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Abstract
When compared to tide-dominated shelves, shelves swept by geostrophic flows are relatively understudied, yet geostrophic 
currents have the potential to construct substantial current-generated shelf bedforms. This paper examines the evolution of a 
series of bedforms encountered along the narrow Agulhas Current-swept northern KwaZulu-Natal shelf. Their evolution is 
placed in the context of progressive current impingement and variation in flows associated with the postglacial transgression 
and culminating in the present-day highstand.
Ultra-high resolution seismic reflection, multibeam, side-scan sonar and single beam data sets reveal several bedform scales 
and morphologies; wave ripples and shoreface-connected ridges are associated only with the inner shelf, and 2D and 3D very 
large dunes are more cosmopolitan and span the entire shelf sector. The inner shelf is marked by rock outcrop (aeolianite), 
surrounded by sandy sediment, grading seaward into sediment starved bedforms associated with bioclastic gravels. Where 
sufficient sediment exists in local depocenters, very large dunes form discontinuous fields along the outer shelf.
The seismic stratigraphy of the outer shelf reflects the effects of postglacial flooding by rising sea levels and increasing cur-
rent impingement by the Agulhas Current. The Holocene wave ravinement surface is overlain by flat-lying strata (early dune 
development and dune amalgamation with first current exposure), in turn covered by hummocky, sub-horizontal aggrading 
beds (amalgamation), overlain by inclined cross-bedded packages (lee faces of the bedforms formed during migration and 
full current interaction).
Morphometric analyses show that for both the inner and outer shelf, no relationships exist between water depth, wavelength 
and spacing. Height to spacing (H/L) relationships are weak but nevertheless show a broadly positive trend. Bedform heights 
are lower on the inner shelf compared to the outer shelf, but bedform spacing is greater on the inner shelf, with a 40% overlap 
in H/L indices observed between the two areas. The departures in overlap can be linked to the competing offshore Agulhas 
Current and the inshore wave-dominated processes. Bedforms of the inner shelf plot below the global H/L mean and can be 
related to the more infrequent incursions of the Agulhas Current core. At the time of survey, the Agulhas Current was likely 
situated well offshore, resulting in reduced current activity in the survey area resulting in rounding of the dune crests, degra-
dation of the dune crests and trough infilling. On the outer shelf, the H/L values plot above the mean global trend, suggesting 
vertical accretion due to the faster currents. Crest rounding and downlapping of the upstream lee faces onto the downstream 
stoss faces indicate dune degradation, which is related to a seaward location of the Agulhas Current at the time of survey.

Introduction

Geostrophic currents that impinge the shelf, occasional 
storm surges and/or tidal currents have the potential to con-
tribute to construction of shelf bedforms. Tide-dominated 
shelves have higher sediment-retaining capabilities because 
shelf sediments are reworked back and forth, often result-
ing in large bedforms with little net movement (e.g. Jones 
et al. 2009). In contrast, large bedforms can develop on geo-
strophic current-dominated shelves in response to variations 
in current velocity, but their net movement is in the same 
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direction as the current. During transgression, the relative 
position and strength of geostrophic currents with respect 
to the shelf are likely to vary as water depth and shelf width 
increase progressively. Current interaction with the seabed 
will, similarly, evolve in terms of the potential to generate 
bedforms and in the nature of those bedforms. Concomi-
tant changes in shelf sediment distribution occur through 
wave ravinement (in shallow water) and current transport 
(offshore).

In contrast to tide-dominated shelves, much less attention 
has been given to shelves swept by geostrophic flows, espe-
cially western boundary currents. The northern KwaZulu-
Natal shelf, off the east coast of South Africa (Fig. 1), is one 
of the few such shelves. Others include the SE Atlantic mar-
gin of North America (the Gulf Stream) (Betzer et al. 1974; 
Swift and Freeland 1978; Swift et al. 1979; Huthnance 1992) 
and the western margin of Japan (the Kuroshio Current and 
its branches) (Ikehara 1988, 1989; Ikehara and Kinoshita 
1994; Park et al. 2003; Kubo et al. 2004).

Sedimentary bedforms, such as very large dunes, are 
apparent on the northern KwaZulu-Natal Shelf, and are 
presumed to be formed by bottom impinging geostrophic 
currents. It is, therefore, the aim of this paper is to relate 
the type, orientation, evolution and stratigraphic signatures 
of current-generated bedforms on the northern KwaZulu-
Natal shelf (SE African continental margin) to progressive 
western boundary current impingement and variable flow 
conditions during the postglacial sea-level rise. To examine 
this relationship, we utilise new high-resolution multibeam 
coverage of large bedforms and combined sidescan-sonar/
single beam bathymetry, as well as shallow seismic data 
from a 230-km-long shelf sector.

Regional setting

Physical setting

The continental shelf of the northern KwaZulu-Natal region 
is narrow (< 5 km), especially so from offshore Kosi Mouth 
to Cape St. Lucia (Fig. 1). The shelf is therefore recognised 
as one of the world’s narrowest (Martin and Flemming 
1988), being significantly narrower than Shepard’s (1963) 
global average of 50 km. The shelf break generally occurs at 
a water depth of ~ 100 m (Green 2009a), although, in some 
areas where large submarine canyons impinge on the shelf, it 
is as shallow as 65 m (e.g. offshore Sodwana Bay) (Ramsay 
1991; Ramsay et al. 1996) (Fig. 1).

Fig. 1  Locality map of the study area juxtaposed with the general 
bathymetry of the SW Indian Ocean (from Dorschel et  al. 2018). 
Lower image, data extents and localities of the ensuing figures

▸
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The SE African continental shelf is characterised by sev-
eral Holocene-age depocentres (Martin and Flemming 1986; 
Birch 1996) (Fig. 2). These depocenters occur offshore of 
coastal offsets (Fig. 2d), are associated with fluvial entry 
points to the shelf such as the Mfolozi River, the largest 
to enter the study area (Fig. 2d) and occur in tandem with 
incised valley fills (Fig. 2b, c, e) (Green 2009a). Large-scale 
subaqueous dunes form in these unconsolidated sediments 
during interactions with the dominant southwesterly-driven 
Agulhas Current (Flemming 1978, 1981; Martin and Flem-
ming 19888; Flemming and Hay 1988; Ramsay 1994; 
Ramsay et al. 1996). During late Pleistocene times, the last 
glacial maximum (LGM) sea level of ~  − 130 m (Green 
and Uken 2005) would have left the shallow shelf break of 
the northern KwaZulu-Natal continental shelf subaerially 
exposed to accumulate a substantial volume of unconsoli-
dated coastal plain sediments.

