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Abstract

The study deals with a large sand body (spit-bar) attached to the eastern tip of the Robberg Peninsula, Plettenberg Bay, South
Africa. To date, the bar has prograded about 8 km beyond the tip of the peninsula. The bar top is predominantly composed
of medium sand, the upper slope of fine sand, and the lower slope of fine muddy sand. Stratigraphically, the sedimentology
thus documents an upward coarsening, calcareous quartz-arenitic depositional sequence. The spit-bar as a whole forms the
eastern end of a sediment compartment that is clearly distinguishable from neighbouring compartments on the basis of its
geomorphology, the textural characteristics of the sediment, and the distribution of sediment thicknesses. Aeolian overpass
across the peninsula appears to have formed a fan-like sand deposit in its rear, which is perched upon the upper shoreface of
the bay as suggested by the bathymetry to the north of the peninsula. It forms an integral part of the sediment body defining
the spit-bar. The estimated volume of sand stored in the spit-bar amounts to 5.815 km?, of which 0.22 km? is contributed by
the aeolian overpass sand. The sediment sources of the spit-bar are located up to 100 km to the west, where a number of small
rivers supply limited amounts of sediment to the sea and numerous coastal aeolianite ridges in the Wilderness embayment
have been subject to erosion after becoming drowned in the course of the postglacial sea-level rise since about 12 ky BP. By
contrast, the sediment volume in the adjacent compartment B to the north (Plettenberg Bay), which has been supplied by
local rivers, amounts to only 0.127 km?. In a geological context, large sand bodies such as the Robberg spit-bar are excellent
exploration models for hydrocarbons (oil and gas).

Introduction

Headland-attached sand bodies are commonly associ-
ated with wind- and swell-driven currents that move sand
alongshore until an obstacle, usually in the form of a rocky
headland, either prevents or inhibits further transport. In
cases where further transport is prevented, all the sedi-
ment becomes trapped in large sand bodies attached to the
headlands, whereas in others, some of the sand manages
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to bypass or overpass (by aeolian transport) the headland
to continue the alongshore journey. Well-documented case
studies are, amongst others, known from Australia (e.g. Field
and Roy 1984; Ferland 1990; Roy et al. 1994; Goodwin et al.
2013), South Africa (e.g. Birch 1980; Martin and Flemming
1986; McLachlan et al. 1994; Flemming 1998), Brazil (e.g.
Mendoza et al. 2014; Vieira da Silva et al. 2016, 2018),
and California (e.g. George et al. 2018). General overviews
and modelling studies of headland bypassing and overpass-
ing processes have been provided by Guillou and Chapalain
(2011), Ribeiro (2017), Short (2020), and Klein et al. (2020).
Such headland-attached sand bodies have to be carefully dis-
tinguished from the so-called banner banks (term coined by
Cornish 1914), which are headland-detached sand bodies
controlled by strong bi-directional tidal currents (e.g. Pin-
gree and Griffiths 1979; Johnson et al. 1982; Signell and
Harris 2000; Bastos et al. 2002, 2003; Duffy et al. 2004;
Dufty 2006; Li et al. 2014).

Alongshore-transported sediments that are trapped at
rocky headlands often form boundaries of the so-called
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coastal sediment compartments (e.g. Davies 1974; Bray et al.
1995; George et al. 2015; Thom et al. 2018; Goodwin et al.
2020). Several such subaqueous, headland-attached sand-
spits have been identified along the south coast of South
Africa (Birch 1980; Flemming 1998). The present study
deals with the largest of these, where alongshore sediment
transport has resulted in the deposition of a huge subaque-
ous sand body that has prograded up to 8 km beyond Cape
Seal, the eastern tip of the Robberg Peninsula, Plettenberg
Bay, South Africa (Fig. 1). The investigation formed part
of the multidisciplinary Agulhas Bank Studies programme

of the former National Research Institute for Oceanology
(CSIR), Stellenbosch, South Africa (cf. Schumann et al.
1982a). By integrating oceanographic, marine biological,
geological, and geochemical investigations, the study aimed
at gaining more comprehensive insights into this region. The
main focus of the geoscience sub-programme was to inves-
tigate the inner shelf between Mossel Bay and Plettenberg
Bay (Fig. 1) by means of detailed sedimentological and geo-
physical surveys.

The specific aim of this presentation is to provide a com-
prehensive overview on the topography and shape of the
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Fig. 1 Geographic location of the study area off Plettenberg Bay (Agulhas Bank, South Africa) also showing the bathymetry and sample loca-

tions
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Robberg sand-spit, its surficial sediment composition in rela-
tion to the surrounding seabed, its boundaries to other sedi-
ment compartments, and the volume of sediment stored in
the spit and the adjacent sediment compartment to the north.
Furthermore, because of the extraordinary size of sand bod-
ies like the Robberg spit-bar, they are primary targets in the
exploration for hydrocarbons (gas, oil).

