the delta itself, leading to oversteepening of the upper slope 

(Sydow and Roberts 1994).  

As described above, the northwestern Pienaarsfontein sediment wedge shows a 

repeated relationship of offlapping soft-sediment-deformed and non deformed packages, 

dipping in a basinward direction. It is proposed that this relationship represents a 

repetitive cycle of mouth-bar progradation, mouth-bar collapse, slump and debrite 

deposition on the upper slope, and finally, re-establishment of deltaic mouth-bar 

deposition in the space produced by the evacuated sediment (Figure 3.12). These 

processes as described below produce a characteristic pattern of offlapping deformed 

(mass-transport) and undeformed (mouth-bar) deposits as illustrated in Figure 3.5. The 

cyclic development of the delta at the shelf edge described below is illustrated in Figure 

3.12. 
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Figure 3.12:  Conceptual model for depicting stages one, two, three, and four (A, B, C, 

and D respectively) that contribute to deltaic accretion, and E) 

representation of repetition of stages A to D. See text for discussion. 
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Stage One: Mouth-Bar Progradation- Deposition of rippled, dune-cross-

stratified, and planar-laminated sandstone (Facies 9, 10, 11, and 12; Figure 3.9) 

contribute to mouth-bar progradation (Figure 3.12A). Limited three-dimensional outcrop 

availability precludes 3-D reconstruction of the deposits, but because basal scours are 

rare, it is assumed that the mouth-bar packages are relatively tabular, dipping to the 

northeast at 2 to 3° (Figure 3.10B, C). These packages thicken in a basinward direction, 

with thicknesses increasing from < 2 m to > 9 m over a 40 m distance (Figure 3.10B). In 

the majority of cases, the mouth-bar sandstones show features indicative of river-

dominated systems including distributary-mouth channel scour deposits (Figure 3.11B), 

stacked climbing-ripple-laminated sandstone, and thick planar-laminated sandstone 

(Figures 3.9, 3.11B, 3.11E), with wave and tidal signatures being rare to absent.  

Stage Two: Mouth-Bar Collapse- It is interpreted that a critical instability 

threshold is attained beyond which, mouth bars collapse through sliding of material 

above a basal failure plane, or slump scar (Figure 3.12B). Such slump scars truncate 

down by up to six meters into the underlying stratigraphy, and examples of these failure 

planes dip in a sub-basinward direction by at least 20° (Figures 3.5 and 3.10). It is 

suggested that the triggering mechanisms were likely aseismic, and a product of rapid 

sediment loading during periods of high deposition rates (river floods), and 

oversteepening of the delta-front surface at the shelf edge (see also Oliveira et al. 2011). 

This interpretation is made based upon the concentration of slump-scar features in the 

rapidly deposited Facies 9, 10, 11, and 12 as well as the greater frequency of these 

features near the shelf edge, where basin-dipping gradients are greater (Chapter 2). Cyclic 
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delta-front sediment failures following river floods have also been described in the 

modern Mississippi Delta (Lindsay et al. 1984) despite sediments there being finer 

grained. Following initial failure, subsequent smaller-scale dislocations cause blocks 

within the banks of failure scars to slide short distances into the main scar, producing 

dislocations surfaces sub parallel to the main failure surface (Figures 3.11A and 3.12). 

Stage Three: Mass-Transport Deposition- During stage three, the delta-front 

material evacuated during stage two moved basinward (down slope) to be redeposited as 

mass-transport facies (Facies 4, 5, and 6; Figures 3.7 and 3.12C). In general, from west to 

east (shelf to slope), mass-transport deposits transition between Facies 5 and 6 in the 

west, and Facies 4 farther basinward. The change in facies from west to east is interpreted 

to represent the transition between different degrees of internal reorganization and 

associated changes in deformational intensity, both generally increasing down-slope 

towards the east. Mass-transport deposits on the upper slope appear to lack erosional 

bases, and as such, they probably form laterally continuous, tabular deposits that drape 

the slope. It is likely that the seafloor expression of the slump deposits forming the 

thickest packages in Stage three was defined by pressure ridges (Prior et al. 1984) as 

evidenced by landward-dipping displacement surfaces observed in slump packages 

(Figure 3.7C). As discussed in Chapter 2, these tabular sheets appear to pinch out within 

4 km of the shelf edge. Unlike other examples of shelf-edge-deltaic failure (discussed 

below), the Tanqua Karoo outcrops lack evidence of translational slides or rotation of 

large, relatively undeformed blocks. Instead, destabilized sediment appears to have been 
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entirely reorganized during basinward movement following the shelf-edge failure event 

and then redeposited as sediment gravity flows of different types. 

Stage Four: Mouth-Bar Re-establishment- Following the mass transport 

and deposition of sediment gravity flows on the delta front and upper slope, continued 

delivery of clastic material from distributary mouths contributed to the subsequent 

progradation of clinoformal mouth-bar packages (Figures 3.10 and 3.12D). Immediately 

above the section 11, and section 8 slump scars, packages of Facies 8, 0.4-3 m thick 

occur (Figure 3.10). It is interpreted that immediately following evacuation of the mass-

transport material, incipient deposition of post-collapse strata occurred on an unlithified 

mud and silt package such that the ripple-laminated sands become convoluted and rotated 

as they are progressively loaded into the underlying substrate (Figure 3.8B) (see also 

Anketell and Dzulynski 1968). Overlying Facies 8 deposits are thick accumulations of 

low-mud-content sandstones, typical of mouth-bar packages. These strata are deposited in 

clinoformal packages such that the bedding planes are often sub parallel to the failure 

surface (Figure 3.11E), offlapping from west to east recording the eastward prograding 

infill of the scar-generated accommodation. The base of the low-mud-content sandstone 

package at location 11 is erosional (Figure 3.10D).  

Magnitude and Timing of Shelf-Edge Progradation  

The sequence of events in the model described above is repeated four times in the 

Tanqua Karoo study succession (Figures 3.5, 3.12D) to produce a basinward-offlapping 
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cyclic succession in which there is repeated cutting and healing of the shelf-edge deltaic 

stratigraphy, resulting directly in progradation of the shelf margin. 

 Although local strata have been dated using U-Pb dating of volcanic ash beds 

(Fildani et al. 2007; Wild et al. 2009) the high margin of uncertainty of these dates (as 

much as ±3.2 Ma), and the paucity of ash beds in the upper parts of cycles at the shelf 

edge precludes any dating of the strata presented here that would add meaningful 

constraint on the duration of deposition of each cycle. It is interpreted, however, that 

slump-scar depressions were progressively infilled from the landward side (west), with 

prograding clinoformal surfaces recording the basinward-accreting infill of the 

depression (Figure 3.10). This is in contrast to the fill of the Fuente Espuña slump scar of 

the Sobrarbe deltaic complex (Spain), where expanding thicknesses of conformable, 

laterally correlatable strata into the depression are interpreted to reflect deposition rates 

inside the depression being as much as ten times greater than on the landward side of the 

failure plane (Figure 3.13; Callot et al. 2009). 

On the basis of the facies configuration described above and the repetition of this 

configuration at least four times from west to east, it is interpreted that a series of cutting 

and healing mouth-bar events caused the shelf margin to prograde by at least 1 km, 

suggesting that deltas occupied the shelf-edge region for a corresponding period of time. 

The strata were deposited in a relatively flat shelf-edge-trajectory condition because there 

is no evidence of major outer-shelf incisions, or degradation of the shelf edge to indicate 

a downward trajectory of the shoreline. Also, aggradation of the shelfal reaches of the 

clinoform, indicative of a rising shelf-edge trajectory, was not observed. Because the 
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Cycle 2A strata are not punctuated with any major, correlatable erosional surfaces or 

locally extensive flooding surfaces, it is interpreted that the entire package was deposited 

within a part of one single relative sea-level rise-fall cycle.  

Comparison with other shelf-edge examples with instability 

Although numerous examples of shelf-edge deltas have been described from both 

outcrop and subsurface data, the majority are characterized by stratigraphic packages 

defined by offlapping undeformed mouth-bar and delta-front strata with minor soft-

sediment deformation (Plink-Björklund et al. 2001; Mellere et al. 2002; Mellere et al. 

2003; Petter and Steel 2006; Uroza and Steel 2008). Notable examples that do exhibit 

significant delta instability include the Cretaceous deltas of eastern Spitsbergen (Nemec 

et al. 1988), Clinoform 8 of western Spitsbergen (Mellere et al. 2003), and Clinoform 9 

of southern Wyoming (Pyles and Slatt 2007; Carvajal and Steel 2009) and the Sobrarbe 

delta complex of northern Spain (Callot et al. 2009) (Figure 3.13). In contrast to the strata 

of Tanqua Karoo Cycle 2A, however, these examples record evolving stratigraphy 

through time that culminates in a single large delta-failure episode before major 

transgression (Nemec et al. 1988; Pyles and Slatt 2007; Callot et al. 2009). In this regard, 

the Tanqua Karoo exposures appear to be unique inasmuch as they record multiple failure 

and re-establishment cycles of shelf-edge deltas, with associated deposits repeated in the 

stratigraphy from west to east (Figures 3.5, 3.12). It is interpreted that these repetitive 

cycles of failure and reestablishment of the delta reflect progradation and accretion of the 

basin margin through incremental deposition, collapse, and re-establishment of shelf-
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edge deltas. The exposures of the Cretaceous strata of eastern Spitsbergen and the 

Sobrarbe deltaic complex of northern Spain exhibit the greatest similarities to the Tanqua 

Karoo Cycle 2A in that in these cases progradation and collapse of the shelf edge was 

followed by re-establishment of undeformed deltaic mouth bars and shoreface sandstone 

above the failure plane (Figure 3.13). In Eastern Spitsbergen, however, it appears that the 

reestablishment was only achieved following a minor transgression event, and the re-

established deltas prograded only a short distance before a major transgression event 

(Figure 3.13; Nemec et al 1988).  

 

 

Figure 3.13:  Schematic comparison of shelf-edge deltaic stratigraphy in four outcropping 

examples of deformed shelf-edge deltas. See text for discussion. 
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CONCLUSIONS 

The stratigraphic architecture of northwestern Pienaarsfontein presents a dip-

parallel cross section through shelf-edge strata with correlatable surfaces dissecting a 

sediment wedge 40 m thick and 2.5 km long (Figure 3.5). The quality of outcrop make it 

possible to identify the depositional systems in operation at the shelf edge, and more 

importantly, how they develop with time to contribute to shoreline, and hence, shelf-edge 

progradation.  

