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Abstract
Paleo-shorelines on continental shelves give insights into the complex development of coastlines during sealevel cycles. This
study investigates the geologic development of the Limpopo Shelf during the last sealevel cycle using multichannel seismic and
acoustic datasets acquired on the shelf in front of the Limpopo River mouth. A detailed investigation of seismic facies, shelf
bathymetry, and a correlation to sea level revealed the presence of numerous submerged shorelines on the shelf. These shorelines
are characterized by distinct topographic ridges and are interpreted as coastal dune ridges that formed in periods of intermittent
sealevel still-/slowstand during transgression. The shorelines are preserved due to periods of rapid sealevel rise (melt water
pulses) that led to the overstepping of the dune ridges as well as due to early cementation of accumulated sediments that increased
the erosive resistance of the ridges. The high along-shelf variability of the submerged dune ridges is interpreted as a result of pre-
existing topography affecting shoreline positions during transgression. The pre-existing topography is controlled by the under-
lying sedimentary deposits that are linked to varying fluvial sediment input at different points on the shelf. The numerous
prominent submerged dune ridges form barriers for the modern fluvial sediment from the Limpopo River and dam sediment
on the inner shelf. They may also facilitate along-shelf current-induced sediment transport.

Introduction

The shape of continental shelves worldwide is strongly influ-
enced by sediment deposition and erosion as well as shoreline
development in response to numerous sealevel cycles in the
Pleistocene. Ancient shorelines on the shelf that have been
drowned during transgressive stages may form distinctive rem-
nants that are potentially buried by subsequent sedimentation
(e.g., Locker et al. 1996; Gardner et al. 2005, 2007; Nichol and
Brooke 2011; Brooke et al. 2014; Green et al. 2014). These
shorelines allow insights into coastline behavior in times of rising
sea level. Their development depends on various factors such as
pre-existing topography, available sediment, and the global dy-
namics of sealevel rise (Cooper and Pilkey 2004; Pretorius et al.

2016; Green et al. 2018). Paleo-shorelines on the shelf are pre-
served due to an overstepping during periods of rapid sealevel
rise (Kelley et al. 2010; Zecchin et al. 2011; Mellett et al. 2012;
Green et al. 2013). Additionally, they often show a high resis-
tance to erosion due to early cementation, coarse sediment grain
sizes, and the geometry of the surrounding shelf (Storms et al.
2008; Mellett et al. 2012; Green et al. 2013, 2018).

In this study, we reconstruct the geological development of
the shelf in front of the Limpopo River mouth during the last
sealevel cycle. Multichannel seismic and acoustic data are
presented that allow a detailed mapping of seismic units in
the sub-seafloor. Additionally, bathymetric data reveal coast-
parallel topographic ridges on the shelf. These ridges are pre-
sumably formed as coastal dunes during periods of sealevel
slow-/stillstand during the transgression after the Last Glacial
Maximum (LGM) and show a high lateral variability over
short distances. This variability in shelf topography is attrib-
uted to differences in outer shelf sediment accumulation/
erosion and pre-existing topography on the shelf that affect
coastline development during sealevel rise. This study for the
first time explores the geological development of the southern
Mozambique shelf area and extends previous work on shelf
evolution on the southeastern African margin.
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Regional setting

The Delagoa Bight is a large ocean embayment created by the
westward offset of the southern Mozambique coastline
(Fig. 1). It is characterized by a narrow Limpopo Shelf area
of 15–35 km in its western and northern part with a shelf break
at ~− 120 m (Figs. 1 and 2). The extensive Inharrime Shelf to
the east transitions into a large contourite deposit on the upper
slope of the Inharrime Terrace (Fig. 1) (Preu et al. 2011). The
region is dominated oceanographically by the Agulhas
Current (AC), which is formed by the Mozambique Current
(MC) and the East Madagascar Current (EMC) (Fig. 1)
(Martin 1981; Lutjeharms 2006). The topographically trapped
cyclonic lee eddy in the Delagoa Bight (Fig. 1) (Saetre and Da
Silva 1984; Lamont et al. 2010) resembles similar settings
along the southeastern African margin (Flemming 1981;
Lutjeharms and Da Silva 1988). The northern coast of the
Delagoa Bight is formed by the Mozambique coastal plain,
which is characterized by Neogene coast-parallel linear dune
ridges, separated by swamp areas or shallow flat basins
(Tinley 1985; Hughes and Hughes 1992; Botha et al. 2003;
Armitage et al. 2006; Porat and Botha 2008). Active coastal
dune systems at the shoreline reach heights of > 100 m due to
the stacking of dune generations during successive sealevel
highstands (Cooper and Pilkey 2002; Sudan et al. 2004;
Armitage et al. 2006). The main source of sediment input to
the Delagoa Bight is the Limpopo River that drains
370,000 km2 of hinterland (Flemming 1981). Estimates of
the sedimentary load vary between 33 × 106 (Flemming
1981) and 48.8 × 106 t/year (Milliman and Meade 1983), be-
ing comparable to sediment loads of the Niger and Congo
Rivers with 40 × 106 and 43 × 106 t/year, respectively
(Milliman and Meade 1983). Limpopo River sediment is
thought to form the Limpopo Cone (Martin 1981); however,
a large fraction of the sediment is being dispersed in the ocean
(Walsh and Nittrouer 2009). Recently, it has been shown that a
large part of Limpopo sediment is transported eastwards on
the shelf, attributed to the Delagoa Bight eddy (Schüürman
et al. 2019).