Physical setting
Geomorphology and geology

The coastline of the study area is dominated by the head-
land-bay system defined by the Robberg Peninsula (Fig. 1).
The peninsula is about 4 km long and rises up to~ 140 m
above sea level. Although the official name of the embay-
ment is Formosa Bay, it is generally referred to as Pletten-
berg Bay, the name of the town on its shore. The bathym-
etry of the area clearly outlines the massive submarine sand
body (Robberg spit-bar) that extends for more than 8 km to
the east from Cape Seal, which represents the eastern tip of
the peninsula. The spit-bar reaches a maximum N-S width
of ~5 km. Within the bay, the seabed slopes rather gently at
an average gradient of 1:160 (~0.36°), whereas south of the
Robberg Peninsula, it steepens to 1:33 (~1.74°), and along
the SE slope of the spit-bar to as much as 1:13 (~4.4°).
The slope gradient between the 100- and 150-m isobaths of
the Agulhas Bank proper, by contrast, is only about 1:1000
(~0.06°).

The onland bedrock geology is predominantly composed
of sandstones and quartzites belonging to various formations
of the Cape Supergroup (Ordovician) (e.g. Toerien 1976;
Carr et al. 2019; cf. also Flemming and Martin 2018), which
are locally overlain by conglomerates of the Enon Forma-
tion (Late Jurassic—Early Cretaceous) (e.g. Muir et al. 2017).
Morphologically, the most prominent is the raised coastal
platform which, at the coast, rises steeply from sea level to
elevations > 100 m. It fronts the Outeniqua Mountain range
that rises to over 1000 m some 20 km inland from Nature’s
Valley or 35 km from the Robberg Peninsula (cf. Figure 1 for
orientation). Local rivers are deeply incised into this coastal
platform, their catchment areas being relatively small due to
the proximity of the mountain watershed.

Within Plettenberg Bay, and up to~5 km south from
Nature’s Valley, the offshore basement geology consists
of Ordovician rocks belonging to the Cape Supergroup.
Seaward from there, the basement is composed of strongly
folded and block-faulted (horst and graben structures) Upper
Cretaceous rocks (Dingle et al. 1983). The transition from
Mesozoic to Tertiary (Palacogene) basement is located
about~22 km south of the Robberg Peninsula (Dingle 1971).
The surface of the Mesozoic and Tertiary sequences forming
the Agulhas Bank proper has been bevelled in the course

of numerous subsequent regression/transgression cycles
to define the so-called Palaeo-Agulhas Plain (e.g. Cawthra
et al. 2019). Whereas incised Palaeo-river valleys on the
Agulhas Bank proper were backfilled by fluvial sediments
in the course of the Holocene transgression (Dingle and
Rogers 1972; Cawthra et al. 2020), the areas between such
valleys, up to the onset of the nearshore sediment prism, are
mantled by a thin veneer of relict sediment (Rogers 1971;
Birch 1980).

An enigmatic geological feature is the so-called Island, a
carbonate-cemented aeolianite outcrop, located just south of
the central part of the Robber Peninsula (Fig. 1), and which
is linked to the peninsula by a sandy tombolo. Optical lumi-
nescence dates by Carr et al. (2019) have revealed that the
aeolian deposit originally formed in two phases, one from
60 to 45 ka BP, the other from 35 to 30 ka BP. The onset
of eroded sands from the aeolianite being blown onto (and
hence also across) the peninsula was dated at 10.2 ka BP.
Sea level at that time stood about 25 m below the present
level (Cooper et al. 2018). It must therefore be anticipated
that, from this time onward, sand was being blown across the
peninsula to bypass the Cape Seal headland. Notable is that
the aeolian sandstream crossing the peninsula is northeast
aligned and thus controlled by south-westerly winds (Hell-
strom and Lubke 1993).

Climatology and oceanography

The south coast roughly between Cape Agulhas and East
London lies in the year-round rainfall corridor wedged
between the winter rainfall region of the Western Cape and
the summer rainfall region of the Eastern Cape and conti-
nental interior (e.g. Tyson and Preston-Whyte 2000; Chase
and Meadows 2007; Truc et al. 2013). Throughout the year,
the south coast is dominated by strong south-westerly winds
which frequently reach velocities well in excess of 22 knots
(40 km/h; cf. Hellstrom and Lubke 1993). Secondary winds
of lower frequency blow from the SE quadrant, while east-
erly winds are much more infrequent.