Regional geology

The northern KwaZulu-Natal continental shelf and coastal 
plain are underlain by Mesozoic to Pleistocene/Holocene 
aged rocks (Dingle et al. 1983), which document the rifting 
and drifting phases of the passive margin development of 
SE Africa (McMillan 2003). Overlying the basement vol-
canics (Lebombo Group volcanics according to Watkeys 
et al. 1993) is a succession of Cretaceous sedimentary rocks 
(Shone 2006) of the Zululand Group’s St. Lucia Formation 
(Dingle et al. 1983). Overlying the Cretaceous age rocks is a 
Pliocene-aged shelf-edge wedge (Green et al. 2008). On the 
inner shelf, these Cretaceous rocks are truncated by several 
palaeo-river systems, the youngest of which relate to the 
LGM lowstand (Green 2009a, 2011). Overlying the suba-
erial unconformity offshore are Pleistocene and Holocene-
aged beachrocks and aeolianites (Ramsay 1994; Green et al. 
2018).

Ramsay (1991, 1994) and Ramsay et al. (1996) consid-
ered the most prominent consolidated lithologies on the 
northern KwaZulu-Natal shelf to comprise linear coast-par-
allel beachrock and aeolianites of late Pleistocene age. These 
submerged beachrock/aeolianite complexes are partly cov-
ered by unconsolidated Holocene sediment from 0 to 30 m 
thick (Flemming 1978; Ramsay 1994; Ramsay et al. 1996).

Hydrodynamics and sedimentology

Many authors have examined the physical oceanography of 
the Agulhas Current off the northern KwaZulu-Natal coast 
(e.g. Schumann 1988; Lutjeharms 2006). The current travels 
at speeds of up to ~ 1.5 m  s−1 (Flemming 1978, 1980), with 
flow thicknesses of up to 2000 m in the study area (Lutje-
harms et al., 2010). The core of the Agulhas current is gener-
ally located over deep water, ~ 50 nautical miles offshore in 

about 1300 m of water (Bryden et al. 2005; Lutjeharms et al. 
2010) but has been shown to meander, occasionally strongly 
impinging the shelf water masses (Lutjeharms 2006). As a 
consequence, the current components over the middle and 
outer shelf follow suit by shifting laterally further shoreward 
or further offshore in response (Flemming 1978; Flemming 
and Bartholomä 2012). The region is microtidal, with a 
wave-dominated inner shelf mantled by mobile, medium to 
coarse sands and gravels, and a geostrophic current-domi-
nated middle to outer shelf comprising relict coarse sands 
and gravels surrounded by local depocentres (Flemming 
1980; Flemming and Kudrass 2018).

The average significant wave height for the KwaZulu-
Natal coast is 1.65 m (Corbello and Stretch, 2012), with 
frequent northward-travelling storm events that exceed 3 m 
(Salzmann and Green 2012). The average peak wave period 
is 10 s (Corbello and Stretch 2012) with a deep-water wave-
length of 156 m (Komar 1998). Komar’s (1998) conserva-
tive definition of wave base considers wave base to be the 
deep-water wavelength divided by 4, thus placing the aver-
age storm weather wave base at a depth of 39 m. The wave 
period for the largest storm in recorded history was 16.6 s 
(Salzmann and Green 2012), thus proving a threshold for 
storm-driven sediment movements at a depth of ~ 107 m.

Flemming (1981) and Ramsay et al. (1996) showed that 
the net sediment transport direction along the SE African 
shelf is to the south, with short-period reversals that form 
occasional northward migrating bedforms. Contradicting 
sediment directions generally relate to bedload partings/
convergences and are controlled by local flow reversals 
along the inner boundary of the Agulhas Current, often in 
the lee of coastal offsets (Flemming 1981; Ramsay 1994; 
Ramsay et al. 1996; Green 2009b). Flemming (1981) noted 
that north-eastward counter currents are more common 
in the north (with increasing number of coastal bays and 
offsets). Northward-directed counter currents may also be 
driven by the large storms discussed above; however, these 
are months-long, persistent flows as opposed to the episodic 
occurrences expected in association with storms (see panel 
1 in Fig. 9 of Flemming and Kudrass 2018).

Ramsay et al. (1996) considered that the interception of 
south-moving shelf sediments by a series of submarine can-
yon systems leads to loss of sediment from the outer shelf, 
leaving it sediment starved. More recently Green (2009b) 
showed localised flow reversal cells at the heads of these 
canyons, which generate localised bedform fields that are 
not entrained into the canyon heads.

Dimensional adjustments of subaqueous dunes

As it is the hypothesis of this study that sediment dunes 
on the northern KwaZulu-Natal Shelf are a consequence of 
geostrophic current-sea bottom interaction, it is important 
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Fig. 2  Unconsolidated sediment 
isopach maps for the study area, 
maps are based on available 
data coverage. a. Mabibi. A thin 
sediment cover occurs, associ-
ated with a mid-shelf bedform 
field. b. Diepgat canyon to Sod-
wana Bay (up to White sands 
canyon). Thickest sediment 
cover is associated here with 
incised valleys on the shelf. 
c. Leven Point. This area is 
marked by relatively thin cover, 
with thickest sediment occur-
ring near the head of Leven 
canyon in association with an 
incised valley. d. Cape Vidal 
to Cape St Lucia. This area is 
marked by thick accumulations 
of sediment associated with 
fluvial entry points and coastal 
offsets (isopach derived from 
Martin and Flemming, 1985). 
e. Along strike seismic profile 
( adapted from Green 2009a) 
showing the unconsolidated 
sediment layer in addition to 
local depocenters formed by 
incised valley fills (IVFs). SB1 
refers to the bedrock-unconsoli-
dated sediment contact
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to understand the nature of the growth and decay of such 
marine bedforms. Dune amalgamation and splitting are 
implicit in the three-dimensional model (water depth vs cur-
rent velocity vs grain size) of Rubin and McCulloch (1980). 
Flemming (2000) subsequently proposed a conceptual model 
for how dunes adjust to changes in flow regime based on the 
observation of a 20% velocity change from spring to neap 
tide in a Wadden Sea tidal channel. In principle, dunes grow 
in height due to the amalgamation of smaller dunes into 

larger ones as flow velocity increases. If coarser grain sizes 
occur, this requires overall stronger velocities. This process 
is inherently reversible, i.e. dunes may split due to reduc-
tions in velocity. Progressive dune splitting is also evident 
where flow velocities decrease laterally to the main flow 
axis (Flemming 1980, 2000). A good recent overview of 
such processes in rivers is presented by Reesink et al. (2018).

As dunes amalgamate, larger dunes are produced by 
smaller dunes where their volumes are combined (Fig. 3a). 