The southern Mozambique continental shelf has not been a
focus of geoscientific research in the last decades, with the
exception of studies on coastal development south of
Maputo (Cooper and Pilkey 2002; Armitage et al. 2006;
Green et al. 2015) and sediment provenance in the Delagoa
Bight (Schüürman et al. 2019). However, the neighboring
KwaZulu-Natal shelf in South Africa has been investigated
by a number of studies. These focus mainly on the effects of
shoreline variations on shelf deposits during the last sealevel
cycle and sediment dynamic processes on the shelf (Flemming
1980, 1981; Ramsay 1994; Green and Uken 2005; Green et al.
2008; Green 2009; Green and Luke Garlick 2011; Green et al.
2013, 2014, 2018; Salzmann et al. 2013; Cooper et al. 2016;
Pretorius et al. 2016, 2018). These studies reveal widespread

paleo-coastlines on the shelf including beachrock and
aeolianite ridges on the seafloor. These ridges were formed
during the post-glacial transgression in the course of sealevel
stillstands and preserved due to overstepping during periods
of rapid sealevel rise (Salzmann et al. 2013; Green et al. 2014;
Pretorius et al. 2016).

Methods

The multichannel seismic data presented in this study were
acquired during R/V Meteor Cruise M75/3 in 2008 with the
University of Bremen high-resolution multichannel seismic
equipment (Fig. 1). A Sercel GI-Gun with a volume of 2 ×
0.125 l was used as a source, yielding a frequency range of
100–600 Hz with a central frequency of ~ 200 Hz. Data was
recorded with a 50-m-long streamer containing 48 single hy-
drophones with a 1 m channel spacing. The data were proc-
essed applying standard techniques including common mid-
point sorting (distance 1 m), band pass filtering, stacking, and
post-stack time migration. Vertical data resolution resulting
from the source frequency is between 2 and 4 m. Data pro-
cessing was carried out with the Schlumberger Vista seismic
processing software package. For data interpretation, the IHS
Kingdom software package was used. Time depth conversions
were done using a seismic velocity of 1500 ms−1, which is a
suitable velocity for the shallow sub-seafloor.

Additionally, 4 kHz parametric sediment echosounder data
were recorded in parallel to the multichannel seismic data
acquisition using the hull-mounted Parasound system. This
data was used to image the shallowest sediment deposits to a
depth of ~ 20 m at a decimeter-scale resolution. Furthermore,
bathymetric data was acquired with the hull-mounted
Kongsberg EM710 multibeam echosounder (Fig. 2). The data
were cleaned and gridded with a grid cell size of 10 × 10 m.