As in the case of the wind, the wave climate of the south
coast is dominated by ocean swells propagating from the
south-western quadrant (e.g. Schumann et al. 1982b). The
wave climate on the Agulhas Bank is characterised by peri-
ods of 5-14 s, with 10-12 s as the most frequent periods,
and average significant wave heights of 2.7-3.0 m (Rossouw
1989; Joubert and van Niekerk 2013). Due to the concurring
directions of the dominant winds and ocean swells, locally
generated, shorter period wind waves (5-7 s) are often
superimposed on the longer period swells (8—14 s), thereby
considerably enhancing overall wave power.

The tidal range in Plettenberg Bay reaches almost 2 m
at spring tide (Heydorn and Tinley 1980; cf. also Schu-
mann et al. 1982b). As the tidal wave approaches the coast
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at almost right angles, the tidal current in the open bay is
relatively weak. Wave- and wind-driven currents along the
coastline up to and past Cape Seal, by contrast, are occasion-
ally strong enough to generate small dunes in the medium-
grained sands of the spit-bar, as revealed by eastward dip-
ping crossbeds in box cores (Flemming et al. 1983b). Also
prominent are occasional upwelling events off the Robberg
Peninsula which are associated with strong easterly wind
events (Schumann et al. 1982a).

Materials and methods
Sedimentology

Sediment distribution patterns in the study area were recon-
structed on the basis of 146 samples collected in 1982 by
means of a Shipek grab sampler (Fig. 1). Sampling positions
were fixed by DECCA or radar distance/angle measurements
to prominent coastal features (e.g. headlands) and then trans-
ferred to a nautical chart. A map showing the numbered sam-
pling stations and their geographic positions can be found
in the Electronic Supplementary Material (ESM Table S1).
The moist sediment samples were stored in sealed plastic
containers.

In the laboratory, the samples were washed through a
63-micron sieve into a bowl using as little fresh water as
possible. The turbid water thus generated was decanted into
large containers, the procedure being repeated several times
until the remaining supernatant water was clear. The con-
tainers were left standing undisturbed for several days until
the suspended mud had settled out completely. The water
was then siphoned off and the settled mud emptied into pre-
weighed porcelain bowls, which were placed overnight into
an oven for drying at 50 °C. After drying the bowls with
the mud were again weighed, the difference in weight being
equated to the mud mass. The clean coarse fractions were
similarly dried and weighed. The gravel fractions were then
separated from the sand by dry sieving through a 2-mm sieve
and both fractions thereafter weighed. The corresponding
masses of all three fractions (gravel, sand, mud) were in
each case added together and expressed as percentages of
the total mass.

Grain-size distributions of the sand fractions were deter-
mined by settling tube (cf. Flemming and Thum 1978),
whereby settling velocities were converted to equivalent
settling diameters at 0.1-phi size intervals by application
of a computer algorithm based on the experimental results
of Gibbs et al. (1971). Textural parameters were calculated
by both percentile and moment statistics (cf. ESM Table
S2). The maps showing sediment distribution patterns were
generated by manual contouring.

@ Springer

Carbonate contents were determined on pre-weighed
sand subsamples by treatment with hydrochloric acid,
before being washed, dried, and weighed. The difference in
weight was equated to the carbonate content, which was then
expressed as a weight-percentage. Although the least accu-
rate of several methods for carbonate determination (e.g.
Carver 1971), it was considered adequate for the purpose
of this study.

Identification of hydraulic populations and progressive
mixing between neighbouring populations are based on the
pattern originally recognised by Folk and Ward (1957) and
later applied by, for example, Folk and Robles (1964) and
Flemming (1988, 2015). Mixing trends in the present study
were identified on the basis of the relation between mean
diameter and sorting. Mixing between two hydraulic popula-
tions typically has the form of an inverted v-shaped progres-
sion when plotting mean diameter against sorting, whereby
the parent populations are normally well-sorted. The sorting
then progressively decreases up to the point of equal mix-
ing (e.g. Folk and Ward 1957). Relative sorting (QH) is a
dimensionless number value generated by normalizing the
grain-size dependence of optimal sorting (also known as
elementary sorting QD,,) of a sample to unity (QH=1). This
is achieved by dividing the standard deviation (QD) of a
grain-size distribution by the elementary sorting of that dis-
tribution (QD,) such that QD/QD,= QH (cf. Walger 1962).
Flemming (2015) has subsequently shown that elementary
sorting values can be as low as QD,=0.5. The phi-fractions
of the sand component are addressed in terms of the Went-
worth (1922) classification. The compositional and textural
parameters of all samples are listed in ESM Tables S1 and
S2.