Fig. 3  Schematic diagram high-
lighting the processes of dune 
modification and amalgama-
tion (heights are exaggerated 
but proportionally correctly 
scaled). a. Sediment budget 
considerations: there is an ~ 40% 
deficit created by amalgamation 
of two small dunes into one 
larger dune having twice the 
spacing. b. Base level lowering 
through scouring in the trough 
to compensate for the deficit. 
c. Progression to sediment 
starved dunes if lowering of 
the base level is prevented by 
hardgrounds. d. Dune crest 
degradation due to current ces-
sation, causing reworking of the 
dune crests by smaller bedforms 
and sediment deposition in 
the dune troughs. Note the 
rounded crests and onlapping 
of the downstream stoss face by 
upstream lee faces
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To produce a closed dune field (i.e. there are no sediment-
free gaps between each dune form) by doubling the spacing 
of the dunes, a sediment deficit of 40% arises to build the 
new and larger dune. This is often sourced by excavating the 
trough deeper to the new depth of disturbance of the larger 
dune (Fig. 3b).

During migration and amalgamation, closed dune suc-
cessions may excavate their bases to a non-erodible surface 
(Fig. 3c). In this case, large dunes can no longer meet the 
40% deficit encountered during amalgamation and sedi-
ment starvation is induced. This starvation further lowers 
the crests of the dunes and produces serrated edges at the 
upstream stoss of successive dunes (Flemming 1981).

A final change to dune height may occur where the cur-
rent activity decreases dramatically and independent of sedi-
ment starvation (Fig. 3d) (Flemming 2013). In this case, 
flow velocity is lower than the critical level for the splitting 
of large dunes, and weaker flows thus degrade the dune form 
by slowly moving sediment, possibly through the migration 
of ripples or smaller dunes, from the crests to the troughs. 
The migration of smaller dunes reduces crest elevation and 
raises the trough accordingly, causing a rounding of the dune 
crests.

Material and methods

Approximately 350 km of multibeam data was collected over 
the outer to middle regions of the northern KwaZulu-Natal 
shelf on the  16th and  17th of March, 2016, using a Kongs-
berg EM710 multibeam echosounder aboard the RV Meteor 
(cruise M123). Positioning was achieved using a differen-
tial GPS with an accuracy of ~ 1 m. Sounding position and 
depths were corrected for refraction and tidal heights using 
Beamworx where sound velocity profiles, acquired using 
Expendable Bathythermographs (XBT), were incorporated, 
together with tidal variations derived from the South Afri-
can Navy tide charts. Vessel motion was modelled using a 
Kongsberg Seapath 300 system. All soundings were reduced 
to mean sea level and spurious data edited out to produce a 
final bathymetric footprint of 2 × 2 m.

These data were further supplemented by coincident 
ultra-high resolution PARASOUND sub-bottom data 
with an internal resolution of ~ 10 cm. The data were pro-
cessed aboard ship for the 3.5-kHz low-frequency channel, 
where they were match-filtered and exported as processed 
SEGY data. These were imported into Hypack 2017, where 
stratigraphic analyses of the internal architectures were 
performed.

Portions of the inner shelf of northern KwaZulu-Natal 
were imaged using a Klein 3000 digital side scan sonar at 
100 kHz and 500 kHz with a 75-m scan range to enable 
viewing of the seafloor sedimentary characteristics. Only 

the 100-kHz frequency port and starboard channels were 
used in this study. Processing details are available in Ramsay 
et al. (2006). Single-beam bathymetry was also collected 
simultaneously to define the seafloor morphology (Ramsay 
et al. 2006). A Navisound 210 single frequency, digital sur-
vey echosounder was used to collect the bathymetric data, 
operating at a frequency of 200 kHz. The echosounder was 
interfaced to a TSS HS50 heave sensor to correct the water 
depths for vessel swell movement. Data were collected in 
May 2003.

The side scan mosaics and bathymetry data were 
imported into ArcGIS, where the data were used to create 
side scan sonar-draped sun-shaded digital elevation mod-
els of the shelf. From here, quantitative measurements of 
bedform parameters (depth, wavelength and height) were 
obtained from multiple cross sections. All subaqueous bed-
form descriptions are based on the classification scheme 
of Ashley et al. (1990), where crest to crest spacings of 
1 m, 10 m, 100 m and 1 km relate to dunes, large dunes, 
very large dunes and ridges respectively. Dunes are further 
described on the basis of shape, where 2D dunes are straight 
crested, and 3D dunes are curved to sinuous crested (Ashley 
et al. 1990).

Results

Bathymetry and bedforms of the inner to outer shelf

The inner shelf, up to ~ 30-m water depth, is marked by bed-
form trains comprising large to very large dunes, their crests 
oriented coast-perpendicular (Figs. 4 and 5). The deepest 
of these bedforms occur at ~ 55-m depth, between Rocktail 
Bay and Bangha Nek. These bedforms impinge the upper 
shoreface, where they superimpose a series of sigmoid-
shaped shoreface connected ridges at depths of 25–35 m 
(Fig. 4). The mid-shelf of the whole study area is marked 
by a flat, low gradient surface with isolated rugged patches 
of seafloor at depths of 45–60 m (e.g. offshore Kosi Mouth, 
Fig. 4a). The rugged patches of seafloor form elongate cusps 
of higher relief and higher backscatter (e.g. between Kosi 
Mouth and Rocktail Bay, Fig. 4). The mid shelf to seaward 
is characterised by even toned, high backscatter (Figs. 4b 
and 5).

The shelf of Sodwana Bay to Leven Point is marked by 
beachrock and aeolianite outcrop on the inner shelf (Fig. 6a). 
The shelf transitions to a flatter mid-shelf before merging 
with a series of bedforms on the outer shelf from 70 to 
100-m depth (Fig. 6b–d).

The bedforms of the study area have wavelengths 
that span a continuum from the level of the resolution 
of the geophysical tools (metres) through to kilometres 
(~ 10–3900 m) (see Morphometrics). The largest bedforms 
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on the inner shelf of the northern part of the KwaZulu-
Natal shelf (offshore between Kosi mouth and Lake 
Nhlange) are represented by shoreface-attached ridges, 
oriented oblique to the coast (Fig. 4b, c). These features 
are superposed by very large dunes which are aligned per-
pendicular to the coastline. The large dunes are similar 

in shape (mostly 2D to increasingly 3D with increasing 
water depth—Fig. 5) to those dunes of the inner shelf 
that extend from offshore the Bangha Nek region to the 
south of Mabibi (Fig. 4a). The zone from Bangha Nek to 
Mabibi marks a change in coastal orientation from almost 
north–south to a NNE-SSW alignment, where the coast is 

Fig. 4  a. Singlebeam bathymetry of the inner to mid shelf of northern KwaZulu-Natal. b. Accompanying side scan sonar mosaics and qualitative 
seafloor geology (based on Green 2009b). c. 3D perspective of the inner to mid shelf bathymetry. SCRs shoreface connected ridges
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marked by multiple crenulated bays. Notably, the dunes 
located south of Bangha Nek are not superposed on larger 
bedforms (shoreface-connected ridges) and thus comprise 
the largest features on the seafloor in this area. The mostly 
3D, mid-shelf dunes offshore between Bangha Nek and 
Rocktail Bay merge with large areas devoid of any bed-
forms on the outer shelf (Fig. 7). The asymmetry of these 
3D bedforms is clear and indicates a variety of transport 
directions (Fig. 7). The bedforms offshore Mabibi are an 
amalgamation of both 2D and 3D features (Fig. 6e). These 
merge into the large bedform fields that occupy the mid-
shelf (Fig. 3).