Unlike other ancient shelf-margin datasets that record delta instability, in this 

example it appears that the unstable deltaic system was situated at the shelf edge for a 

period long enough for it to contribute to shelf-margin progradation of over 1 km. In this 

case, clinoform accretion is facilitated primarily through mouth-bar progradation, 

collapse, draping of the upper slope with mass-transport deposits (debrites and slumps) as 

well as thin-bedded turbidites, reestablishment of the delta, and repetition of this 

sequence. 

 The strata of the Tanqua Karoo are unique in that they record repetitive delta 

collapse and reestablishment (four cycles have been recognized), in contrast to the more 

common behavior observed in other systems featuring a collapse that marks the 

maximum basinward advancement of a progradational cycle before transgression. 
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Chapter 4: Contrasting styles of shelf-edge progradation and deep-

water sedimentation, Eocene Santos Basin, offshore Brazil 

Abstract 

Eocene strata from the northern Santos Basin, offshore Brazil include shelf-edge 

clinoforms that record progradation of the basin margin into a slope mini basin. Analysis 

of four depositional sequences imaged in industry-grade, three-dimensional seismic data 

reveals complex spatial and temporal patterns in shelf-edge accretion through diverse 

sedimentary processes, catastrophic failure, and reestablishment of stable shelf-edge 

accretion, all of which contribute to basin-margin progradation. For each sequence, shelf 

edge development is defined by four distinct phases: 1) progradation of the shelf-edge 

defined by offlapping clinoforms characterized by shelf-attached turbidites and strike-fed 

sediment drifts recognizable in surface amplitude maps. These systems deliver limited 

sediment volumes to the basin floor as turbidites during the lowstand; 2) aggradation of 

the basin margin, transgression and back stepping of the point of onlap of shelf and slope 

strata; 3) catastrophic shelf-edge collapse during the highstand causing up to 15 km long, 

0.5km wide sections of the outer shelf to collapse and be deposited on the lower slope as 

mass transport complexes (MTCs); and 4) healing of the collapse scars and irregular 

bathymetry of the MTC packages and subsequent progradation of the basin margin. 

Although the majority of turbidites delivered to the basin floor in this area were 

transported during lowstand, the largest volumes of basin-floor deposits were deposited 
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during highstand being derived from highstand shelf-edge collapse. Analysis of the 

Eocene strata of the northern Santos Basin sheds light on the depositional system scale 

development of a basin margin that adds to an increasing number of examples that show 

inconsistencies with conventional sequence stratigraphic models. Identification of 

depositional features reveal the depositional-system-scale increments that contribute to 

basin-margin accretion. 

INTRODUCTION 

Deposition of clastic sediment on the shelf edge and slope is the primary way by 

which basin-margin sediment wedges are built, and a driver of shelf edge progradation 

into the basin. Delivery of clastic sediment to the shelf edge is facilitated by deltas that 

prograde across the shelf during periods of sea-level fall, or elevated sediment flux from 

continental drainage systems (Burgess and Hovius, 1998; Carvajal et al. 2009). Once at 

the shelf edge, river deltas may contribute large quantities of sediment to the slope and 

basin floor through an array of sediment transport processes including turbidity currents, 

slumps, slides and debrites (Dixon et al. 2012a). Fine grained sediment may also be 

transported into deep-water environments by long-shore currents that transport material 

over the shelf edge (Boyd et al. 2008), or through shelf-incising canyons (Covault and 

Graham, 2010). 

This chapter utilizes a 3D seismic volume of the northern Santos Basin, offshore 

Brazil (Figure 4.1) to explore the role of basin-margin depositional processes in basin-

margin accretion. The Eocene section of the northern Santos basin contains well-imaged 
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shelf-edge clinoforms that prograde onto a stepped slope, such that the clinoforms 

downlap into a slope mini-basin. This presents the opportunity to analyze the strata from 

the shelf to the mini basin within a relatively small area, covered by a single dataset. The 

geometry and seismic attributes of the clinoforms are not the same at all stratigraphic 

levels, and these variations suggest differing styles of shelf-edge sedimentation and 

contrasting methods for shelf-edge accretion at different times. This chapter describes 

these contrasting styles of shelf-edge accretion as well as investigating a link between 

shelf edge evolution and transport of sediment to the basin floor. 

 

 

Figure 4.1: A) Regional map of South America, with the Santos Basin area highlighted. 

B) Detail of the Santos Basin with the studied area highlighted. The red 

dashed line represents the modern shelf edge. The ancient route of the 

Paraibo do Sul river is marked with a black dashed line, see text for 

discussion. 
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Geological Setting  

The Santos Basin is situated on the southern Brazilian Atlantic margin between 

Cabo Frio in the north, and the Florianópolis High in the south (Figure 4.1). The Santos 

Basin has been a site of continuous deposition since the Barremian, following the onset 

of rifting during the Lower Cretaceous (Figure 4.2; Ojeda, 1982). Previous work has 

provided a comprehensive review of regional sequence stratigraphic history (Modica and 

Brush, 2004) and structural development (Demarcian et al., 1993; Cobbold et al., 2001; 

Meisling et al., 2001). As this study is restricted to Eocene Strata, the following review 

focuses on structural and sedimentologic events of the late Cretaceous and early 

Cenozoic and how these events impact deposition during the Eocene.  Towards the end of 

the Paleocene, a major fall in eustatic sea level produced a prominent sequence boundary 

defined by canyons that are up 300 m deep (Modica and Brush, 2004). The sediment 

eroded during this fall in eustatic sea level was transported basinward and deposited in a 

slope mini basin previously referred to as the Albian Gap (Mohriak, 1995; Modica and 

Brush, 2004). The overlying Eocene strata described in this work were previously 

separated into two second order depositional sequences (sensu Vail., 1977), defined by 

prograding basin-margin clinoforms and a mid-Eocene catastrophic shelf-edge failure 

that produced extensive, sand-rich debrites that were deposited in the Albian Gap 

(Modica and Brush, 2004). 

Post-Eocene, uplift of the coastal Serra do Mar mountain range caused continental 

drainage networks to be re-routed to the Campos Basin to the north, restricting further 

clastic deposition in the Santos Basin (Figure 4.1; Cobbold et al., 2001; Modica and 
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Brush, 2004). Following the re-routing of the continental drainage network, the post-

Eocene Santos Basin fill is dominated by an extensive contourite system (Duarte and 

Viana, 2007). 
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Figure 4.2: Stratigraphic column of the post-rift Santos Basin, modified from Modica 

and Brush (2004). 
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DATA AND METHODS 

Seismic data 

This work utilizes an industry grade 3D seismic dataset with coverage of the 

northern Santos Basin, offshore Rio de Janeiro, Southern Brazil (Figure 4.1). The dataset 

covers approximately 400 km
2
 of the modern outer shelf and upper slope from the 

seafloor to a non-depth-converted two way travel time (TWT) of 3.2 seconds (Figure 

4.3). The Eocene section that is analyzed in this work increases in TWT thickness from 

500 ms (milliseconds) on the outer shelf to 700 ms at the latest Eocene shelf edge, and 

thins to 200 ms where the latest Eocene clinoforms downlap into the slope minibasin 

described above.  
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Figure 4.3: Type dip section through the Eocene Santos Basin with the four 

transgressive-regressive sequences discussed in this study highlighted.  See 

Figure 4.6 for location.  

Stratigraphic framework 

The high quality 3D data presented here make it possible to conduct a higher 

resolution stratigraphic analysis than presented in Modica and Brush (2004), and in the 
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following section, the Eocene Sequences 7 and 8 of Modica and Brush (2004) are divided 

into four transgressive-regressive sequences.  

The transgressive-regressive sequence stratigraphic approach (e.g., Embry and 

Johannessen, 1992),  is used, where maximum regressive surfaces (MRS) serve as 

sequence boundaries, separating sequences that are divided into transgressive units 

(TUs), regressive units (regressive units). This approach was selected as MRS‟ are the 

most easily recognizable surfaces in the available data (Figure 4.3).  In addition, the 

internal architectures of each sequence will be described using shelf-edge trajectory 

terminology to differentiate aggradational sequences (those with rising shelf-edge 

trajectory) from degradational sequences (those with falling shelf-edge trajectory) (Steel 

and Olsen, 2002). Ultimately, detailed descriptions will be provided of each sequence 

with reference to the basal sequence boundary, overlying TU and subsequent regressive 

unit and finally, the sequence boundary (MRS) that defines the base of the subsequent 

sequence.  

SHELF-MARGIN SEQUENCES 

Sequence 1(TR1) 

 Description 

The base of Sequence 1 is defined by Sequence boundary 1 (SB1) (Figure 4.3; 

4.4). SB1 is characterized as a highly irregular seismic event with prominent v-shaped 

depressions with high amplitude packages at their bases (Figure 4.4). The transgressive 
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unit of TR1 overlies SB1 and is defined by a low amplitude reflection package 

characterized by discontinuous events that infill the SB1 depressions, and low-gradient 

basinward dipping events characterize areas outside the depressions (Figure 4.5). The 

upper surface of the transgressive unit is downlapped by a series of progradational 

clinoforms with increased amplitude that are 350-400ms (TWT) in height; these 

clinoforms define the TR1 regressive unit (Figure 4.5). The TR1 regressive unit 

clinoforms are headed by high amplitude reflection packages and the basinward 

migration of the shelf-edge position of the TR1 regressive unit clinoforms defines a flat 

to rising trajectory (Figure 4.3). At the maximum-regressive surface (MRS) (Sequence 

Boundary 2(SB2)), a series of arcuate (0.1-1 km wide), high-amplitude reflection 

packages are present on the shelf (Figure 4.6). High amplitude zones at the shelf-edge are 

attached to high amplitude features on the slope that are elongate in a slope-parallel 

direction (Figure 4.6).At the base of slope, these features increase in width to form a 

coalesced body of high amplitude packages covering 31 km
2
, extending approximately 

3.5 km from the base of slope (Figure 4.6). Farther basinward, at least two areas can be 

recognized at which sinuous high amplitude bands extend basinward towards the salt-

cored anticline (Figure 4.3). The thickness of these deposits is modest, in almost all areas 

the features are confined to a single seismic event (Figure 4.5). 
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Figure 4.4:  Type strike-oblique section (sub shelf-edge parallel) through the Eocene 

strata of the Santos Basin through Eocene strata of the Santos Basin (see 

Figure 4.6 for location).  