Results

Bathymetry of the Limpopo shelf

The Limpopo Shelf is ~ 20 km wide (Fig. 1) and its surface is
characterized by a large number of coast-parallel ridges (Fig. 2).
These ridges were observed in water depths between ~40 and
100 m. They show a maximum height of 20 m and a width of
between 100 and 700 m (Fig. 2). Their shape is variable with
some showing flat tops and an extended width while others
appear narrow with rounded tops. The ridges occur individually
or in sets of several individual ridges that are located in close
proximity to each other and sometimes overlap (Fig. 2B). The
lateral continuity of ridges is highly variable making correlation
of ridges between bathymetric profiles difficult (Fig. 2). Sets of
ridges show a high degree of variability with individual ridges
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terminating, splitting or merging within few hundred meters dis-
tance (Fig. 2B). In front of the Limpopo River mouth, the char-
acter of these topographic ridges changes from numerous prom-
inent ridges in the west to sets of individual ridges that appear
partly buried by sediment in the east (Fig. 2C). The outer shelf is
~ 3 kmwider and relatively flat in the east compared to its narrow
width in the west with topographic ridges close to the shelf break
(Fig. 2C). The position of individual ridgelines on the shelf dif-
fers between profiles (Fig. 2). Three ridgelines can be observed
on the eastern bathymetric profiles at ~− 95 m, ~− 65 m, and ~−
40 m water depth (Fig. 2). They can tentatively be correlated to
ridges on the western profiles (Fig. 2C) although these show
significantly more ridges with a more diverse morphology.

Seismic units

The seismic data, as presented in Figs. 3, 4, 5, and 6, reveals a
complex shelf stratigraphy to depths of greater than 250 m.
However, in this study, we focus on the upper ~ 50 m of the
seismic profiles and examine five seismic units (SU 1 to SU 5,
Table 1) above the first observed major unconformity (MIS-6
unconformity).

Seismic unit 1

SeismicUnit 1 (SU 1) lies on the outer shelf and shelf edge (Figs.
3, 4, and 5). It shows a thickness of up to 100 m and comprises

Fig. 1 (A) Topographic map of the Delagoa Bight and the southern
Mozambique continental margin. White arrows show the current
system, dominated by the Mozambique Current (MC), the east
Madagascar Current (EMC), and the resulting Agulhas Current (AC). A
stationary lee circulation in the Delagoa Bight is induced by this setting.

Large quantities of sediment are introduced to the shelf via the Limpopo
River. The southern Mozambique coastal plain is dominated by coast-
parallel Neogene dune systems. (B) Detailed map of the Limpopo Shelf
showing the multichannel seismic profiles presented in this study
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Fig. 2 (A) Seafloor bathymetry slope of the Limpopo Shelf from
multibeam echosounder data. For location see Fig. 1. Submerged dune
ridges were mapped and extrapolated from their strike in the bathymetric
data (gray stippled lines). They are oriented coast-parallel and show
heights of up to 20 m. The ridges show a high variability in continuity
and geometry over distances of few kilometers along the shelf. Three
distinct ridgelines could be correlated at − 95, − 65, and − 40-m water
depth. (B) Perspective view of dune ridges on the middle shelf showing

small-scale variability of individual ridges, such as merging and splitting
of ridges. (C) Bathymetric profiles extracted from multibeam
echosounder data along four profiles on the Limpopo Shelf (see inset).
Profiles were projected to an across-shelf transect orientation, allowing
spatial comparison. All profiles are anchored at a similar distance from
the coast at their landward end. An increase in shelf width and ridge burial
as well as a low-relief outer shelf is visible towards the east
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medium to high amplitude parallel reflectors which onlap land-
wards onto a distinct unconformity (MIS 6 unconformity) (Figs.
3 and 4). The unit is overlain by SU 5 on the outer shelf
(Fig. 4A). The nature of the upper boundary of SU 1 changes
from east to west. On Fig. 3, the easternmost profile, SU 5 con-
formably overlies SU 1 while on Fig. 4, the westernmost profile,
SU 1 is truncated at its upper boundary. The unit shows a signif-
icant change in appearance further west where it is much thinner
and downlaps onto the underlying unconformity (Fig. 5).
Seawards, the reflectors dip steeply (~ 12°) from the shelf edge
to the upper slope and show truncation there with convolute and
contorted reflectors further seaward (Fig. 3A). Amplitude

blanking presumably induced by gas in the sediments can be
observed in the thick eastern parts of SU 1 (Figs. 3 and 4).

Seismic Unit 2

Seismic Unit 2 (SU 2) occurs in the eastern part of the study
area where it is preserved extensively on the middle shelf and
otherwise limited to small patches within topographic depres-
sions in theMI6 unconformity on the outer shelf (Figs. 3 and 4).
It shows thicknesses of up to 15 m and consists of low to
medium amplitude parallel to subparallel reflectors. SU 2 re-
flectors downlap seawards onto the MIS-6 unconformity (Fig.