The seafloor texture and morphology of the inner to 
middle shelf is illustrated by the side scan sonar and sun-
shaded bathymetry maps of Figs. 4b and 5. These data 
enable classification of the shelf into four morphotypes 
(Fig. 5). In most of the area, the inner shelf is marked by 
rock outcrop (aeolianite), surrounded by sandy sediment, 
grading seaward into bioclastic gravels. Seafloor morpho-
type I (2D and 3D large dunes) dominates the areas of 
mostly sandy material and gives way to more sediment 
starved bedforms (Morphotype II) to seaward. Morphotype 
III (bioclastic gravel streamers) typically forms a break 
between morphotypes I and II and the very large dunes 
of Morphotype IV on the mid-shelf. These abut a sea-
ward rocky outcrop with extensive pavements of bioclastic 
debris on the mid to outer shelf.

The mid to outer shelf is characterised by discontinuous 
dune fields of Morphotype IV (Fig. 7—marked by arrows 
indicating transport directions) interspersed by prominent 
bedrock outcrops (Fig. 6c). The dunes comprise mostly 
large 3D dunes, many of which display climbing or stacking 
morphologies. Occasional changes in shelf break orientation 
result in exposure of bedrock where the dunes have been 
diverted off shelf (Fig. 6b). In addition, some submarine 
canyons that impinge the shelf edge intercept and capture 
some of these dune fields, with dune fields absent down-drift 
of the canyon heads (Fig. 6d). No dune fields are evident 
along the outer shelf north of Mabibi, though the data cover-
age shifts seaward on to the upper slope in this area (Fig. 7).

Almost all bedforms encountered on the outer shelf had 
strongly rounded crests at the time of the survey (Fig. 8a–d). 
To some extent, bedform crests increase in sharpness 
towards the south and with distance from the shelf-indenting 
canyons (Fig. 8a), though the smaller climbing dunes are 
more peaked than the rounded, very large dunes over which 
they migrate. In general the continuity of the dune fields 
is greater in the south, and where fewer canyon heads are 
present.

Shallow seismic stratigraphy of outer shelf dunes

Five seismic units associated with subaqueous dunes 
(numbered 1–5) were identified from ultra-high-resolu-
tion PARASOUND subbottom profiles across the northern 
KwaZulu-Natal shelf. These are recognised by their reflec-
tion termination patterns, seismic amplitudes and inter-
nal reflection geometry. If distinguishable, sub-units are 
defined and termed A or B, etc. A single master reflection, 
SB1, underlies the unconsolidated sediments of the area, 
recognised by Green (2011) as the subaerial unconformity 
and wave ravinement combined. The interpretation of the 
seismic data is based on standard seismic stratigraphic 
principles (Veeken and van Moerkerken 2013).

Unit 1: Basal package

Where visible, the junction between acoustic basement and 
the unconsolidated sediments is marked by a high ampli-
tude and irregular reflection horizon (SB1). Where sedi-
ment is thicker, this limited the penetration of the seismic 
tool and the surface was not evident, though observed in 
lower frequency boomer data outlined by Green (2011) 
(Fig. 3). The overlying unconsolidated sediment is vari-
ably thick and often discontinuous, with the acoustic base-
ment/SB1 cropping out sporadically between dune fields 
(Figs. 9 and 10).

Unit 1 forms the basal unit of the unconsolidated sedi-
ment pile and rests atop SB1 (Figs. 9 and 10). It is dis-
continuous and occurs mainly in relatively thick (≤ 15 m 
thick) sediment pockets (Fig. 9a). Unit 1 occupies isolated 
depressions of the acoustic basement and is characterised 
by occasionally undifferentiated, but more commonly rela-
tively low to high amplitude reflections that have a sub-
horizontal, sub-parallel stratigraphy (Fig. 9a).

Unit 2: Hummocky moderate to high amplitude reflections

Unit 2 comprises a series of hummocky convex-up, 
aggrading reflections that overlie Unit 1, or SB1 (Fig. 9b). 
This unit occurs infrequently on the outer shelf of the 
study area, most notably offshore the northern part of St 
Lucia estuary, corresponding with a large shelf depocenter 
(Fig. 3d). The reflections range from moderate to high 
amplitude and stack vertically with < 1-m spacing. The 
unit underlies gently inclined prograding reflections of 
the upper large dune deposits (Unit 4) and onlaps SB1 
(Fig. 10a, b) if found in acoustic basement depressions 
where thick sediments have accumulated (> 10 m) and 
where the seismic tool reveals both SB1 and Unit 2.

Fig. 5  Selected side scan sonar mosaics and interpretations highlight-
ing the major bedforms (seafloor morphotypes I–IV) and inferred 
seafloor textures

◂
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Fig. 6  a Combined single and 
multibeam bathymetry detailing 
the mostly dune-free mid to 
outer shelf between Sodwana 
Bay and Leven Point. Note 
the inner shelf aeolianites and 
beachrocks. b. Very large dunes 
on the outer shelf, with offshelf 
diversion points marked by 
changes in shelf orientation. c. 
Mostly bedrock-controlled outer 
shelf areas. d. Large climb-
ing 3D dune field captured by 
shelf impinging canyon. e. 3D 
perspective of large 2D inner 
shelf dunes transforming to 3D 
dunes on the outer shelf. Note 
the interception of the dunes by 
a large, shelf-breaching canyon 
head
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Unit 3: Sigmoid prograding reflections

Unit 3 is exclusively associated with overlying large to 
very large dunes of Unit 4. It downlaps Unit 2 (Fig. 10c) 
and is characterised by moderate to high amplitude reflec-
tions that may be parallel to oblique tangential or oblique 
sigmoidal. The dip angles of the prograding reflections 

vary from ~ 9 to 35°, dipping to the south (see Fig. 7 for 
lee faces dip directions).

Unit 4: Upper dune packages

Unit 4 consists of small-scale dunes that are amalgamated 
and/or superimposed to make up a series of larger dunes 
(Figs. 9 and 10). The small-scale dunes (0.1 to 2-m height) 
superimpose dunes with heights between ~ 2 m and 10 m. 
The large dunes have an internal structure that may be 
horizontally conformable with an upper erosional surface 
that truncates the inclined progradational Unit 3 (Fig. 10c). 
The large dunes also have internal structures characterised 
by high to very high amplitude reflections that are steeply 
inclined between ~ 10° and 40° (Fig. 9). These are never 
steeper than the lee faces of the very large dunes that host 
them.

Unit 5: Isolated sediment drifts

In the absence of bedform fields, Unit 5 overlies SB1. Unit 
5 is characterised by parallel and flat-lying, low to moder-
ate amplitude reflections (if present) (Fig. 9), or it may be 
acoustically transparent (Fig. 10).