 

 115 

 Interpretation 

The strata of TR1 are interpreted to represent a period with at least 12 km of 

shelf-edge progradation (Figure 4.5). The clinoforms of the transgressive unit infill 

irregular topography associated with a surface previously interpreted as being incised by 

several canyons (Figure 4.4; Modica and Brush, 2004). Although the topset (shelf) of the 

transgressive unit clinoforms is not imaged in the seismic data, it is interpreted that the 

shelf-edge position migrated landward as the bottomsets of the transgressive unit 

clinoforms exhibit landward migrating points of onlap (Figure 4.5). Following the 

transition into the regressive unit, clinoforms with high amplitude shelf-edge and slope 

segments are interpreted to represent more sand-prone deposits than in the low-amplitude 

transgressive unit strata (Figure 4.5), and the high amplitude, higher gradient reflectors in 

the upper 50-100 ms of each clinoform are interpreted to represent sand prone outer-shelf 

and shelf-edge deltas (Figure 4.5). Reflection amplitude maps of the MRS horizon (SB2) 

reveal arcuate high amplitude areas on the shelf that are interpreted to represent beach-

ridges associated with a wave-dominated coastline. At the shelf edge, a series of strike 

elongate, high amplitude reflection packages are interpreted to represent sand-prone 

wave-dominated deltas that are linked to a series of slope-parallel high-amplitude 

packages interpreted as slope channels. At the base of slope, several slope channels 

coalesce to form a laterally (strike) continuous high amplitude zone that extends 3.5 km, 

interpreted as a fan deposit. In the east, a sinuous high amplitude package extends 

basinward from the fan deposit; this feature is interpreted as a sand-filled, sinuous 
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submarine channel deposit. Unlike SB1, the SB2 surface does not show any major 

erosional features, and instead, is onlapped by horizons of TR2 (Figure 4.5). 
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Figure 4.5:  Dip-section highlighting the incised-valley surface (SB1), downlap of TR1 

and TR2 regressive unit onto associated MRS (see also Figure 4.4), and 

landward migrating onlap of TR3 transgressive unit onto SB3. Note that in 

all interpretations, stratal terminations were analyzed in three dimensions to 

avoid the misinterpretation of out-of-plane effects as conventional dip-

related onlap or downlap. See Figure 4.6 for location.  
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Figure 4.6: Sequence boundary 2 amplitude map (see also Figure 4.3). Shelf-edge and base-of-slope positions are highlighted 

as well as the locations of several basin-floor channels (between dashed red lines) and shelf-edge high amplitude 

zones interpreted to represent shelf-edge deltas. Note that the highest amplitude areas on the basin floor are 

located down-dip of shelf edge bright spots and these two features are linked by both sinuous and straight features 

interpreted as slope channels.  
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Figure 4.7: Slope section of a typical Type-A clinoform in T-R sequence 2. High amplitude anomalies are situated on the 

upper to mid slope and increase in depth, and distance from the shelf edge, from southwest to northeast. These 

features are interpreted as contourite deposits. Note that the thin, parallel east-west oriented high amplitude 

features in the central and eastern part of this area are likely to be seismic artifacts. See text for discussion. 
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 SEQUENCE 2(TR2) 

Description 

The basal sequence boundary of TR2 (SB2) is described above and featured in 

Figure 4.6. Unlike SB1, SB2 is relatively continuous and is not irregular across the study 

area, and the surface is defined by a typical clinoform morphology with low gradient 

shelf in the north, prominent shelf break trending SW-NE in the center of the study area, 

approximately 400 ms (TWT) high, 2 km long slope, and low gradient area between the 

base of slope and the salt cored anticline to the south (Figure 4.3). Overlying the shelf 

associated with SB2, a landward-migration in clinoform onlap can be observed 

throughout the study area, and the sub-parallel reflector sets of the transgressive unit 

attain a thickness of 100 to 300 ms on the shelf (Figure 4.5). These parallel shelfal 

reflectors terminate in a basinward direction into a listric discontinuity surface that can be 

mapped across the entire dataset, and soles into a surface immediately overlying SB2. At 

the base of the listric discontinuity, chaotic seismic facies overlie SB2 (Figure 4.3). The 

TR2 regressive unit is imaged on both the shelf, and basinward of the SB2 shelf edge and 

the discontinuity described above. The TR2 regressive unit is defined by a set of at least 

20 progradational clinoforms with sigmoidal geometries that are 400 to 500ms (TWT) in 

height (Figure 4.3). These clinoforms can be mapped out across the majority of the 

western and central parts of the study area where they exhibit asymptotic topsets and 

bottomsets. Unlike the clinoform of SB2, the regressive unit clinoforms internal to TR2 

do not exhibit any slope-parallel high-amplitude packages and instead, have similar 
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reflector style along strike. These clinoforms have unbroken, strike-parallel high 

amplitudes situated on the slope that are not connected to any high amplitude areas at the 

shelf edge or on the basin floor. In several examples, the reflection amplitude of the 

regressive unit clinoform surface diminishes from west to east, and the zone of high 

amplitude is centered farther from the shelf edge from west to east (Figure 4.7). The TR2 

MRS (Sequence Boundary 3) is similar to SB2 inasmuch as it is relatively smooth across 

the dataset with a low gradient shelf in the north, prominent shelf break and basinward 

dipping slope, and low gradient area basinward of the slope in the south (Figure 4.3). 

Unlike SB2, however, the SB3 surface is not defined by a continuous seismic event, and 

instead is defined as the offlap surface of the TR2 regressive unit clinoforms (Figure 4.5). 

Interpretation 

The strata of TR2 represent the progradation of the basin margin by 5.5km, with 

the shelf-edge position of SB3 being 5.5 km basinward of that of SB2 (Figure 4.3). The 

transgressive unit of TR2 is only imaged on the shelf in most areas, as it is truncated by a 

basinward-dipping discontinuity surface interpreted as representing a scar associated with 

a catastrophic shelf-edge failure (Figure 4.3). The chaotic facies overlying SB2 

basinward of the listric failure surface are interpreted to represent the material removed 

basinward of the failure surface, re-emplaced with a high level of internal reorganization 

(Figure 4.3). The post-failure regressive unit strata are interpreted to be more sand-prone 

than the transgressive unit on the account of the higher reflection amplitudes (Figure 4.3), 

however they lack the sand-prone channelized features observed on SB2 (Figure 4.7). 
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The strike-elongate high amplitude packages of the TR2 regressive unit clinoforms are 

interpreted to be the product of strike-fed contourites on the account of the lack of 

connectivity of these features to the shelf. It is also interpreted that the sediment transport 

direction was directed from the south west to the north east as a decrease in reflector 

amplitude in this direction is observed as well as a down-slope migration in the location 

of the high amplitude package (Figure 4.7).  

SEQUENCE 3(TR3) 

Description 

The basal surface of TR3 (SB3) is onlapped by the seismic events of the 

transgressive unit, that exhibit a landward migration in the position of onlap (Figure 4.5). 

Like the transgressive unit of TR2, large parts of the transgressive unit of TR3 are 

missing with shelf reflectors being truncated by a basinward dipping discontinuity 

surface, approximately 500 m basinward of the SB3 shelf edge (Figure 4.3). The 

thickness of the TR3 transgressive unit increases in a seaward direction above the TR2 

failure scarp from <70 ms (TWT) landward of the failure scarp to >130 ms (TWT) 

basinward of the scarp (Figure 4.3). 

The regressive unit of TR3 is characterized by at least 16 progradational 

clinoforms with oblique geometries that are 250 to 300 ms (TWT) in height (Figure 4.3). 

Unlike the regressive unit clinoforms of  TR2, the regressive unit clinoforms of TR3 

exhibit abrupt terminations at their landward end, and each clinoform is headed in a 

toplap that forms the upper boundary of the sequence (SB4) (Figure 4.8). The boundary 
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between the transgressive unit and regressive unit of TR3 is highly irregular on the outer 

shelf. At several locations, basinward-concave depressions of up to 100 ms (TWT) depth 

cut into the outermost 1.5 to 5 km of the shelf, with shelf-edge parallel widths of 3 km for 

isolated depressions to > 20 km where several depressions coalesce along strike (Figure 

4.9). These depressions are occupied by dendritic drainage patterns with channels with 

Strahler orders of 1 to 3 attaining widths and depths of 700 meters and 50 ms (TWT) 

respectively. Within each drainage system, multiple distributaries feed a single „main-

stem‟ channel that bypasses the shelf edge and can be traced onto the upper slope. These 

„main-stem‟ channels have maximum widths and depths of 1000 m and 100 ms (TWT) at 

the shelf edge with width increasing and depth decreasing in both directions (landward 

and seaward) from this position (Figure 4.9). The regressive unit strata immediately 

above the irregular surface on the outer shelf are defined by high amplitude clinoforms 

that infill the concave outer shelf depressions (Figure 4.9). These clinoforms are limited 

in height by the depth of the depressions.  

At the base of slope above SB3, a chaotic reflection package extends across the 

study area. This package attains thickness maxima of 140 ms (TWT) and reduces in 

thickness to where it onlaps the base of slope in the north and where it onlaps the salt-

cored ridge in the south (Figure 4.3). Overlying the chaotic interval are at least 16  

progradational clinoforms that advance the shelf edge 3.5 km into the basin. These 

clinoforms differ from those of the TR2 regressive unit not only on the basis of their 

oblique geometry and top-set truncation (discussed above) but also in their surface 

reflection amplitude distribution. Here, the high amplitude packages are not evenly 
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distributed along strike and instead are concentrated to upper and mid-slope areas at 

various points along the basin margin (Figure 4.10). In most cases, these foci of high 

amplitude packages on the upper slope are basinward of the outer-shelf depressions 

discussed above.  
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Figure 4.8:  Cross sections through shelf-edge slump scars and shelf-edge drainage 

channels (see Figure 4.9 for location). The erosional surface (boundary 

between Sequence 3 transgressive unit (below) and regressive unit (above) 

is highlighted by dotted line. In the dip section (A) the shelf-edge slump scar 

is infilled by high amplitude prograding clinoforms interpreted as a shelf-

edge delta. 
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SB4 is relatively smooth throughout the area, and is defined by a low gradient 

shelf in the north, prominent shelf break and basinward dipping slope, and low gradient 

area basinward of the slope in the south (Figure 4.3). Like SB3, SB4 is not represented by 

a single seismic event, and is instead identified as the offlap surface for the TR3 

regressive unit clinoforms (Figure 4.3).  
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Figure 4.9:  Surface dip map of erosional surface between the transgressive unit and regressive unit of Sequence 3 (darker 

shades indicate higher surface gradient). See Figure 4.8 for cross sectional images of the drainage networks on the 

outer shelf, and associated infilling strata.
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Interpretation 

During deposition of TR3, the shelf edge prograded 3.5 km from its position at 

the SB3 (Figure 4.3). Similarly to the transgressive unit of TR2, the transgressive unit of 

TR3 is defined by relatively low reflection amplitude horizons that exhibit landward 

stepping onlap onto SB3, and it is interpreted that these strata represent the deposition of 

fine-grained material during transgression (Figure 4.3). The basinward expansion in 

thickness of the TR2 transgressive unit is interpreted to be related to continued movement 

on the shelf-edge failure scarp of the underlying sequence. The discontinuity surface that 

truncates the transgressive unit strata is interpreted to represent a catastrophic shelf-edge 

failure, similar to that of TR2. Basinward of the failure surface, chaotic seismic facies at 

the toe of slope are interpreted to represent the material that collapsed during this 

catastrophic failure. In contrast to the transition between transgressive unit and regressive 

unit in TR2,  this surface in TR3 is interprteted to be erosional, with concave depressions 

cut into the shelf-edge that are occupied by dendritic drainage networks (Figure 4.9). 