Fig. 3 (A) Multichannel seismic profile GeoB08-183, for location see
Figs. 1 and 2. Dominant features are partly buried submerged coastal
dune ridges. The sedimentary shelf sequence is dominated by truncation
surfaces and shelf-edge sediment accumulations, corresponding to sea-
level cycles. (B–D) Close-ups of Parasound echosounder data (see A for

position) showing details of identified seismic units. (E) Interpretative
line drawing of A showing seismic units associated with the most recent
sea-level cycle. See text for detailed description and interpretation. SU =
Seismic Unit
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3A and B). Landwards it onlaps or lies conformably on the
MIS-6 unconformity (Figs. 3 and 4). SU 2 is truncated and
overlain by SU 3–5 (Figs. 3C and 4C). The geometry of SU 2
appears to dictate the severity of the truncation, which appears
most intense on the seaward side of the SU 2 middle shelf
occurrence.

Seismic Unit 3

Seismic Unit 3 (SU 3) is present on the inner and middle shelf
and shows a thickness of 10–20 m. While SU 3 can be

observed over the whole shelf width in the western part of
the study area (Fig. 5), it is not present in the eastern part on
the middle shelf where SU 2 deposits are present (Figs. 3 and
4). It consists of steeply seaward dipping (5°–10°) reflector
packages of medium to high amplitude (Figs. 3, 4, and 5). The
reflector dip angles decrease towards the base of the unit (Fig.
5). SU 3 reflectors downlap onto the underlying major (MIS
6) unconformity, especially in the northern parts of the profiles
(Figs. 3 and 5). Further seaward, SU 3 truncates SU 2 reflec-
tors (Fig. 3B and 4B). SU 3 is overlain by SU 5 at its most
seaward occurrence on the middle shelf (Figs. 3B and 4B) and

Fig. 4 (A) Multichannel seismic profile GeoB08-182, for location see
Figs. 1 and 2. Dominant features are partly buried submerged coastal
dune ridges. The sedimentary shelf sequence is dominated by truncation
surfaces and shelf-edge sediment accumulations, corresponding to sea-
level cycles. (B–D) Close-ups of Parasound echosounder data (see A for

position) showing details of identified seismic units. (E) Interpretative
line drawing of A showing seismic units associated with the most recent
sea-level cycle. See text for detailed description and interpretation. SU =
Seismic Unit
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Fig. 5 (A) Multichannel seismic profile GeoB08-180, for location see
Figs. 1 and 2. Submerged coastal dune ridges show a prominent
topography. The sedimentary shelf sequence is dominated by truncation
surfaces and shelf-edge sediment accumulations, corresponding to sea-
level cycles. SU 2 is not present in this western part of the Limpopo Shelf.
Note the relative small thickness of SU 1 on the outer shelf compared to

Figs. 3 and 4. (B–D) Close-ups of Parasound echosounder data (see A for
position) showing details of identified seismic units. (E) Interpretative
line drawing of A showing seismic units associated with the most recent
sea-level cycle. See text for detailed description and interpretation. SU =
Seismic Unit

Fig. 6 Multichannel seismic profile GeoB08-184, for location see Figs. 1
and 2. Shallow regressive sediments (SU 3) are truncated by the overlying
sub-aerially exposed surface during MIS 2–3 sealevel lowstand.
Significant incisions are attributed to fluvial activity, possibly the Paleo-

Limpopo. The incisions are subsequently filled during the transgression
by SU 4 deposits. See text for detailed description and interpretation. SU
= Seismic Unit
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by SU 4 further northwards (Figs. 3B, D and 4B, C). The
upper boundary of SU 3 shows shallow incisions of few me-
ters depth and several hundred meters width on the middle to
inner shelf (Fig. 3A and D). These incisions can also be seen
on a coast-parallel profile (Fig. 6).

Seismic Unit 4

Seismic Unit 4 (SU 4) is very variable in its appearance and
thickness. It occurs from the outer shelf to the inner shelf and
shows thicknesses of 1–20 m. The thickness varies signifi-
cantly as the unit comprises thin draping deposits as well as
the prominent topographic ridges on the shelf (Fig. 3D). The
unit appears acoustically transparent in large parts and infills
the incisions that have been observed in the upper part of SU 3
(Fig. 3D). The topographic ridges likewise show a transparent
interior and a high amplitude upper boundary. SU 4 generally
shows an upper boundary that is characterized by high ampli-
tude peak-like events which are partly buried either by SU 4 or
SU 5 deposits (Figs. 3C and 4B). SU 4 also contains parallel to
subparallel medium amplitude reflectors in some parts of the
middle shelf (Figs. 4D and 5D). The unit is generally overlain
by SU 5 (Figs. 3, 4, and 5) and the rounded to flat tops of the
ridges suggest some degree of truncation of SU 4.