Northern KwaZulu‑Natal shelf dune morphometrics

The morphometry of contemporary bedforms is important 
for the investigation of potential relationships with mod-
ern current processes, water depth and sediment supply.  
In this section, bedform geometry is described from inner 
(10–55-m water depth—mwd), and mid to outer shelf zones 
(80–120 mwd).

Inner shelf dunes (10–55 mwd)

Inner shelf dunes (Fig. 11) show no relationship between 
bedform height and water depth (R2 = 0.009). Bedform 
heights spread between ~ 0.02 (wave ripples) and 7  m 
(Fig. 11a), with the majority of the bedforms of the inner 
shelf ranging in height from ~ 0.1 to 2 m (Fig. 10a).

The general spacing of the bedforms on the inner shelf 
spans from < 1 m (ripples) to more than 4 km (shoreface-
connected ridges). Most wavelengths rest within the very 
large dune category (~ 40–500 m) (Fig. 11b). With an R2 
value of 0.03, there appears to be no relationship between 
depth and spacing. The H/L relationship of the inner shelf 
bedforms shows a very weak positive relationship between 
height and wavelength (Fig. 11c); the coefficient of deter-
mination (R2 = 0.16) indicates that only 16% of the varia-
tion is explained by the regression and that 84% depart sig-
nificantly from it, probably because they were not or only 
weakly active at the time of the survey.

Fig. 7  Distribution of the major bedform fields of the study area. Dip 
orientations of the lee faces of dunes are provided by arrows (black 
arrows from this study, red arrows from Green 2009b). Note the bed-
load convergences and divergences in the inner to mid shelf, with a 
mostly unidirectional southerly orientation on the outer shelf



 Geo-Marine Letters            (2022) 42:1 

1 3

    1  Page 12 of 22

Bedforms of the mid to outer shelf (~ 80–120 mwd)

In this zone, bedform height varied considerably from 0.16 
to 8 m (Fig. 12a). With an R2 value of only 0.006, the scat-
ter emphasises that the two control parameters (water depth 
and height) are unrelated to each other (Fig. 12a). Like the 
height-water depth relationships, there is no correlation 
between spacing and water depth (R2 = 0.0002) (Fig. 12b). 
Between Leven Point and Cape St. Lucia, very large dunes 
with the greatest crest to crest spacing are found on the 
outer shelf. As revealed by the coefficient of determination 
(R2 = 0.27), there is a weak positive relationship between the 
two control parameters (Fig. 12c).

Morphometric comparisons

For the overall data set, it is clear that bedform spacings are 
generally greater on the inner shelf and diminish with depth 
towards the mid-outer shelf (Fig. 13, yellow dots, green 
stars). On the other hand, bedform heights are on average 
lower on the inner than on the mid-outer shelf. There is an 
overlap between the two data sets (~ 40%) where the bed-
forms of the two regions (inner shelf vs mid-outer shelf) are 
observed to fall within the same height/spacing range.

When considering the H/L domains, only a small (~ 30%) 
overlap exists between the bedforms of the inner and mid-
outer shelf which, despite having some equally large heights, 
have much smaller wavelengths. The observation that 
depth neither affects the height, nor the wavelength, of the 

Fig. 8  Bathymetric cross sections showing a very large round-crested 
dunes superimposed by smaller, sharp-crested large dunes (red) and b 
very large dunes with rounded crests (blue) (locations of sections on 
Fig. 1). The rounded crests are dominant throughout the study. Sharp-
crested bedforms are found only in the southern portions of the study 
area, significantly down-current of any canyon features. c. Rounded 

crests of bedforms observed in ultra-high resolution PARASOUND 
seismic data between Leven Point and Cape St Lucia. d. Similar 
round-crested bedforms observed in PARASOUND seismic reflection 
data mid-way Leven Point and Sodwana Bay. Note that in c and d, the 
downstream stoss faces are buried by the upstream lee faces of suc-
cessive dunes
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bedforms is clearly illustrated by the non-existent correla-
tions between the two variables from both inner and mid-
outer shelf.

Discussion

Holocene depocenters and potential for dune field 
formation

Generation of large bedforms requires adequate sediment, 
and they are therefore associated with shelf depocenters. 
Birch (1996) observed substantial Holocene depocent-
ers in the southern portions of the study area, which Shaw 
(1998) linked to (i) major structural offsets in the coastline, 
(ii) zones of bedload parting, (iii) protective headlands and 
embayments and (iv) areas where the current is forced off-
shore due to the widening shelf. Depocenters exist in the 
Mfolozi River mouth to Mabibi region (Martin and Flem-
ming 1986; Green et al. 2018) (Fig. 2) and possibly at Kosi 
mouth. In addition, sediments discharged by rivers either 
accumulate in the vicinity of their mouths or are dispersed 
alongshore by coastal currents or offshore by near-bed 
hyperpycnal flows (Flemming and Martin 2018), depend-
ing on the composition and concentration of sediments (e.g. 
Sommerfield and Nittrouer 1999; Gao and Collins 2014).

The prominent and widely spaced bedform fields on the 
inner shelf can be attributed to a combination of high sedi-
ment availability and relatively weak currents. The high 
sediment volume is derived from either older shoreface 
deposits that thicken due to the steep nearshore bedrock 
framework (Salzmann et al. 2013), and/or newly deposited 
sediment from fluvial systems such as the Mfolozi River 
(Flemming and Martin 2018). Weak inner shelf currents 
are associated with return gyres in the lee of coastal offsets 

and cause local bedload convergences that feed the dune 
fields (Ramsay 1994). Conversely, the weak development 
of bedforms on the outer shelf reflects coarser grain sizes 
(Green 2009a, b) and low retention of fine-grained sedi-
ment due to the strong transporting currents.

The overall shelf sediment transport direction is to 
the south (Fig. 7), driven by the strong (south-westward 
driven) Agulhas Current, but at some places current rever-
sals (e.g. at embayments) result in northward migrating 
dunes (Ramsay et al. 1996; Flemming and Kudrass 2018). 
Figure 7 highlights these areas, most notably along the 
inner shelf of areas with strong crenulated coastlines such 
as Rocktail Bay northward. These may indeed be strength-
ened during stormy periods by storm-driven flows from the 
south. These storm-driven flows are however too short-
lived and infrequent (Corbello and Stretch 2012) to gener-
ate dunes at the scale and temporal persistence of those 
that occur in the area.

Flemming (2013) considers that a constant supply or 
local availability of sediment is needed for large dunes to 
develop fully. Given the low potential for sediment reten-
tion on the outer KwaZulu-Natal shelf due to the current 
and shelf-edge configuration where dunes are directed off 
shelf (Fig. 6b), the lack of sediment availability results in 
discontinuous bedform fields and areas of exposed bed-
rock, despite strong currents and coarser grain sizes that 
build dunes (Flemming 2000). This may be exacerbated by 
the interception of sediments by canyons (Fig. 6d), which 
results in net loss of sediments to the continental slope 
(Flemming 1978; Ramsay 1994).