Although these drainage networks closely resemble footwall drainage networks produced 

during subaerial fault-scarp erosion (Gawthorpe and Leeder, 2000), the laterally 

continuous shelf reflectors and lack of major erosion surfaces landward of the outer shelf 

drainage networks suggest that there was minimal subaerial exposure of the shelf during 

this time. Instead, it is interpreted that these channel networks were formed in a 

subaqueous environment through headward erosion of channels following the 

catastrophic shelf-edge failure described above (see also Elliott et al. 2011). Although the 

majority of the chaotic seismic facies at the base of slope are interpreted to be associated 
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with the catastrophic shelf-edge failure (described above), additional deposition within 

this interval is interpreted in terms of sediment eroded from the shelf edge during 

formation of the drainage networks described above. All materials eroded from the shelf 

edge, and all materials removed during catastrophic failure are interpreted to have been 

deposited in a minibasin between the shelf and the salt-cored ridge in the south (Figure 

4.3). Following the transition into the regressive unit, the depressions at the shelf edge 

described above were filled by prograding high amplitude clinoforms interpreted as shelf-

edge deltas (Figure 4.8). Beyond the shelf edge defined by the catastrophic failure 

surface, 16 progradational clinoforms are interpreted to have been deposited without any 

significant slope channelization as seen on SB2 (Figure 4.5). The oblique clinoform 

morphology of the regressive unit clinoforms, as well as the flat shelf-edge trajectory and 

the abrupt termination of the upper part of clinoforms is interpreted to correspond to 

topset erosion (Figure 4.8). This erosion surface defines the TR3 maximum regression 

surface, corresponding to SB4. 
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Figure 4.10:  Amplitude map of a Type-B clinoform overlying the erosional surface of Figure 4.9 and Figure 4.8. Laterally 

discontinuous high amplitude zones on the upper slope are linked to discrete shelf-edge sediment entry points (red 

arrows).  
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SEQUENCE 4(TR4) 

Description 

The transgressive unit of Sequence 4 is defined by an aggradational reflector set 

that downlaps onto the SB4 surface on the basin floor, and exhibits a landward stepping 

point of onlap on the outer shelf (Figure 4.3). The upper part of the TR4 transgressive 

unit strata is truncated by a listric basinward dipping surface (Figure 4.3), however, in 

contrast to the transgressive unit of TR2 and TR3, several shelf-edge clinoforms are 

preserved below the failure surface of TR4 (Figure 4.3). As with TR2 and TR3, the 

transgressive unit of TR4 increases in thickness basinward of the failure surface of the 

underlying sequence, with an increase from 25 ms (TWT) on the shelf, to 100 ms (TWT) 

above the SB4 shelf edge (Figure 4.3). In dip-oriented sections it is evident that the shelf-

edge trajectory changes from being flat to a falling trend (in Sequence 3), and to a rising 

trend in the transgressive unit of TR4 (Figure 4.3). The transgressive to regressive unit 

transition is defined by a toplap surface overlain by sub-parallel reflectors on the shelf. 

The shelfal regressive unit reflectors terminate into the listric discontinuity surface, 

basinward of which there is a chaotic interval at the base of slope (Figure 4.3). The base 

of slope chaotic deposits have internal discontinuities that make it possible to dissect the 

package into at least 3 stacked chaotic intervals of which the isopach maxima shift from 

west to east from one package deposit to the next (Figure 4.11). The upper surface of the 

chaotic interval is downlapped by a thin (100 ms) package of clinoformal surfaces that 

define the slope section of the regressive unit. The upper surface of TR4 is continuous 



 

 132 

throughout the dataset and is overlain by parallel reflectors that define the post-Eocene 

section (Figure 4.3).  

 

 

Figure 4.11:  Compensationally stacked MTDs in lower Sequence 4. Depocenter of the 

MTDs is situated progressively farther to the north-northwest (to the right) 

through time. See Figure 4.6 for location. 
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Interpretation 

The deposition of TR4 caused progradation of the shelf margin by 1.7 km during 

the transgressive unit, however the shelf-margin at the upper surface of the regressive 

unit is approximately 500 m landward of the end-transgressive unit shelf edge (Figure 

4.3). Unlike underlying sequences, the transgressive unit of TR4 is preserved, and it is 

interpreted to have contributed to basin-margin progradation with conditions of rising 

shelf-edge trajectory and associated landward migration of the shoreline. As with TR2 

and TR3, it is interpreted that continued movement on the underlying shelf-failure 

surface caused subsidence of the outer shelf, accounting for the increase in thickness of 

the TR4 transgressive unit (Figure 4.3)  

The sequence boundary that caps the Late-Eocene sequence is a regionally 

persistent flooding surface in the Santos Basin associated with abandonment of this 

region of the shelf and the re-routing of the Paraiba do Sul drainage system towards the 

Campos basin. The entire Santos Basin became sediment starved. This combined 

sequence boundary/flooding surface is overlain by marine shales and contourite deposits 

throughout the Santos Basin (Modica and Brush, 2004).  

DISCUSSION 

Contrasting clinoform characterisitics 

The Eocene basin-margin clinoforms of the Santos basin exhibit diverse patterns 

of amplitude distribution on the slope and basin floor, and contrasting styles of shelf-edge 

trajectory and intensity of topset erosion. The undeformed, regressive systems tract 
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clinoforms are divided into three categories based on clinoform geometry, stacking 

pattern and reflection amplitude distribution between the shelf edge and basin floor. The 

transgressive systems tract clinoforms are not included in this classification as within 

most sequences, only a limited reach of the transgressive unit is imaged within the data 

volume. Interpretations of the three clinoform depositional features are presented in 

Figure 4.12. 
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Figure 4.12 Schematic comparison of the three clinoform types discussed in the text: A) 

Type-A, strike fed contourite deposition contributing to prograding 

sigmoidal clinoforms; B) Type-B clinoforms with shelf-attached slope 

aprons fed by shelf-edge deltas and C) Type-C clinoforms with shelf-edge 

deltas feeding sediment into slope channels that deliver sediment to the 

basin floor.  
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Type-A Clinoforms (sigmoidal, strike-continuous slope drapes) 

Type-A clinoforms are defined by a sigmoidal shape in which the bottomset, 

foreset and topset are preserved, and successive clinoforms exhibit flat to rising shelf-

edge trajectory stacking patterns. Type-A clinoforms define the regressive unit of most of 

TR1, and all of TR2. The amplitude distribution on Type-A clinoforms is 

characteristically strike-continuous with the amplitude maxima typically being situated 

on the mid-slope (Figure 4.7). Most, but not all Type-A clinoforms exhibit a reduction in 

amplitude from west to east along the basin margin, and in several clinoforms, the high 

amplitude zone is situated farther down the clinoform (in greater water depth) from west 

to east (Figure 4.7), however, the high amplitude packages terminate on the lower slope, 

and do not extend to the basin floor.  

It is proposed that Type-A clinoforms were deposited in an entirely subaqueous 

environment with no subaerial exposure and no major erosion of the topset. It is 

interpreted that the high amplitude reflection packages reflect strike-fed, subaqueous 

depositional systems in which sediment was fed from a shelf-edge source in the south 

west. It is unlikely that these clinoforms were connected to cross-shelf sediment routing 

systems as within the dataset there is no evidence of regional shelf erosion, or localized 

outer shelf incision during TR2. The identification in a reduction in amplitude from south 

west to north east and an increase in the downslope distance (and consequently, water 

depth) of the high amplitude zone on the surface of the clinoform both suggest a sediment 

source on the upper slope to the south west. 
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Type-B Clinoforms (oblique, shelf-edge attached, upper-slope sheets) 

Type-B clinoforms are distinguished from Type-A clinoforms primarily on the 

basis of clinoform shape. Type-B clinoforms are defined by oblique geometries with 

bottomset and foreset preservation, but with with truncation of the topset (Figure 4.5). All 

successions of Type-B clinoforms are defined by flat to falling shelf-edge trajectories 

(Figure 4.8). Type-B clinoforms define the regressive unit of TR3 and TR4. In contrast to 

Type-A clinoforms, Type-B clinoforms do not exhibit laterally continuous reflection 

amplitudes on the slope (or at the shelf edge); instead, high amplitude reflection packages 

are focused to particular points along strike and these foci are consistent between several 

stacked clinoforms. Within TR3, the high amplitude reflection packages reduce in 

amplitude with distance down the slope (Figure 4.10). The along-strike location of the 

shelf-edge and upper-slope high amplitude reflection packages within TR3 matches the 

location of the shelf-edge depressions and drainage systems at the base of the regressive 

unit described above. In contrast, areas basinward of shelf-edge areas without depressions 

lack high amplitude packages (Figure 4.10). The Type-B clinoforms are interpreted to be 

the product of sediment dispersal systems that drain the shelf at focused points. Unlike 

Type-A clinoforms, those of Type B occur at levels with shelf-edge incisions of up to 100 

ms (TWT) depth and show high amplitude reflection packages emanating from these 

incised areas. On the slope these high amplitude reflection packages spread out to drape 

the upper and mid slope (Figure 4.10), these high amplitude packages are interpreted to 

represent unconfined upper-slope turbiditic sheet flows. 
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Type-C Clinoforms (complex patterns with by-pass conduits) 

Type C Clinoforms are defined by sigmoidal shapes in dip sections that exhibit 

preservation of the bottomset, foreset and topset. Unlike Type A and Type B clinoforms, 

Type C clinoforms are only recognized at the MRS of TR1. Type C clinoforms are 

defined by complex amplitude distribution patterns with arcuate,shelf-edge-parallel high-

amplitude packages on the shelf, isolated high-amplitude packages at the shelf edge, 

straight to sinuous slope parallel high amplitude packages on the slope and coalesced 

high amplitude packages on the basin floor (Figure 4.6). 