Geophysics

Detailed seismic boomer and pinger surveys were carried
out in 1982 (boomer) and 1983 (pinger) (Fig. 2). For naviga-
tional security reasons, a safety margin of at least 1 km from
the coast was maintained throughout the surveys. Positions
were fixed at 15-min intervals by the same procedure as
outlined in the sedimentology subsection above. Data acqui-
sition made use of sound sources fed by an EG&G power
supply at energy discharges of 100-300 J in the case of the
boomer and 50 J in the case of the pinger. The return sig-
nals were recorded via an 8-element hydrophone array and
processed by a receiver unit with bandpass filter settings of
2500-5000 Hz (boomer) and 4500-6500 Hz (pinger), before
being printed on an EPC graphic recorder. The two crossing
N-S and W-E sparker profiles (Fig. 2) were extracted from
an earlier regional seismic survey (Martin and Flemming
1986). In the absence of precise acoustic velocity data on the
local unconsolidated sediment, a factor of 0.8 was used to
convert travel time of the seismic signal within the sediment
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from milliseconds to sediment thickness in metres. This cor-
responds to a two-way travel time of 1600 m/s. The boomer
typically achieved penetrations below the seabed of just
over 60 m, the pinger up to 20 m, and the sparker > 100 m.
The sparker profiles were selected for illustration because
only these reveal the internal sedimentary architecture of
the Holocene deposits (Fig. 3a). In the boomer profiles, by
contrast, the unconsolidated Holocene sediments are essen-
tially transparent in spite of the seismic signal penetrating
down to the rocky basement (Fig. 3b).

On the basis of the seismic surveys, a sediment thickness
map was generated by manually interpolating between the
closely spaced survey lines (Fig. 2). Based on this, sedi-
ment volumes (in m?) were determined by overlaying the
map with a 500 % 500-m grid and multiplying the surface
area of each cell (250,000 m?) with the sediment thickness
estimated for the centre point of that cell. The total number
of cells amounted to 1232, which corresponds to an area of
308 km?.

Results
Sedimentology

The relationship between mean grain size and water depth
is illustrated in Fig. 4. The diagram reveals three sample
groups comprised of coarse lag sediments associated with
rock outcrops occurring at water depths up to 65 m (NB:
rock platforms at water depths shallower than 30 m were not
sampled), a medium- to fine-grained sample group spanning

water depths from 10-100 m, and an overlapping fine- to
very-fine-grained sample group covering water depths from
30-92 m.

The distribution patterns of individual full-phi size frac-
tions present a remarkably clear picture (Fig. 5). Particu-
larly noteworthy is the partitioning between the gravel + very
coarse sand, coarse sand, and medium sand fractions
(Fig. 5a—c), on the one hand, and the fine sand, very fine
sand, and mud fractions (Fig. 5d—f), on the other. This sug-
gests that the sediments are overall dominated by coarse-
grained parent populations on the one side, and fine-grained
ones on the other, individual populations overlapping to
various degrees in particular areas. Also notable is that the
water depth of the ‘mud belt” seaward of the spit, which is
wrapped around the base of the sand-spit and is composed
of muddy fine sand (Fig. 5f), occupies a depth range of about
60-90 m, whereas the separate mud depocentre within the
bay has a depth range of about 35-65 m. This is a clear
reflection of the progressively decreasing wave energy at the
seabed towards the rear of the spit. The spatial separation
of the depocentres also suggests that the muds have differ-
ent sources. Thus, the mud forming the belt seaward of the
spit must obviously have its source to the west of the study
area, whereas the mud within the bay is most likely sup-
plied by the Piesang/Bietou/Keurbooms river system which
discharges into the bay (cf. Figure 1). Stratigraphically, the
spit-bar thus represents an upward coarsening sediment
sequence, ranging from muddy fine sand at the bottom, fol-
lowed by fine sand that grades into medium sand towards
the top.
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Fig.3 Comparison between a
sparker (a) and a boomer (b) a

1 km

seismic profile showing similar
slope sections of the Robberg
spit-bar. Note the definition of
the internal master bedding in
the former and the transparency
of the latter profile. The two
profiles had similar orientations
but were recorded on different
graphic printers; the horizontal
and vertical scales are almost
identical; noise in the water
column has been manually
removed; the scales in image a
also apply to image b

Based on the bathymetry and the distribution maps of
the various sedimentary facies, the study area can be ten-
tatively divided into four sedimentary compartments (A,
B, C, D) that are separated by quite distinct boundaries
(Fig. 6). Thus, compartment A is composed of sediment
transported into the study area from the west, the main
sources probably being the coastal aeolianites in the Wil-
derness embayment (Birch et al. 1978; Flemming et al.
1983a; Cawthra et al. 2014), nearshore bioclastic sediment
production, and a fluvial input from small rivers. Com-
partment B is composed of sediment supplied by the Pie-
sang/Bietou/Keurbooms river system. Compartment C, in
turn, defines the Tsitsikamma coastal shelf which receives
its sediment essentially from the adjacent hinterland (cf.
Flemming and Martin 2018). The seabed of compartment
D, which borders on compartments A and C along their
offshore boundaries, is composed of relict (i.e. palimpsest)