Seismic stratigraphy

The surface that marks the transition from bedrock to 
unconsolidated sediments (SB1) has been linked to both the 

Fig. 9  Multibeam bathymetry and along strike PARASOUND seis-
mic reflection profile detailing the seismic stratigraphy of unconsoli-
dated sediments in which dunes have formed. Seismic data and inter-

pretation illustrating detailing a the weakly developed, low amplitude 
reflections of Unit 1. b. Hummocky and aggradational high amplitude 
reflections of Unit 2. IVF incised valley fills
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development of the subaerial unconformity of the last glacial 
maximum (LGM) (Green 2009a), some of which has been 
reworked by transgressive ravinement (Green 2011) and 
later winnowing by the Agulhas Current (Flemming 1981). 
Superimposed on this ravinement surface is a series of five 
consecutive Holocene depositional units that are interpreted 
to have developed under progressively greater boundary cur-
rent influence on the shelf.

Unit 1—Aggrading basal unit (Fig. 9)

The quasi-horizontal internal reflections of the basal unit 
(Unit 1) reflect an aggradational growth pattern, where 
appreciable quantities of sediment have accumulated, yet 
this unit lacks evidence of bedforms (or associated internal 
structure). As the lowermost unit overlying the Holocene 
ravinement, Unit 1 is interpreted as having formed in the 
early stages of the Holocene transgression when only part 

Fig. 10  Multibeam bathymetry and along strike PARASOUND seis-
mic reflection profile. a. Seismic data and interpretation illustrating 
the sub-horizontal and hummocky stacking pattern of Unit 2, which 
forms the basal unit below the very large dunes of Unit 4. Note Unit 
4’s large dunes with steeply inclined internal reflections. b. Seismic 
data and interpretation illustrating Unit 2, overlain by Unit 4 (note the 

inclined reflections indicated). The enlarged interpretation details the 
excavation of the very large dunes of Unit 4 into an underlying set of 
older dunes, forming undulatory surfaces similar to Unit 2 below. c. 
Seismic data and interpretation showing Unit 3, with truncating upper 
reflection, and downlapping internal reflections with underlying Unit 
2
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of the shelf was flooded and the Agulhas Current was not yet 
active on the shelf. Instead, these parts of the newly flooded 
shelf would have been dominated by wave influences. This 
oceanographic setting limited the potential for formation of 
bedforms, forming flat-lying aggrading strata instead.

Unit 2—Excavated base of large dunes (Fig. 10)

The quasi-horizontal, hummocky and aggrading nature of 
Unit 2 is considered to reflect reworking of sediment pockets 
at the shelf edge as bedforms developed on small depocen-
tres and then migrated. The dunes observed above this unit 
(Unit 4) uniformly migrated south with the Agulhas Current, 
creating a basal erosion surface by trough scouring, simulta-
neously reworking their trough sediments as the dune crests 
prograde and grow in height. This basal ‘dune’ unit pos-
sibly represents previous excavation surfaces that have not 
been fully excavated or represent the coarser sediments that 
remain at the troughs (forming a coarse lag deposit), since 
there is not enough current strength to carry them to the 
dune crest. Their aggrading nature indicates abundant sedi-
ment supply at the time. This process is evident in Fig. 10b, 
where the large dunes of Unit 4 are seen climbing over older 
dunes and excavating into them, forming the hummocky and 
undulating surfaces that characterise Unit 2 below.

In cases where trough scouring is prevented by a 
hardground base, larger-generation dunes become progres-
sively more sediment starved. As a result, the hardground 
becomes exposed between successive dunes, their remnant 
heights being too small for their spacing (Flemming 1980).

Unit 3—Topographically controlled wedges (Fig. 10)

Unit 3 exists in conjunction with Unit 2 in sedimentary 
pockets with larger accommodation space (> 15 m). It is 
associated with breaks in topography in which it forms a 
prograding package dipping in a similar orientation and 
angle to the lee faces of the large dunes lying above. The 
inclined prograding, moderate to high amplitude character-
istics of Unit 3, coupled with its position, resemble a deposit 
formed by dune field disintegration. The transition from 
amalgamation to splitting is associated with a velocity drop 
(Flemming 2000), which possibly resulted in the deposition 
of transported material where the topographic drop-off point 
occurs. As flow separates off this obstacle point, veloci-
ties decrease (e.g. Keller and Richards 1967; Morris and 

Fig. 11  Morphometric analyses of the northern KwaZulu-Natal inner 
shelf bedform characteristics (all fits according to power law relation-
ship, log–log axes). a. Height vs depth with no relationship between 
the two. b. Spacing vs depth with no correlation. c. Height vs spac-
ing (H/L index) showing a very weak positive correlation between the 
two

▸
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Alexander 2003), and there is insufficient current strength 
to carry sediments southwards evenly throughout the pocket. 
Likewise, the velocity is insufficient to form dunes during 
this transitional flow stage. Keller and Richards (1967) show 
that the irregularities of the underlying bedrock surface (in 
this case SB1) also exert antecedent controls on bedforms by 
steering bottom current flows, reducing or enhancing their 
velocities, and producing varying sizes of bedforms relative 
to the sediment sizes that are available.

Unit 4—Internally stratified very large dunes (Figs. 9 
and 10)

The very large dunes occur as discontinuous features 
throughout the outer shelf. Their discontinuity is a factor 
of variable sediment availability on the shelf (Dalrymple 
and Rhodes 1995; Wever and Jenkins 2013) and interrup-
tions to the sediment stream by canyon heads. Despite the 
overall sediment scarcity, the stacking of internal reflec-
tions (interpreted as large-scale sub-horizontal aggrading 
beds and cross-bedding) (Fig. 10b), coupled with dunes 
superimposing on each other (Fig. 8), (Werner and Newton 
1975), provides supporting evidence that the dune fields of 
the outer shelf are still growing where localised sediment 
supply exists.

The conceptual amalgamation processes proposed by 
Flemming (2000) best explain the formation of the inter-
nal structures of these bedforms, with the stacked sub-hor-
izontal internal reflections at the base and stacked inclined 
cross-bedded internal reflections formed by the repetition of 
amalgamation and splitting processes. Berné et al. (1988) 
and Langhorne (1982) similarly observed sub-horizontal 
reflections within dunes; their cross-cutting relationship to 
other reflections was attributed to destruction phases during 
storms, a combination of wave and tidal currents truncating 
the crest. However, at the depth where this study is based, 
these basal sub-parallel reflections are probably more the 
result of excavation into unit 2 as the dune troughs are being 
reworked by the amalgamation process. The surface capping 
of Unit 2 is encompassed within the large dunes as sections 
in the trough are exposed and eroded. Sections beneath the 
dune crests are preserved and appear as part of the large 
dune.