Type C Clinoforms are interpreted to the product of progradation of deltas to the 

shelf edge, and subsequent delivery of sediment through channelized features on the 

slope, to basin-floor fan deposits (Figure 4.6). Unlike Type B Clinoforms, it is interpreted 

that on Type C Clinoforms, the slope is an area of net bypass where sedimentation is 

mostly fine grained. 

Shelf-edge evolution  

Following the integration of seismic geomorphology and seismic attributes, a link 

between shelf-edge progradation and deep-water sediment transport emerges. The 

following section describes the series events that lead to basin-margin progradation and 

deep water sediment delivery. A model illustrating the stages of shelf-edge development 

is presented in Figure 4.13. 
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Figure 4.13:  Shelf-margin development and deep-water sediment transport. Stages A-E are described in the text A) 

progradation of shelf edge; B) aggradation of shelf margin; C) catastrophic shelf-edge failure; D) mass-transport 

deposition; E) healing of irregular bathymetry (see text for discussion). 
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Progradation of the shelf edge  

Shelf-edge progradation during the regressive unit of each sequence is defined by 

offlapping clinoforms that downlap the slope and basin floor of the preceeding MFS 

(Figure 4.5), and contribute to shelf-edge accretion of up to 5 km during conditions of flat 

to rising shelf-edge trajectory (Figure 4.3). At times when deltas are established at the 

shelf edge, sediment is either transported from the shelf to the basin floor through a series 

of conduits linked to the shelf-edge deltas (Type C clinoforms; Figure 4.6) or deposited 

as locally continuous sheets on the upper slope (Type B clinoforms; Figure 4.10). In other 

examples where shelf-edge delta establishment is not clear, progradation of the shelf edge 

is achieved through the deposition of strike fed slope drapes (Type A clinoforms; Figure 

4.7).  

Aggradation of shelf margin  

The upper surface of the regressive unit is defined as a maximum regressive 

surface, and this surface marks the maximum basinward progradation of each sequence 

(Figure 4.3). Following the regressive unit, a transition into conditions of rising shelf-

edge trajectory is associated with reduced progradation rates, and backstepping of the 

shelf edge during deposition of the transgressive unit (Figure 4.5). The transgressive unit 

is defined by low amplitude reflection packages and backstepping points of shelfal onlap 

(Figure 4.5). The transgressive unit is overlain by a maximum flooding surface (MFS) 

and subsequent aggradational strata. The shelf-edge trajectory of these aggradational 
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strata is unknown in most sequences as the shelf-edge is removed by large-scale collapse 

(Figure 4.3). 

Catastrophic shelf-edge failure 

Following aggradation of the shelf and shelf edge overlying the MFS, the 

sediment package basinward of the shelf edge undergoes catastrophic failure along listric 

decollement surfaces (Figure 4.3). This catastrophic shelf-edge failure occurs in all 

sequences except TR1. The basal failure surfaces are defined by concave, basinward 

dipping decollements that sole into the strata overlying the MFS of the underlying 

sequence (Figure 4.5). These decollements form sub-linear, shelf-edge parallel scarps that 

extend across the entire dataset (at least 35 km; Figure 4.9), indicating that shelf-edge 

failure likely involved large sections of the shelf-margin collapse, and not localized 

slumping as often described in deltaic settings (Mayall et al. 1992).  

Deposition of chaotic debris flows at base of slope 

The material derived from the shelf-edge failures is transported basinward where 

it is deposited above the basin-floor fans as mounded chaotic reflection packages which 

are interpreted as mass-transport deposits (Figure 4.3). Basin floor mass transport 

deposits attain thicknesses of up to 140 ms TWT near the base of slope, and extend at 

least 10 km into the basin (Figure 4.3), accounting for the largest volume of basin floor 

deposition. 
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Progradation of the shelf margin and healing of failed shelf-edge bathymetry 

Following shelf-edge collapse, the regressive unit is defined by prograding Type-

A and Type-B clinoforms that heal irregular bathymetry associated with collapse by 

onlapping the failure scarp and downlapping the mass transport deposit (Figure 4.3). The 

greatest magnitude of shelf-edge progradation for each sequence occurs during this 

healing phase, with advancement of the shelf margin up to 6 km into the basin. 

 

This series is repeated three times within the studied interval, with catastrophic 

shelf-edge failure following a period of shelf-edge aggradation and deposition of the 

evacuated material as chaotic packages on the basin floor. The repetitive collapse and 

reestablishment described here, and summarized in Figure 4.13,  is similar to smaller 

scale patterns of deltaic mouth bar collapse described in outcrop data (Chapter 3). 

Deep-water sediment transport 

The strata of the Eocene Santos basin reveal two main styles of deep-water 

deposits, each related to different conditions of sediment delivery, and likely correspond 

to different sediment deposit characteristics.  

Deep-water sediment delivery from stable prograding clinoforms 

Most of the shelf-margin clinoforms that account for the bulk of shelf-edge 

progradation are defined by down-dip decreases in seismic amplitude, and packages of 

low amplitude bottomsets that pinch out within 5 km of the base of slope (Figure 4.3). 
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These are interpreted to represent progradational clinoforms with sand-prone mid- and 

upper-slope aprons, and mud-prone bottomsets. Within this dataset, one clinoform is 

defined by shelf-attached high amplitude features interpreted as slope channels (Figure 

4.6) that feed basin floor fans. In this example, however, the high amplitude basin-floor 

sediment package is limited in thickness to one seismic event (Figure 4.5). In examples 

where sediment is transported to the basin floor through slope channels, basin-floor 

deposition occurs coeval with the maximum regressive surface, and approximates the 

traditional lowstand, basin-floor fan growth (Van Wagoner et al. 1988). 

Deep-water sediment delivery from shelf-edge collapse 

A second mechanism for deep-water delivery of sediment is the collapse of the 

shelf margin and transport of deformed material to the basin floor. Large scale collapse of 

the shelf margin occurs within TR sequences 2, 3 and 4, and in each case, mass-transport 

deposits extend at least 10 km from the base of slope (Figure 4.3). In contrast to the high 

amplitude deposits on the basin floor connected to stable clinoforms (Figure 4.6), the 

mass-transport deposits associated with shelf-edge collapse are greater in thickness (up to 

100 ms) as well as extending farther into the basin, implying a greater volume. The 

timing of the shelf-edge collapse events suggests that the greatest volume of sediment is 

delivered to the basin floor during the initial building of the regressive unit, overlying the 

maximum flooding surface, equivalent to the highstand phase of sequence growth of 

other sequence stratigraphic nomenclatures (e.g., Catuneanu et al 2009).  
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CONCLUSIONS  

The 3D seismic data of the Eocene northern Santos Basin, offshore Brazil reveal 

diverse styles of shelf-edge accretion, slope and basin floor depositional systems as well 

as a link between catastrophic shelf-edge collapse, progradation and basin-floor 

deposition.  

Three types of shelf edge clinoform are recognized: Type A, Type B and Type C. 

Type-A clinoforms are deposited entirely subaqueously and are strike-fed by contourites. 

The contourites are interpreted to become finer grained toward the north east at all levels 

within TR2 and it is interpreted that the sediment source is situated at the upper slope or 

shelf edge toward the south west. Type-B clinoforms are fed by sediment from shelf-edge 

deltas some of which are confined within pre-existing erosional escarpments at the shelf 

edge (Figure 4.8; 4.9). The slope of such clinoforms is interpreted to be the site of 

deposition of sediment gravity flows of various types including laterally continuous, 

turbidity currents that spread out from their shelf-edge erosional confinement to deposit 

sheeted drapes on the upper and mid slope. Type-C clinoforms defined by slope channels 

up to 200 m in width that are straight to slightly sinuous in a down-slope direction feed 

basin-floor fans at the base of slope. Although these features are well imaged in the data, 

it is interpreted that the basin-floor deposits associated with stable clinoform progradation 

are relatively modest in thickness (Figure 4.5) 

Although sediment is transported from the shelf to the basin floor during 

conditions with relatively stable shelf-margin clinoforms, such basin-floor strata are 

either interpreted to be mud-prone (TR2 regressive unit, Figure 4.5), or limited 
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thicknesses of sand-prone strata (Type-C clinoforms, SB2, Figure 4.5). In contrast, large 

quantities of sediment interpreted to be sand prone are delivered to the basin floor 

through catastrophic collapse of the shelf margin (Figure 4.13). The stratigraphic 

arrangement of mass-transport deposits, associated failure surfaces and subsequent 

progradational clinoform sets suggest that these collapses occurred during the 

development of the early regressive systems tract, or the conventional highstand systems 

tract . The strata of the Eocene Santos Basin are unusual inasmuch as the greater quantity 

of sediment is delivered to the basin floor during highstand, and not lowstand as 

predicted by most conventional sequence stratigraphic models.  
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Chapter 5: Shelf-edge delta regime as a predictor of deep-water 

deposition 

ABSTRACT 

Shelf-edge delta depositional style and particularly the presence of river-

dominated shelf-edge deltas is a reliable indicator of deep-water sand delivery, as 

documented by a dataset of some 29 shelf-margin clinoforms. Shelf-edge delta regime, 

defined as the sum of the effects of fluvial, tidal, wave, and other oceanographic currents 

impacting deltas as they arrive at the shelf edge is a key predictor for likelihood of sand 

transport off the shelf edge to deep water. Conventional sequence-stratigraphic concepts 

assume that delivery of sand to the deep water occurs primarily during falling and 

lowstand of relative sea level, and that basinward transport is associated with shelf-edge 

incision and sediment bypass. Recent analysis of outcrop and subsurface datasets has 

shown that sediment can also be transported to the deep water during rising and highstand 

of sea level provided sediment flux is high.  In addition, some examples with documented 

shelf-edge entrenchment associated with sea-level fall did not deliver significant sand 

volumes to the deep water. In contrast to the emphasis given to sea level and sediment 

supply, the role of the shelf-edge delta itself, and especially its process regime, has 

received relatively little attention. The data suggest that the behavior and process regime 

of the delta at the shelf edge is critical, except where shelf width is minimal.  
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INTRODUCTION 

  This chapter argues that shelf-edge delta type and the sedimentary processes at 

the mouth of the feeder river (in addition to sea-level variation and the magnitude of 

sediment supply), have a major, but understated, control on the delivery of the sand to the 

deep-water environment. It is suggested that the recognition of delta type at the shelf 

edge (based on planform morphology, isopach maps, facies data, and inferred 

sedimentary processes) is therefore critical for predicting the existence of coeval sand 

deposits on the slope and basin floor. 