@ Springer

sediments related to the drowned ‘Palaeco-Agulhas Plain’
as defined by Cawthra et al. (2019). The nearshore Holo-
cene sediment prisms of compartments A, B, and C are
superimposed on this former Pleistocene land surface.
The distribution of carbonate contents (CaCOj), mean
diameters, relative sorting, and skewness are illustrated
in Fig. 7a—d, respectively. Of these parameters, the mean
diameter map (Fig. 7b) reflects the average local sediment
composition and is inherently compatible with the compart-
mentalised subdivision. The skewness map (Fig. 7d), by
contrast, highlights the coarser-grained fractions as being
predominantly negatively skewed and the finer-grained frac-
tions as being predominantly positively skewed, irrespec-
tive of where they occur. Sorting (Fig. 7c), in turn, reflects
the degree of mixing/unmixing between coarser-grained
and finer-grained populations, progressively poorer sorting
generally indicating increasing mixing. The least correlation
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Fig.4 Distribution of mean grain sizes with respect to water depth.
Three groups can be distinguished: coarse lag deposits on nearshore
rocky abrasion platforms, fine-to-medium sands of the open shelf,
and fine-to-very-fine sands in the bay proper

with any of the sediment facies and textural parameters is
observed in the spatial distribution of CaCO; (Fig. 7a), espe-
cially in the central part of the study area. The only excep-
tion is the north-eastern nearshore zone which is dominated
by lag deposits on rock platforms exposed on the seabed
which comprise variable mixtures of siliciclastic and bio-
clastic coarse-grained sediments.

Mixing processes between hydraulic populations are best
identified in scatter plots between individual textural param-
eters, particularly mean grain size vs sorting. When plot-
ting the corresponding parameters of all samples together,
the diagram presents a rather complex picture (Fig. 8a).
This suggests that potential mixing progressions in differ-
ent areas have been superimposed on each other, as a result
of which individual trends are obscured. To disentangle
these, the data were plotted separately for each sediment
compartment (Fig. 8b—f). Of these, the mixing trends of sub-
compartments A-west, A-north, and A-east were found to
be so similar that the data were pooled in a single diagram
(Fig. 8b). These are composed of fine-very fine sand, with a
well-defined medium-fine sand parent population. Of inter-
est here is that the very-fine-sand population only occurs in
mixed form, i.e. it lacks its own spatially defined depocentre
within compartment A. This can be explained by the fact
that the main source of the sediment in compartment A is
in all likelihood the aeolianites in the Wilderness embay-
ment, which are predominantly composed of fine-medium

sand. The trend in compartment A-centre, by contrast, differs
markedly from the other sub-compartments (Fig. 8c). It is
dominated by medium sand (up to 75%) which occupies the
wave-swept top of the spit-bar (cf. Figure 5c¢), and where it
is mixed with some fine sand towards the northern edge of
the sub-compartment.

The clearest mixing progression, involving a fine-sand
and a very-fine-sand population, is seen in the plot of com-
partment B (Fig. 8d). This compartment is wedged between
compartments A and C, the latter having previously been
identified as a self-contained compartment (Flemming and
Martin 2018). The fine-sand population occupies the shal-
low-water region off the Bietou/Keurbooms river mouth,
whereas the very-fine-sand population dominates the deeper
offshore region of that compartment, the two overlapping in
the area in between to present the image of a complete mix-
ing progression. The available data provides no evidence for
substantial mixing across the boundary between compart-
ments A and B. Although one would expect such boundary
mixing to occur, it seems to be spatially so restricted that, in
order to be recognised, it would require very closely spaced
sampling across the boundary.

The boundary between compartments B and C mostly
borders on rock platforms which prevent (or strongly inhibit)
mixing in that direction. This is highlighted by the mixing
pattern observed in compartment C (Fig. 8e) which clearly
bears no resemblance to that in compartment B. The same
applies to compartment D (Fig. 8f) which, as pointed out
above, is dominated by medium- to coarse-grained relict
sediments (Rogers 1971; Birch 1980) and a very-fine-sand
drape near its boundary to compartments A and C. This sug-
gests that much of the very-fine-sand population, which was
found to be in short supply in compartment A, has been
carried eastward across the compartment boundary into
compartment D, an interpretation that is supported by the
distribution map of very fine sand (Fig. Se).

Geophysics

Although the seismic energy of the boomer was sufficient to
penetrate the greatest thickness of the spit-bar (~ 65 m) down
to the Cretaceous bedrock, the sediment body remained
essentially transparent. In order to visualise the depositional
style, two sparker profiles were extracted from an earlier
survey (Martin and Flemming 1986). The two profiles cross
each other more or less at right angles (cf. Figure 2), one
being oriented N-S (Fig. 9), the other W-E (Fig. 10).