The inclined internal cross-beds are the preserved lee 
slope deposits of the bedform. However, these reflections 

Fig. 12  Morphometric analyses of the northern KwaZulu-Natal outer 
shelf bedform characteristics (all fits according to power law relation-
ship). a. Height vs depth with no relationship (linear axes). b. Spac-
ing vs depth with no correlation between the two (linear axes). c. 
Height vs spacing (H/L index) showing a weakly positive correlation 
between the two (log–log axes)

▸
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have inclination angles that are gentler than those of the 
present lee slopes, despite dipping in the same direction 
(Fig. 10). The variation in steepness may be ascribed to 
two things. The first may be related to the angle of section 
through the dune, where the seismic profile intersects the 
reflectors at different angles, and the dips are thus apparent 
as opposed to true dips. The second hypothesis is that this 
variation in steepness may be ascribed to a sudden reduc-
tion in flow velocity (Fig. 3d). This would lessen the crest to 
trough gradient and preserve the gentler internal reflections 
or palaeo-lee slopes as they are no longer being excavated 
by amalgamation processes. Given the mostly 2D arrange-
ment of the dune crests and the perpendicular crossing of 
the crests and lee faces by the seismic profiles, we favour 
the latter argument.

The internal architecture reflects amalgamation of 
dunes, resulting from either a previously higher velocity 
or increased sediment supply that increased dune build-up 
potential (e.g. Langhorne 1982; Berné et al. 1988; Flem-
ming 2000; Wynn and Stow 2002). A similar process was 
observed by Wever and Jenkins (2013) who observed that 
the dunes were split into segments, movement stopped and 

they merged with following bedforms. In the study area, 
these shifts between amalgamation and splitting relate to 
lateral shifts in the current path of a now fully current-influ-
enced shelf. This may also produce a series of re-activation 
surfaces during peak and quiescent current periods, also 
helping to account for the discrepancy in dip angles and 
orientation.

The dunes appear to be asymmetrical to the south (Fig. 7) 
in line with the dominant flow direction of the Agulhas Cur-
rent (Flemming 1978). These large dune fields on the outer 
shelf are disconnected from modern sediment sources (rivers 
Guerrero et al. 2017), so their occurrence is reliant on the 
mobilisation of palaeo-deposits and inner shelf sediments. 
Flemming and Kudrass (2018) document a large dune field 
from similar depths in the Mozambique Channel and link 
its existence to remobilised sand from within the confines 
of the Zambezi River’s palaeo-valley and/or from a palaeo-
delta. Likewise, as illustrated in Fig. 2, a distinct relationship 
exists between older river valleys (deeper and confined areas 
of sediment) and large dune fields. Some of these bedforms 
are clearly observed in association with incised valleys of 
the outer shelf of the study area (Fig. 2).

Fig. 13  The global relation-
ship between spacing and dune 
height from various authors 
(Allen 1968; Heezen and Hol-
lister 1971; Singh and Kumar 
1974; Boothroyd and Hubbard 
1974; Hine 1975; Swift et al., 
1978; Flemming 1978–1981; 
Reinsen 1979; Rubin and 
McCulloch 1980; Zarillo 1982; 
Amos and King 1984; Fenster 
et al. 1990; Lanckneus and 
de Moor 1995; Brew 1996; 
Wewetzer and Duck 1999; Car-
ling 1999; Carling et al. 2000; 
Lobo et al. 2000; Van Lancker 
and Jacobs, 2000; Wynn et al. 
2002; Van Landeghem et al. 
2009)
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Unit 5—Stratified to structureless Holocene seafloor 
cover (Fig. 9)

Unit 5 comprises the loose sediment that is carried by cur-
rents without forming any specific sedimentary structures. 
This Holocene sediment is particularly patchy on the outer 
shelf, being a function of the restricted sediment supply that 
prevails there.

Morphology and type of bedforms

The shape, element of symmetry and scale of bedforms rep-
resent the grain size, relative strengths of the dominant and 
opposing currents (Agulhas Current and counter flows) and, 
in some cases, wave and storm (swell) modifications (e.g. 
Ashley et al. 1990). Both wave and current-dominated influ-
ences have been documented along the southeast African 
coast (Flemming 1980; Flemming and Kudrass 2018). These 
properties vary with the width and depth of the shelf and 
orientation of the coastal margins (embayments included), as 
this influences the degree to which the dominant current can 
influence the seafloor, or transport sediment out of the sys-
tem and off the shelf edge. According to Flemming (1981), 
these processes vary from the Agulhas Current-dominated 
and sediment-starved outer shelf to the sediment-rich and 
wave-dominated inner shelf.

The various types of bedforms found on the northern 
KwaZulu-Natal shelf range from small ripples to sand ridges 
(Figs. 3 and 4). Some of the bedforms are sigmoidal, sinuous 
and linear shaped (Morphotype I and II), transitioning to sea-
ward into depositional structures such as the sand ribbons of 
Morphotype III (e.g. Berné et al. 1988; Green 2009b; Druet 
et al. 2017). The bedforms transform from wave-dominated 
conditions (2D shape-Morphotype I) to the 3D examples 
of Morphotype IV with an increase in depth (inner shelf to 
outer shelf) and in response to increased current velocity 
and sediment starvation (Flemming 1978). This is likely also 
exacerbated by the increasingly coarse sediment towards the 
shelf edge that is available for dune building, a factor of the 
winnowing action of the Agulhas Current.

The dunes of the inner shelf vary in symmetry, especially 
those located in the coastal embayments (e.g. offshore Kosi 
Mouth and Black Rock). Variations in bedform orientation 
on the mid-shelf have been linked to localised bedload part-
ings or convergences (e.g. Flemming 1978; Ramsay 1994; 
Ramsay et al. 1996), controlled by topographic promontories 
that reverse the marginal flow of the Agulhas Current by 
forming gyres (e.g. Schumann 1982). Green (2009b) noted 
several such features offshore Mabibi adjacent to the heads 
of submarine canyons, where bedforms migrate in a north-
erly direction counter to the flanking southerly migrating 
dunes. The inner shelf bedforms do not appear to be con-
trolled by this mechanism, but rather portions of them are 

controlled by flow redirection linked to inner-shelf recircula-
tion (Schumann 1982; Ramsay et al. 1996) and by longshore 
transport from south to north. This northward recirculation 
pattern is particularly obvious in the lee face orientations of 
the shoreface-connected ridges of the inner shelf (Fig. 4c 
and 7).