Conventional stratigraphic models used for the prediction of deep-water sands 

(e.g., Posamentier and Vail 1988; Steel and Olsen 2002; Johannessen and Steel 2005; 

Helland-Hansen and Hampson 2009) assumed that transportation of sand from shelf edge 

to the deep water occurs preferentially during periods of sea-level fall and lowstand. 

During low sea-level stand the river and delta are forced to prograde to the shelf edge and 

become entrenched if the sea level falls below the shelf break (Van Wagoner et al. 1988; 

Johannessen and Steel 2005) and as a result, there is bypass of sediment directly onto the 

slope and basin floor (Figure 5.1).  During periods of sea-level rise and highstand, these 

models postulate that the sediment budget is mainly stored on the shelf with little sand 

reaching the slope or basin floor (Figure 5.1) (Johannessen and Steel 2005). An improved 

model, which makes this explanation practical to operate is the “shelf-edge trajectory” 

concept, where the rise and fall of successive shelf-edge positions became a proxy for 

sea-level rise and fall respectively (Steel and Olsen 2002). Using this terminology, a flat 

or falling trajectory and associated shelf-edge incision was linked to basin-floor 
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deposition of sand, whereas a rising trajectory indicated shelf aggradation and sediment 

starvation of the slope and basin floor (Johannessen and Steel 2005; Ryan et al 2009) 

(Figure 5.1). 

 

 

Figure 5.1: Conventional geometric sequence stratigraphic model with basin-floor 

deposition restricted to periods of lowstand, recognized in the stratigraphic 

record by a falling shelf-edge trajectory, and basin-floor sediment starvation 

at times of highstand linked to rising trajectories (Posamentier and Vail 

1988; Johannessen and Steel 2005).  

The models linking  sea-level fall to sediment dispersal are in general still valid, 

but they have been challenged as being insufficient by experimental (Burgess and Hovius 

1998), outcrop (Carvajal and Steel 2006), shallow seismic (Covault et al. 2007), and late 

Quaternary deep-sea deposition rate (Covault and Graham 2010) data. These data show 

basin-floor fan growth during rising or highstand of sea level (or rising shelf-edge 

trajectory) given a high sediment supply onto the  shelf, as well as contrasting examples 

in which basin-floor fans are absent from lowstand systems tracts associated with periods 



 

 149 

with falling shelf-edge trajectory, sea-level fall below the shelf edge, and shelf-edge 

incision (Plink-Björklund and Steel 2002). It is now well established that high sediment 

supply plays an important role in deep-water delivery, especially in cases with moderate 

to wide shelves or rising relative sea level (Burgess and Hovius 1998; Carvajal and Steel 

2006; Covault and Graham 2010). Unlike clinoform trajectory, however, sediment supply 

and shelf width are difficult to determine from many  datasets that  cover only a limited 

reach of the  source-to-sink system, though efforts are now being made to estimate 

sediment flux to ancient shelf margins via volume calculations and shelf-margin 

progradation-aggradation rates (Carvajal et al. 2009), and via clinoform characteristics 

(Petter 2010).  

  The sea-level and supply-drive models were based mainly on large-scale seismic 

data  and little attention was paid to the dominant sedimentary processes at the shoreline. 

This study describes a dataset of 29 examples of high-resolution ancient shelf to basin-

floor sediment packages with a spectrum of shelf-edge trajectories and a variety of 

depositional styles at the shelf edge (Figure 5.2; Table 5.1). Of the 29 examples, only 19 

conform to the conventional sequence stratigraphic model presented in Figure 5.1. We 

argue that the behavior and process regime of shelf-edge deltas (as identified with facies 

data, sand isopach maps, and plan-view morphology data of the delta system) is a key 

indicator for predicting the presence or absence of basin-floor fans, inasmuch as 27 of 29 

examples exhibit a link between basin-floor fan sedimentation and shelf-edge delta 

regime.  
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Figure 5.2: Shelf-margin clinoform datasets used in this work. A) Map of examples 

used and B) schematic representation of clinoformal successions with 

varying deltaic styles (including mixed-influence systems), shelf-edge 

trajectories (flat, rising, or falling) and deep-water depositional systems. 

Note that the height, gradient, and specific shelf-edge trajectory angle are 

illustrated for the purposes of representation and do not reflect the absolute 

values observed in each dataset. No representation is made of contrasting 

basin-floor fan volumes, or slope depositional systems. See Table 5.1 for 

details on each clinoform. Question marks denote uncertainty of deep-water 

sedimentation; those with basin floor fans inferred are examples with lower-

slope channel systems at the basinward limits of the datasets. 
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Table 5.1. Summary of the shelf-margins that have described process dominance at the shelf-edge shoreline. 

Number 

(Figure 

2) 

Example Location Data type (and 

geometric extent) 

Sea level 

trajectory 

Delta Style Deep-water deposits Reference 

01 Van 

Keulenfjorden 

Clinoform 14A 

Onshore Spitsbergen 

(Eocene) 

Outcrop (2D) Fall River dominated Basin-floor fan 1, 2, 3 

02 Molo Fm. Horizon 

6 

Offshore Norway 

(Pliocene or Oligocene) 

Seismic (3D) Fall  Direct connection between shelf 

fluvial system and slope channels 

Basin-floor fan 4 

03 Molo Fm. Horizon 

7 

Offshore Norway 

(Pliocene or Oligocene) 

Seismic (3D) Fall Direct connection between shelf 

fluvial system and slope channels 

Basin-floor fan 4 

04 Hogsynta 

Clinoform 2 

Onshore Spitsbergen 

(Eocene) 

Outcrop (2D) Fall River dominated Mud (slope aprons) 5, 6, 7 

05 Hogsynta 

Clinoform 1 

Onshore Spitsbergen 

(Eocene) 

Outcrop (2D) Fall River dominated Mud (slope aprons) 5, 6 

06 Rio Grande Offshore Texas Seismic (2D 

seismic line 

network) 

Fall River dominated Slope Channels, lower slope 

fan 

8, 9 

07 „Vermillion/ 

Garden Banks 

Offshore Louisiana 

(Pleistocene) 

Seismic (3D) Fall River dominated Slope channels 10 
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Delta‟ 

08 Van 

Keulenfjorden 

Clinoform 8 

Onshore Spitsbergen 

(Eocene) 

Outcrop (2D) Fall River dominated, Wave influenced Basin-floor fan, slope 

channels 

1, 11 

09 Fox Hills 

Clinoform 10 

Onshore Wyoming 

(Maastrichtian)  

Outcrop and well 

logs (2D outcrop 

and 3D well log 

network) 

Fall River dominated Basin-floor fan 12 

10 Molo Fm. Horizon 

1 

Offshore Norway 

(Pliocene or Oligocene) 

Seismic (3D) Fall  River dominated  Slumps on slope 4 

11 Fuji Einstein Delta 

Lobe 2 

Offshore Alabama 

(Pleistocene) 

Seismic (3D) Fall River dominated Slope Channels 13 

12 Fuji Einstein Delta 

Lobe 3 

Offshore Alabama 

(Pleistocene) 

Seismic (3D) Fall Wave dominated Slope Channels 13 

13 Porcupine Seismic 

Unit 3 

Offshore Ireland 

(Paleocene-Eocene) 

Seismic (3D) Flat-rise Wave dominated Mud 14 

14 Litledalsfjellet 

Clinoform 1 

Onshore Spitsbergen 

(Eocene) 

Outcrop (2D) Flat-rise River dominated Mud 15, 16 

15 Porcupine Seismic 

Unit 4 

Offshore Ireland 

(Paleocene-Eocene) 

Seismic (3D) Rise-flat River dominated Basin-floor fan 14 

16 Litledalsfjellet 

Clinoform 2 

Onshore Spitsbergen 

(Eocene) 

Outcrop (2D) Rise Wave dominated Mud (slope aprons) 15 
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17 Litledalsfjellet 

Clinoform 3 

Onshore Spitsbergen 

(Eocene) 

Outcrop (2D) Rise Wave dominated Mud (slope aprons) 15 

18 Fuji Einstein Delta 

Lobe 4 

Offshore Alabama 

(Pleistocene) 

Seismic (3D) Rise Wave dominated Late-stage channel fill and 

slope aprons 

13 

19 Fuji Einstein Delta 

Lobe 5 

Offshore Alabama 

(Pleistocene) 

Seismic (3D) Rise Wave dominated Late-stage channel fill and 

slope aprons 

13 

20 Tres Pasos Puma Onshore Chile 

(Cretaceous-Paleogene) 

Outcrop (2D) Rise River influenced ,Wave influenced Basin-floor fan 17 

21 Tres Pasos Hotel Onshore Chile 

(Cretaceous-Paleogene) 

Outcrop (2D) Rise River influenced, Wave influenced Basin-floor fan 17 

22 Litledalsfjellet 

Clinoform 4 

Onshore Spitsbergen 

(Eocene) 

Outcrop (2D) Rise Wave dominated Mud (slope aprons) 15 

23 Litledalsfjellet 

Clinoform 5 

Onshore Spitsbergen 

(Eocene) 

Outcrop (2D) Rise Wave dominated Mud (slope aprons) 15 

24 Van 

Keulenfjorden 

Clinoform 14B/C 

Onshore Spitsbergen 

(Eocene) 

Outcrop (2D) Rise River dominated, Tide influenced Basin-floor fan 1, 2, 3 

25 Fox Hills 

Clinoform 9 

(subsurface) 

Onshore Wyoming 

(Maastrichtian) 

Well logs (3D well 

log network) 

Rise Direct connection between shelf 

fluvial system and slope channels 

Basin-floor fan 12 

26 Tanqua Cycle 2A Onshore South Africa 

(Permo-Triassic) 