A particular feature of the sparker records is that the
internal master bedding reveals a marked change in depo-
sitional style more or less in the middle of the sand body. It
can be recognised by a distinct unconformity that divides the
deposit into two major units. The lower unit is characterised
by more or less conformable, low-angle clinoforms, whereas

@ Springer



32 Page8of17

Geo-Marine Letters (2021) 41: 32

20 25
Gravel & v. c. sand
(weight-%)

A
N
6 km

-34S

Plettenberg
Bay

20 2
Coarse sand
| 345 (weight-%)
A
N

6 km

Plettenberg
Bay

Medium sand
(weight-%)

A
N

6 km

|-aa's

ﬁ———/— . s\]
’____/ & lo\
d 20

Finesand
(weight-%)

Very fine sand

| 245 (weight-%)

f 20
Mud
| 205 (weight-%)
A |
N [}
6 km

Plettenberg
Bay

Fig. 5 Distribution of individual size fractions at phi-intervals (a—e) following the modified Wentworth (1922) classification. a Gravel and very
coarse sand (>0 phi). b Coarse sand (0—1 phi). ¢ Medium sand (1-2 phi). d Fine sand (2-3 phi). e Very fine sand (3—4 phi). f Mud (<4 phi)

the upper unit appears more chaotic, displaying clinoforms
which, in the N-S profile, dip more steeply towards the
edges of the spit-bar, both northwards and southwards
(Fig. 9), but more uniformly eastwards in the longitudinal
profile (Fig. 10). As already indicated by the bathymetry (cf.
Figure 1), the spit-bar spreads out in all directions once it
clears the tip of the Robberg Peninsula (Cape Seal). In both
profiles, the clinoforms steepen towards the outer edges, in
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particular on the southern and eastern sides of the spit-bar
where the slope gradient locally attains 4.4°.

The longitudinal sparker profile commences to the
north of the Robberg Peninsula (cf. Figure 2), where
it shows eastward dipping clinoforms downlapping in
fan-like fashion onto successive beds of the upper unit
(Fig. 10). The downlapping clinoforms evidently belong
to a fan produced by the deposition of sediment supplied
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Fig.6 Sediment compartments
(A-D) defined on the basis of
bathymetry, sediment distribu-
tion patterns, and sediment
thicknesses
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Fig. 10 West—East seismic
cross-section (sparker) across
the Robberg submarine spit-bar
(b original profile; b* inter-
preted profile). For location of
the profile, see Fig. 2
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by aeolian overpass from the seaward side of the Robberg
Peninsula. The boundary of this fan is morphologically
well-defined by the change in isobath orientation within
the bay from north—south to west—east (Fig. 11). The fan
is apparently in part perched upon upper shoreface sedi-
ments of the bay.

The sediment thickness map in Fig. 12 was used to esti-
mate the sediment volumes stored in compartments A and
B. As pointed out in the “Materials and methods” section,
total sediment volumes were determined by adding together
the volumes of the 725 cells in the case of compartment A
(Table 1), and those of the 520 cells in the case of com-
partment B (Table 2), each cell measuring 500 X 500 m, the
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Fig. 12 Holocene sediment T
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surface area thus amounting to 250,000 m?Z. In this way, the
total sediment volume for compartment A was estimated at
5.815 km?, and that for compartment B at 0.127 km>. The
distribution pattern of sediment thicknesses by and large
lends further support to the correct choice of the bounda-
ries for the proposed sediment compartments. Although the
northern boundary is less clearly defined by sediment thick-
nesses, it must be remembered that the aeolian overpass fan
pinches out in all directions. The bathymetry, on the other
hand, is very clear in this respect.

Table 1 Calculated sediment volumes per 10-m thickness interval in
sediment compartment A which accumulated in ca. 12,000 years by
alongshore transport from the west

Discussion
Sedimentological aspects

Previous studies of headland-attached sand bodies essen-
tially focussed on their morphology, thickness, and associ-
ated bypass/overpass processes (cf. Klein et al. 2020, for an
overview). However, only a few of these also considered adja-
cent sediment compartments or were accompanied by such
detailed sediment data as presented in the present study. Thus,
Cascalho et al. 2014) and McCarroll et al. (2018) observed
grain-size sorting in the course of aeolian overpass processes,
where the blowout material from the beaches became finer
with distance and elevation above sea level. This was partly
also associated with particle density sorting (Cascalho et al.
2016; Ribeiro 2017). In the present case, overpassing was (is)

Thickness interval Average  Number Sediment volume (m’) Table 2 Calculated sediment volumes per 10-m thickness interval in

(m) thickness  of cells* sediment compartment B which accumulated in ca. 12,000 years on
(m) the nearshore shelf outside the estuaries