Green (2009b) showed that the dunes on the outer shelf 
offshore Mabibi become flatter with increasing depth, a 
trend apparent throughout the outer shelf populations asso-
ciated with submarine canyons (Fig. 7). The rounded nature 
of the dunes can again be ascribed to a cessation of the Agul-
has Current’s influences on the outer shelf (Fig. 3). The fact 
that dune crests are sharper in areas not affected by canyon 
impingement suggests that in these areas, the degradation 
of the dune form is less pronounced. Dune degradation is 
related to either less interference by the canyons on the gen-
eral flow pattern of the Agulhas Current (cf. Green 2009b), 
or a larger volume of sediment available for amalgamation 
processes as down-current sediment supply is not limited by 
canyon interception. The smaller, sharper peaked dunes that 
superimpose the very large dunes in the southern portions of 
the study indicate that there is sufficient sediment to build 
a series of active dunes that are now reworking the older 
degraded dunes beneath, but that the dune systems here are 
somewhere between the quiescent and splitting phases.

Morphometrics

Bedform spacings throughout the northern KwaZulu-Natal 
continental shelf vary considerably and are not correlated 
with the water depth in which they occur (Green 2009b). 
Werner and Newton (1975) concluded that dunes of the 
Langeland Belt (Baltic Sea) showed no correlation between 
spacing and water depth. The height/depth relationship 
similarly shows no correlation (Bartholdy et al. 2004). The 
occurrence of the shoreface-connected ridges offshore Kosi 
Mouth and the large bedforms on the inner shelf shows that 
the bedforms are, in this case, not restricted by water depth. 
This is similar to Flemming’s (1978) observations, where he 
disputes the applicability of the empirically derived model 
of Allen (1968), i.e. the dependence of dune height on water 
depth in very shallow water, to deep water settings.

The inner and outer shelf bedforms only show a 40% 
similarity in their overall H/L indices, although both have 
positive height/spacing (H/L) correlations (Fig. 13). The 
above relationship can be linked to the two-fold division of 
the south-eastern Africa shelf into shallow wave-dominated 
inner shelf and deeper current-dominated outer shelf. The 
overlap between the two (approximating the mid-shelf zone) 
is a transitional zone resulting from temporal excursions of 
each zone. The degree of dissimilarity in bedforms of the 
same shelf in close (< 5 km) proximity shows how extreme 
the Agulhas Current is in fractionating bedforms.
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The most significant empirical relationship was between 
bedform height and spacing. The height/spacing rela-
tionship for the outer northern KwaZulu-Natal shelf lies 
above the global mean trend line, with a few outliers being 
located even above the maximum trend line (Fig. 13). H/L 
relationships are probably controlled by a mechanism com-
mon to all flow systems, this being clearly confirmed here 
by similar trends from two very different hydrodynamic 
settings. This may reflect spatial variability of parameters, 
e.g. overall sediment availability (supply, transportation 
and retention) and grain size.

The bedforms of the inner KwaZulu-Natal shelf plot 
below the global mean H/L trend line in terms of height, 
however are more widely spaced when compared to the 
global trends (Fig. 13). This may be a factor where suf-
ficient sediment allows larger dunes to be spaced out 
more liberally horizontally but does not scale in height 
accordingly, due to limits in the available accommodation 
space (water depth and storm wave base). This may also 
be related to reduced influence of the Agulhas Current in 
the shallow shelf. Periodic building of dunes may occur 
via amalgamation when the current core is more proxi-
mal; however, periods of quiescence predominate causing 
trough infilling (see below).

The bedforms of the outer KwaZulu-Natal shelf show 
contrasting relationships, plotting above the mean trend 
line (Fig. 13). This result suggests that vertical accretion 
has occurred in these current-swept domains due to the 
typically fast flow of the Agulhas Current. However, these 
dunes now appear to be in a state of quiescence charac-
terised by a contemporary lowering of the dune crest. The 
burial of the stoss faces of the downstream dunes by the 
lee faces of the upstream dunes, together with the rounded 
nature of the dune crests and the occurrence of smaller 
bedforms now cannibalising the dune forms confirms this 
(Fig. 8). Sediment is being transported over the crests to 
now fill the troughs and cover the older stoss faces, reduc-
ing the wavelength to some degree and causing the crests 
to degrade (Fig. 3d, Flemming 2013). This is likely associ-
ated with a shorter-term meandering of the Agulhas Cur-
rent core offshore, causing the flow velocities to decrease 
below even the splitting threshold.

Although the theoretical and empirical data of Allen 
(1968) suggest a dependence of bedform spacing on the 
depth at which the bedforms occur, this was not confirmed 
by the present study which found no correlation between 
the two variables. Likewise, the bedform heights show 
no correlations with depth. Similar disagreements were 
observed by other researchers (e.g. Jordan 1962; Stride 
1970; Flemming 1978 and Wynn and Stow 2002). Flem-
ming (1978) further noted that this deviation is always 
encountered in areas where the flow systems form part of 
a larger and deeper water body.

Conclusion

Seismic data reveal multiple depocenters on the northern 
KwaZulu-Natal shelf. These are relict sediment bodies asso-
ciated with old fluvial courses and incised valley systems 
which provide key sediment sources for large, modern bed-
form fields, especially on the outer shelf. The outer shelf 
dune stratigraphy reflects initial flat-lying strata covered by 
sub-horizontal, hummocky and aggrading beds, overlain by 
inclined cross-bedded packages. The stratigraphy reflects 
gradual impingement of the Agulhas Current on the shelf 
edge during transgression, with wave-dominated influences 
subsequently replaced by the now contemporary influences 
of the onshore-offshore migration of the effects of the Agul-
has Current. This reflects a landward migration of the Mor-
photype zones as the transgression ensued.

The dune’s sub-horizontal reflections represent phases of 
earlier amalgamation (trough excavation) of bedforms with 
active dune migration, though they currently appear to be 
in a phase of quiescence. Shelf-edge sediment starvation, 
observed in areas of canyon impingement and exacerbated 
by off-shelf sediment transport at changes in shelf-edge ori-
entation, is also observed. Overall, the high flow velocities 
of the Agulhas Current at the outer shelf can, and do, pro-
duce large bedforms via amalgamation, but only in areas not 
starved of sediment.

The H/L relationships are consistent with the positive 
trend of global measurements. The bedforms of the outer 
KwaZulu-Natal shelf plot above the mean global H/L trend 
and indicate that vertical accretion is possible in these cur-
rent-swept domains, but that the dunes space closer together. 
These bedforms are currently degrading, based on their 
rounded morphologies. The lower values of the inner shelf 
represent limited interaction with the Agulhas Current, with 
general crest lowering during periods of quiescence.

Some overlap of the H/L indices between the inner and 
outer KwaZulu-Natal shelf shows that both regions can form 
very similar bedform geometries, despite different control-
ling mechanisms in current and sediment supply. Equally so, 
significant morphological changes occur over a very short 
distance (< 2 km) where the inner shelf transitions to the 
mid-shelf. This study highlights the differences in patterns 
and characteristics of bedforms, which we interpret as a 
response to velocity shifts in response to current meander-
ing. It should be emphasised that studies like this are snap-
shots of bedform evolution in time and space, explaining in 
part the departures in height/wavelength relationships from 
the global mean.
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