Outcrop (mostly 

2D dip-oriented 

Rise River dominated Lower Slope Channels 18 
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outcrop belts with 

some strike 

control) 

27 Tanqua Cycle 3A Onshore South Africa 

(Permo-Triassic) 

Outcrop (mostly 

2D dip-oriented 

outcrop belts with 

some strike 

control) 

Rise River dominated, Wave influenced Silt and thin-bedded, sheeted 

turbidites 

18 

28 Van 

Keulenfjorden 

Clinoform 17 

Onshore Spitsbergen 

(Eocene) 

Outcrop (2D) Rise Wave dominated, Tide influenced Mud (tempestite aprons) 1, 19 

29 Fox Hills 

Clinoform 9 

(outcrop) 

Onshore Wyoming 

(Maastrichtian) 

Outcrop (2D with 

3D well log 

network) 

Rise Wave dominated Mud 12 

[1] Johannessen and Steel (2005); [2] Petter and Steel (2006); [3] Crabaugh and Steel (2004); [4] Bullimore et al. (2005); [5] 

Plink-Björklund and Steel (2002); [6] Plink-Björklund et al. (2001); [7] Plink-Björklund and Steel (2004); [8] Banfield and 

Anderson (2004); [9] Rothwell et al. (1991); [10] Perov and Bhattacharya (2011); [11] Mellere et al. (2003); [12] Carvajal and 

Steel (2009); [13] Sylvester et al. (2012); [14] Ryan et al. (2009); [15] Deibert et al. (2003); [16] Mellere et al. (2002); [17] 

Hubbard et al. (2010); [18] Dixon et al. (2012a); [19] Uroza and Steel (2008). 
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DATASET AND METHODS 

  The analysis presented in this chapter is restricted to shelf-edge deltas, where the 

distance between shoreline and shelf edge (shelf width) approaches zero.  The outcrop 

and subsurface datasets that were selected (Table 5.1; Figure 5.2) include correlated 

shelf-to-basin-floor sedimentary systems, interpreted shelf-edge delta type, and 

placement of these linked sedimentary deposits within a context broad enough to 

determine shelf-edge trajectory through time. Details of the process regime interpretation 

of each clinoform are presented in the published source articles (see also Figure 5.3). 

Although many additional shelf-edge delta datasets have been described, particularly in 

2-D, these were omitted from this evaluation either because they lack interpretations of 

the lithologic or depositional system or because they are focused on only one part of the 

shelf to basin-floor profile. The data presented here are, for the most part, outcrop and 3-

D reflection seismic data. Although outcrop and 3-D seismic datasets present the 

opportunity to make detailed interpretations of depositional systems, it is acknowledged 

that 2-D outcrop and small 3-D seismic datasets may not reveal the full extent of 3-D 

features. This consideration is of particular importance in outcrop datasets, where, for 

example, channels observed in dip-oriented outcrops may feed other depositional systems 

situated along strike that are therefore unexposed. Similarly, deltaic and basin-floor sand 

accumulations may not be linked in a 2-D outcrop belt to any associated slope channels 

given the inherent lateral discontinuity of channelized deposits. 
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Figure 5.3:  Examples of river- and wave-dominated deltas from modern systems and 

the subsurface. A) Strike-elongate high-amplitude reflection packages 

(wave-dominated deltas), Location 13, Table 5.1 (Ryan et al. 2009); B) 

Interpretive sketch of the modern wave-dominated Paraibo do Sul delta 

Brazil (Li et al. 2011); C) Isopach map of wave-dominated delta (Left, 

Location 29) and linked fluvial channel belts and slope channels (right, 

Location 25) (Table 5.1, Carvajal and Steel 2009); D) Modern river 

dominated wax lake delta, Gulf of Mexico (Foufoula-Georgiu et al. 2010); 

E) Uninterpreted seismic data (left) and interpreted depositional features 

(right) of a river-dominated delta, Location 10, Table 5.1 (Bullimore et al. 

2005). 
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SHELF-EDGE DELTA TYPE (PROCESS DOMINANCE) AND DEEP-WATER DELIVERY 

This chapter uses the tripartite classification system for river deltas proposed by 

Galloway (1975) which separates deltas into river- wave- and tide-dominated classes 

based on qualitative interpretation of their sedimentary structures, plan-view morphology, 

and associated coastal processes. Each delta type may occur at the shelf edge (Figure 5.2, 

Table 5.1), irrespective of shelf-edge trajectory. Tide-dominated deltas are poorly 

represented in this dataset because of a lack of examples with correlated coeval strata on 

the slope and basin floor.  

Wave-dominated deltas occur where fluvial channels terminate at coastlines with 

high enough wave energy to remobilize and redistribute sediment at the river mouth. 

Although high tidal range and large river output may reduce wave impact, wave-

dominated deltas occur in any areas where the wave-reworking energy dominates (Davis 

and Hayes 1984). Sediment delivered to wave-dominated systems is sourced largely from 

the associated river mouth, but also from neighboring river mouths via along-shore 

sediment drift (Bhattacharya and Giosan 2003). High wave energy redistributes river-

derived sediment away from the river mouth to form distinctive linear to arcuate 

shoreline-subparallel sediment ridges that decrease in width with increasing distance 

from the river mouth, which itself is often deflected in the direction of dominant long-

shore currents (Figure 5.3B; Coleman and Wright 1975; Bhattacharya and Giosan 2003). 

Wave-dominated deltas are identified in outcrop and core by abruptly upward-coarsening 

to sharp-based sand bodies characterized by hummocky and swaly cross strata, 
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symmetrical (wave) ripples, and limited mudstone layers (Bhattacharya and Walker 

1992; Diebert et al. 2003; Li et al. 2011). At the shelf edge, wave-dominated systems 

have been recognized as strike-elongate sand bodies as much as to 2.5 km wide and tens 

of kilometers long that drape the outermost shelf (Figure 5.3A, C; Bullimore et al. 2005; 

Ryan et al. 2009). These elongate shelf-edge sand bodies are dominated by swaly and 

hummocky cross strata, and develop spectacular thicknesses (up to 200 m) along great 

lengths of the Pliocene Orinoco shelf edge on Trinidad (Steel et al. 2007); analogous sand 

belts have been documented along the Fox Hills shelf edge in the Washakie Basin of 

southern Wyoming (Figure 5.3C; Carvajal and Steel 2009; Olariu et al. 2012).  The slope 

and basin floor immediately down-dip of such wave-dominated shelf edges, for the most 

part, lack basin-floor fans (Carvajal and Steel 2009; Olariu et al. 2012) or sandy channel 

fills, although there are some exceptions (Bullimore et al. 2005) in which slope-attached 

sandy slumps occur on over steepened upper-slope segments. In other cases, the slope 

and basin floor of the wave-dominated shelf-edge deltas are characterized by mud and silt 

with only thin turbidite sheet sands (Deibert et al. 2003; Uroza and Steel 2008). It appears 

that storm-wave shelf-edge settings, despite accumulating great thicknesses of sand, are 

highly inefficient at bypassing this sand to deepwater areas.  

Tide-dominated  deltas are generally characterized by heterolithic strata such as 

mud-draped ripple laminae sets on the lower delta front, and stacked sets  of mud-draped 

high-angle cross strata on the mid to upper delta front (Willis 2005), where the mud 

layers originate from fluid mud suspensions (Ichaso and Dalrymple 2009; Steel et al. 

2008). Bimodal or landward-directed paleocurrents are another common feature 
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(Bhattacharya and Walker 1992), as well as brackish or restricted ichnofacies 

(MacEachern et al. 2005).  Shoreline-normal sand and mud ridges (Coleman and Wright 

1975) often recognizable in high resolution 3-D seismic data also occur. Tide-dominated 

deltas have been less commonly recognized at the shelf edge, and there are only few 

examples described such as on the Nova Scotia shelf margin (Cummings et al. 2006). 

This is somewhat surprising, in that it is well documented that tidal current velocities 

increase at the shelf edge because the tidal prism (the volume of water passing any point 

during each half tidal cycle)  is greatest there (Fleming and Revelle 1939; Renaud and 

Dalrymple 2011). From the shelf edge and onto the shelf there is frictional dissipation of 

tidal energy and tidal current speeds tend to decrease, though at critical shelf widths (200-

400 km wide, Renaud and Dalrymple 2011) there may be tidal resonance and increased 

tidal range and current velocities.   In the few documented cases of outermost-shelf tidal 

deltas little sand appears to have been transported beyond the shelf edge and, instead, was 

retained within the topset of the basin-margin clinoform (Petter and Steel 2006). In these 

cases, tide-dominated deltas occur in reentrants on the shelf margin that are associated 

with river mouths,  slump scars, slope canyon heads, or fluvially incised knick marks 

(Cummings et al. 2006). 

River-dominated deltas occur where fluvial distributary channels deposit their 

suspended and bedload sediment in front of the river mouth without significant reworking 

by marine waves or tidal currents. River-dominated deltas form distinctive morphologies 

in planform in which sediment bars are deposited in front of distributary mouths, which, 
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over time, leads to complex dendritic distributary networks that prograde into the basin 

(Figure 5.3D, E), often producing lobate (Olariu and Bhattacharya 2006) or shoreline-

normal elongate deltaic bodies (Coleman and Wright 1975). In river deltas with a high 

sediment bedload, during flood periods, the river effluent plume may plunge below the 

lower-density ambient basinal water to produce hyperpycnal flows that form thin-bedded 

turbidite deposits on the delta front or on the deepwater slope if the delta had a shelf-edge 

location (Normark and Piper 1991; Mulder and Syvitski 1995). Hyperpycnal flows may 

also produce tabular or channelized deposits of sand (turbidites) on the delta front 

interbedded with laminated mud and silt (Plink-Björklund and Steel 2004; Petter and 

Steel 2006; Olariu et al. 2010; Dixon et al. 2012a). River-dominated deltas characterized 

by high sediment supply or those that prograde onto slightly steeper slopes (i.e., shelf-

edge deltas) generally show signs of sediment failure caused by oversteepening of the 

slope or deposition rates that are sufficiently high to bury water-laden sediment bodies 

more rapidly than their interstitial fluids can escape, leading to instability (Mayall et al. 