> 60 62 32 496,000,000 Thickness interval Average Number Sediment volume (m3)

50-60 55 138 1,897,500,000 (m) thickness  of cells*

40-50 45 88 990,000,000 (m)

30-40 35 139 1,216,250,000 30-40 35 4 1,000,000

20-30 25 94 587,500,000 20-30 25 52 13,000,000

10-20 15 134 502,500,000 10-20 15 188 47,000,000

0-10 5 100 125,000,000 0-10 5 263 65,750,000

Total (m?) 725 5,814,750,000 Total (m?) 507 126,750,000

Total (km?) ~5.815 Total on shelf ~0.127 km®

*1 cell =500 x 500 m =250,000 m>
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*1 cell =500 x 500 m =250,000 m>
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not associated with additional grain-size sorting as the aeolian
source material was already optimally sorted.

While most previous studies also identified sediment
bypassing processes, the data presented in this study does not
favour such a mechanism. First of all, the fairly flat top of the
spit-bar lies at a depth of around 35 m below sea level and is
composed of well-sorted medium sand with mean grain sizes
in the range of 1.5-2.0 phi (0.35-0.25 mm). The regional wave
climate is evidently responsible for limiting the vertical accre-
tion of the bar, which implies that grain sizes finer than those
forming the top of the bar are transported across the bar to be
deposited in deeper water on its down-current slopes. This is
in agreement with the sediment maps of Fig. 5c, d and Fig. 7b.
Hydrodynamic considerations support this interpretation. The
wave climate on the Agulhas Bank is dominated by waves of
10-12-s periods and significant heights of ~2.5 m, which reach
occurrence frequencies of around 30% and 25%, respectively
(Rossouw 1989; MacHutchon 2006).

As the waves generally approach the coast from the SW,
i.e. oblique to the W—E-aligned coastline of the study area,
this generates an eastward directed alongshore current. The
wave-induced maximum orbital velocity as a function of
the dominant wave period and wave height at a depth of
35 mis~33 cm/s. The wave-induced threshold velocity for
12-s waves at that water depth and a grain size of 0.3 mm
(~ 1.74 phi) is ~23 cm/s (cf. Clifton 1976; Flemming 2005,
and ESM Table 3). This means that the near-bed orbital
velocity at the bar top exceeds the threshold velocity by at
least 10 cm/s which, augmented by an alongshore current of
variable speed, is sufficient to generate wave- and current-
generated ripples, and occasionally even small dunes, in
the medium-grained sand (Flemming et al. 1983b). At the
same time, finer-grained sediment is lifted into intermittent
suspension by the passing waves to be progressively dis-
placed eastwards by the longshore current. Upon reaching
the edges of the bar, the current velocity reduces sharply
due to flow expansion over deeper water and thereby causes
the suspended finer-grained sands and mud aggregates to be
deposited in deeper water along the lower slope. In this pro-
cess, some of the very fine sand and mud may be transported
across the eastern boundary of compartment A, mainly into
compartment D.

Furthermore, due to the water depth at the bar top (35 m),
it is inconceivable that sediment is transported around Cape
Seal and upward to the beach of the bay. On the contrary,
even the aeolian overpass fan, the top of which reaches water
depths just under 10 m (Fig. 11), is morphologically so well-
defined that, if at all, only very minor amounts of sand will
be transported to the beach from that depth to continue its
journey northwards along the coast. To test this, the equation
of Hallermeier (1978, 1981; cf. also Hamon-Kerivel et al.
2020) for the calculation of closure depth was applied, i.e.

the depth for offshore/onshore transport of sediment on the
most active part of the shoreface:

d

C

| = 2.298H, — 68.5(H%/gT2) M

where d; is the closure depth, H is the significant wave
height, T the significant wave period, and g the gravitational
acceleration. Using the most frequent offshore wave periods
for the Plettenberg Bay region (10, 11, and 12 s), and using
an unrealistic wave height of 5 m in each case, the corre-
sponding closure depths would be 9.65, 10.2, and 10.5 m.
For a more realistic significant storm wave height of 3 m in
the rear of the peninsula, the corresponding closure depths
would be 6.2, 6.4, and 6.5 m. As the amount of sediment
mobilised in this zone decreases exponentially with depth,
any material exchange beyond the closure depth becomes
insignificant. These results are in good agreement with other
recent studies (e.g. Hamon-Kerivel et al. 2020; McCarroll
et al. 2021). On account of these considerations, it is dis-
counted that a tangible amount of sediment can bypass the
Robberg Peninsula in the form of alongshore transport on
the upper shoreface.

Geophysical aspects
Robberg spit-bar

In the seismic cross-sections of Figs. 9 and 10, a marked
internal reflector at a depth of about 60 m below the present
sea level reveals a distinct change in the depositional style
from gradual vertical accretion and progradation (low-gra-
dient clinoforms) to accelerated progradation (more steeply
dipping clinoforms). Important to note here is that the two
units are not separated by an erosion surface that would be
indicative of a time gap. Instead, deposition continued unin-
terrupted, but with a change in depositional style, which
is interpreted as reflecting an increase in sediment supply
from the western sources, especially the aeolianites off
the Wilderness coast. This would have occurred when sea
level stood about 40 m below the present. According to the
sea-level curve of Cooper et al. (2018), this would corre-
spond to the end phase of the so-called sea-level slowstand
of Pretorius et al. (2016) at about 10.6 ka BP, when sea
level rose by ~ 1 m/200 years (cf. also de Lecea et al. 2017,
Cooper et al. 2018). Up to that depth only, a small part of
the coastal aeolianites occupying the Wilderness embayment
was exposed to wave erosion (Martin and Flemming 1986).
Shortly after this time marker, the sea-level rise acceler-
ated more than fivefold to~5.7 m/200 years until ~ 10 ka
BP, in the course rapidly inundating a much larger part of
the coastal aeolianites. The inferred increase in erosion and
longshore sediment transport resulted in more rapid progra-
dation and accretion of the spit-bar, which would explain
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the change in sedimentation style observed in the seismic
profiles. According to Carr et al. (2019), aeolian sand over-
passing the Robberg Peninsula commenced about 10.2 ka
BP and up to the present resulted in the accretion of ~0.22
km? of sand in the perched fan in its rear. The overpass fan is
considered to form part of sediment compartment A because
its source is also located west of Cape Seal. Together with
the spit-bar proper, the overall volume of compartment A
amounts to almost 6 km® of sediment.

Shelf facies models and hydrocarbon exploration

A sedimentary facies has been defined as a body of sedi-
ments or sedimentary rock with specific petrophysical prop-
erties (geometric shape, sedimentary units, composition and
texture of sediments, fossils) which may be distinguished
from other sedimentary units based on these properties (e.g.
Reading 1978; 1981; Swift and Thorne 1991; Selley 1995;
Miall 1999; Swift et al. 1991). A facies is considered to be
the response to processes in a specific environment, whether
alluvial/fluvial, coastal, shelf, or deep water. Over and above
academic interest, mapping the distribution of facies within
sedimentary sequences is important in oil and gas explora-
tion, and in the data-loading of geocellular models of pro-
ducing oil and gas fields.

Continental shelves are affected by sea-level change,
and shelf deposits are volumetrically most associated with
highstand and transgressive systems tracts (Suter 2006) in
seismic and sequence stratigraphic models (Vail et al. 1977,
Hart et al. 2017). This is true also of the case considered
here, where internal chronostratigraphic data on the Rob-
berg spit-bar is lacking to prove that it is entirely a Holocene
depositional product. Three basic models for shelf sediments
exist: storm-dominated (Swift and Thorne 1991; Swift et al.
1991), tide-dominated (Dyer and Huntley 1999; Bastos et al.
2003; Li et al. 2014) or geostrophic current-dominated
(Flemming 1978; Martin and Flemming 1986; Green et al.,
this issue), with modern continental shelves being ~80%
storm-dominated, ~ 17% tide-dominated, and ~3% geos-
trophic current-dominated (Swift 1972).

The Robberg spit-bar lies in a high-energy storm-domi-
nated region, as noted here in the section on climatology and
oceanography, and with the Agulhas Current hugging the
shelf/slope interface almost 100 km to the south. The fea-
ture (Fig. 12) comprises a large volume of medium-to-very-
fine sand (Figs. 5 and 7). Sediment distribution supported
by seismic images (Figs. 9 and 10) suggests a prograding
upwardly coarsening sand body, attached to an older rocky
headland, rather than merely associated with headlands as
in the case of banner banks (e.g. Dyer and Huntley 1999).
Prominent depositional features such as the Robberg spit-
bar therefore need to be considered in shelf facies models,
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and shelf oil exploration models, in particular (Nyberg and
Howell 2016).

Conclusions

The findings of this study allow the following main conclu-
sions to be drawn:

The study area can be divided into four compartments
with little evidence for sediment exchange between them.
The most prominent feature is a huge, headland-attached
spit-bar which, stratigraphically, is composed of an
upward coarsening sediment sequence that ranges from
muddy fine sand at the bottom, through fine sand in the
middle, to medium sand at the top.

The sediment volume in the spit-bar (compartment A)
amounts to ~6 km?>, which stands in sharp contrast to the
0.127 km? stored in the adjacent shoreface of compart-
ment B.

The size and volume of headland-attached spit-bars such
as the Robberg example makes them prime exploration
targets for hydrocarbons in the rock record.
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