1992; Dixon et al. 2012a). The deposits of delta-front collapse include not only slumps 

but also debrites that are confined to conduits or deposited as tabular bodies basinward of 

the delta mouth (Mayall et al. 1992; Petter and Steel 2006; Dixon et al. 2012a). Shallow-

water river-dominated deltas (i.e., those on the shelf) typically have short run-out 

distances for turbidity currents, resulting in delta-front turbidites that are very thin bedded 

(Wright et al. 1986; Olariu et al. 2010). Once river-dominated deltas reach the shelf edge, 

however, they tend to show slight seaward “bulges” on the shelf margin (Sydow and 

Roberts 1994), and the run-out distance for turbidity currents is greatly increased as the 
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delta-front slope becomes merged with the basin-margin slope. As a result, these river-

driven systems can develop into slope channel systems that deliver sand to the basin floor 

(e.g., Clinoform 8 of the Spitsbergen system; Mellere et al. 2003).  The potential for such 

slope channels to deliver sand to the basin floor is increased at times when the shelf-edge 

distributary system becomes entrenched within outer-shelf incised valleys (Plink-

Björklund and Steel 2006). At these times, the distributary mouths often feed sediment 

directly into the slope channels and to the basin floor. Modern linked incised valleys and 

slope channels include systems such as the Zaire valley and Fan (Babonneau et al. 2002) 

and the Toyama channel system of western Honshu, Japan (Nakajima 2006). In these 

cases, a direct linkage between fluvial and submarine channels appears to minimize the 

amount of along-shore redistribution of sediment (see also Galloway 2001), and suggests 

that the river-mouth regions may have been somewhat embayed rather than protruded. 

The large amount of sediment that is bypassed to the deep-water reaches of the system, in 

these cases, is consistent with data suggesting that such shelf-edge deltas themselves 

form thinner sediment units compared to strike-equivalent deltas that are unincised and/or 

have an increased wave influence (Carvajal and Steel 2009). 

DISCUSSION 

Importance of River-dominated Deltas 

Of the examples presented here (Table 5.1, Figure 5.2), 34% (10 of 29 examples) 

do not fit the traditional model that links falling or flat shelf-edge trajectory (“lowstand” 

model) to basin-floor fan deposition and rising shelf-edge trajectory (“highstand” model) 
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to sediment starvation of the basin floor. In locations 20, 21, 24, 25, and 26, basin-floor 

fans developed during periods with a varying degree of rising shelf-edge trajectory, and 

in examples 4, 5, 10, 13, and 14, stratigraphic packages with flat to falling trajectories 

have no associated basin-floor sand deposits, although in these five cases, significant 

thicknesses of sand do occur as tabular, non-erosional aprons on the upper to middle 

slope. Most likely, this deviation from the traditional model predicting basin-floor fan 

deposition during highstand is caused by high sediment flux to the outer shelf, due to 

either narrow shelf width or to very strong river drive during cross-shelf transits. This has 

been suggested by modeling (Burgess and Hovius 1998), by a shelf-margin case 

involving high sediment yield from an actively uplifting Laramide range (Carvajal and 

Steel 2006), and by the fans of the California Borderlands that grew even during sea-level 

highstand because of narrow shelves and a short distance between canyon head and the 

sandy shoreline (Covault et al. 2007).  

Of the 15 shelf-margin examples presented here that do exhibit basin-floor fans, 

12 were characterized by basin-margin clinoforms headed with river-dominated deltas as 

defined above (Table 5.1). In the majority of cases, the river-dominated system fed 

material into slope conduits (channels, gullies, or canyons). Shelf-edge delivery and 

deep-water deposition was either facilitated by direct connectivity between outer-shelf 

incised river valleys or by non-incised shelf-edge deltas that fed material into the deep 

water through delta-front-generated turbidites and hyperpycnal plumes that emanate from 

distributary mouths near the shelf edge. Previous work that has linked river-dominated 

deltas to deep-water sediment transport has perhaps over emphasized the importance of 
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major outer-shelf incision or “fluvial entrenchment” (Wetzel 1993; Steel and Olsen 2002; 

Johannessen and Steel 2005) as it is shown in the described examples that incision is not 

required for sand delivery to deep water (Ryan et al. 2009; Dixon et al. 2012a). River 

domination of the shelf-edge system alone therefore appears to be an important factor in 

the transport of sand beyond the shelf edge. 

In contrast to river-dominated deltas, wave-dominated deltas are significantly less 

efficient in delivering significant volumes of sediment basinwards from the shelf edge. 

Instead, storm-wave-dominated margins produce strike-elongate sand belts near the shelf 

edge due to long-shore drift of sand (Bhattacharya and Giosan 2003; Olariu et al. 2012), 

and on margins where a river-dominated segment passes along strike to a storm-wave-

dominated segment, fans may develop directly downslope of the former and not 

downslope of the latter (Figure 5.3C; Carvajal and Steel 2009). These examples show 

that wave-dominated deltas and associated shore-parallel transport is unlikely to produce 

deep-water sand accumulations except in cases where these along-shore currents intersect 

canyon systems (Covault et al. 2007), headlands that divert the longshore current 

sediments to shelf edge (Boyd et al. 2008), or these systems are associated with a 

sustained falling shelf-edge trajectory. 

CONCLUSIONS 

The analysis of 29 basin-margin clinoforms shows that those with river-

dominated shelf-edge deltas are most likely to deliver sand to the basin floor to form 

basin-floor fan deposits. Although river-dominated shelf-edge deltas are common during 
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conditions of lowstand (or falling shelf-edge trajectory), they can occur at all sea-level 

stands. These results suggest that, as well as clinoform trajectory analysis or sediment-

flux estimations, identification of the process dominance of shelf-edge deltas is a 

practical tool for predicting the presence or absence of linked basin-floor fans. As process 

dominance requires data coverage only from the shelf-edge reaches of basin-margin 

clinoforms, the delta process-dominance prediction method may prove more practical 

than methods of sediment-supply estimation and shelf-edge trajectory analysis, especially 

in data-limited areas.  
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Chapter 6: Conclusions 

 Each chapter of this dissertation presents detailed conclusions of different aspects 

of this research; here, the general conclusions and main contributions of my dissertation 

are summarized.  

Stratigraphic Complexity of Shelf-Edge Deltas 

 Detailed mapping of shelf-edge deltatic deposits of the Kookfontein Formation of 

the Tanqua Karoo Basin, South Africa reveal the complexity of stratigraphic architecture 

and facies assemblages at the shelf edge. From the outer shelf towards the shelf edge, the 

stratigraphic thickness of deltaic mouth-bar packages increases by as much as 100% 

(Figure 2.19B). As well as an increase in thickness, the facies characteristics of deltaic 

deposits changes, with soft-sediment-deformation deposits accounting for a greater 

proportion of shelf-edge strata relative to equivalent deposits on the shelf. This increase 

in thickness of deformed strata corresponds to an increase in deposits with evidence of 

down-slope movement of material; these deposits are more prevalent at the shelf edge as 

a response to the increased sea-floor gradients, and thickness of the deltaic deposits (see 

also Chapter 2). In a strike direction, mapping of the Kookfontein outcrops reveal no 

along-strike change in deltaic thickness or process regime at the shelf edge, and most 

other examples of shelf-edge deltas show a similar lack in along-strike variation in 

process regime (Dixon et al. 2012b; Chapter 5). 
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Shelf-Margin Accretion 

 Progradation of the shelf edge and subsequent accretion of the basin margin is 

achieved through a variety of depositional processes on the shelf-edge and slope. Cycle 

2A (Chapter 3) records incremental progradation of the shelf-edge through collapse and 

reestablishment of shelf-edge deltaic mouth bars, with mouth bar and mass-transport 

package deposition within 4 km of the shelf edge (the upper slope). In greater water 

depths, margin accretion is achieved through shelf-attached thin-bedded turbidite beds 

(Figure 2.10). Accretion of the Eocene Northern Santos Basin margin is interpreted to be 

related to deposition being restricted to the the slope (Type-A and Type-B clinoforms; 

Figure 4.12). At times with slope bypass (Type-C clinoforms; Figure 4.12), sediment 

transport to the basin floor reduced slope progradation at the expense of basin-floor 

deposition (see also Figure 3.1). 

Shelf-edge Deltas and Deep-water Deposition  

 This dissertation documents a variety of processes that govern sediment transport 

into the deep water, including the subaqueous basin-margin slope (as described above) 

and the basin floor. The importance of the river-domination of shelf-edge deltas is 

highlighted, and it is argued that as a product of their sediment transport dynamics, wave- 

and tide-dominated systems have a greater capacity to store sediment on the shelf, 

whereas river-dominated shelf-edge deltas may transport sediment into the deep water 

through channelized systems on the slope as well as shelf-attached slope drapes. Shelf-

edge instability plays a role in the transport of sediment beyond the shelf-edge at a 

variety of scales from deltaic mouth-bar collapse (Figure 3.12) to collapse of the entire 



 

 167 

shelf-to-basin-floor clinoform (Figure 4.13). In the case of Cycle 2A of the Tanqua 

Karoo, shelf-edge mouth bar collapse and deposition of mass-transport deposits on the 

upper slope do not appear to deliver significant quantities of sediment to the lower slope 

and basin floor, whereas collapse of the entire shelf-margin at several times within the 

Eocene of the northern Santos Basin records the transport of large volumes of deformed 

shelf-margin sediment towards the basin floor where they are deposited as mass-transport 

packages. 
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Appendix A: Measured Stratigraphic Sections 

Eighty eight measured sections were measured between the mountains of 

Pienaarsfontein, Meideberge, Vaalberg and Bitteberg (Figure 1). For all measured 

sections featured in this appendix, paleocurrent indicators and interpreted depositional 

facies are interpreted (See Figure 2 for key to symbols, and Table 3.2 for facies 

association descriptions). Correlated stratigraphic surfaces representing the flooding 

surfaces of Cycle 2A, Cycle 2B, Cycle 3A and 3B are labeled „2A‟, 2B‟, „3A‟ and „3B‟ 

respectively. Note that in measured sections 15, 19, 22, 24, and 29, the thicknesses of 

strata of part of the section were measured, but not described in detail. In such cases, the 

thicknesses between flooding surfaces are recorded, but are marked as covered section. 
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Figure 1: Location of all measured sections with detailed maps of areas of high spacing density. Maps of horizons produced using field-

based GPS mapping and satellite imagery interpretationare featured; red line represents Cycle 2A and blue line represents Cycle 3B. All 

map elevation data are from ASTER GDEM, a product of METI and NASA. 
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Figure 2: Symbols used in measured sections.
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