Seismic Unit 5

Seismic Unit 5 (SU 5) occurs uppermost in the seismic and
acoustic data. It is a thin draping unit that is present on the
whole shelf. The thickness of this unit varies between < 1 m
on parts of the outer shelf (Fig. 4B) and several meters on the
inner shelf (Fig. 4D). SU 5 is beyond the resolution capabili-
ties of the multichannel seismic data; however, the
echosounder data shows it to be an acoustically transparent
unit for the majority of the shelf (Fig. 3B–D). A notable ex-
ception is on the inner shelf landward of prominent ridges
where it is characterized by high amplitude horizontal parallel
reflectors (Figs. 4D and 5D). SU 5 shows a convex shape at

the seafloor on the middle shelf (Fig. 3C and 4C) and moats
run along topographic ridges (Fig. 4D). Locally, the acoustic
signal is attenuated beneath high amplitude reflectors of this
unit. (Fig. 5D).

Discussion

Seismic stratigraphy

The observed seismic units have all been deposited during
different periods of sealevel development, as interpreted from
their appearance in the seismic and acoustic data. All
interpreted seismic units occur above a major unconformity
that is present on the whole continental shelf. Due to the nature
of the encountered seismic units above and the implied
sealevel development, this unconformity has been attributed
to the MIS 6 sealevel lowstand, which has not been imaged
and interpreted in the region previously.

SU 1 on the outer shelf and the shelf edge is interpreted as a
shelf-edge sediment wedge, due to its medium amplitude par-
allel reflections (Figs. 3 and 4) that suggest relatively low-
energy sediment accumulation. The thickness of the unit, es-
pecially in the eastern profiles (Figs. 3 and 4) indicates con-
siderable sediment input to the outer shelf. Slope failures at the
upper slope and associated mass transport deposits are appar-
ent as convolute and contorted reflectors (Figs. 3 and 4). Sea
level appears to have been at least ~− 100 m or higher during
SU 1 deposition, based on the landward limit of the unit.
Furthermore, a lower sea level would have resulted in a higher
energy environment at the outer shelf and the shelf edge,
resulting in more disturbed reflection patterns. The unit does
not appear to be active during high sea level as it is restricted
to the outer shelf and shelf edge (Figs. 3, 4, and 5), where it is
overlain by SU 5 (Fig. 4A). Thus, SU 1 formation is attributed
to a time of lowered sea level but not LGM sea level. SU 2,
with its medium amplitude parallel reflectors that indicate a
relatively low-energy environment and that downlap onto a

Table 1 Overview of identified seismic units on the continental shelf

Seismic
unit

Location on
continental shelf

Thickness [m] Internal seismic character Unit boundaries

SU 1 Outer and shelf
edge

Up to 100 Parallel southward-dipping reflections, medium ampli-
tude

Onlaps on MIS 6 unconformity below, upper
part partly truncated

SU 2 Middle to outer Up to 15 Parallel medium amplitude reflections, horizontal to
southward-dipping geometry

Downlap and onlap on MIS 6 unconformity,
upper part truncated

SU 3 Inner to middle 10–20 Steeply southward-dipping reflections, medium to high
amplitude

Downlap on MIS 6 unconformity and SU 2,
upper part truncated

SU 4 Complete 1–20 Acoustically transparent Conformable lower boundary, partly
truncated upper boundary

SU 5 Complete 1–5 Acoustically transparent on outer shelf to high
amplitude on inner shelf

Unit drapes underlying units
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previously truncated surface, is interpreted as a regressive de-
posit (e.g., Hübscher and Spiess 2005). It is present on the
middle shelf where sedimentary deposits of up to 15 m thick-
ness formed (Figs. 3 and 4). This sediment accumulation pre-
sumably formed during falling sea level at medium water
depths, which corresponds to the medium amplitude parallel
reflectors which indicate a relatively low-energy environment.
Overlying SU 1 and 2, the packages of steep seaward dipping
reflectors of SU 3 show a high amplitude that indicates a high-
energy depositional environment and are interpreted as shal-
low water regressive deposits. Based on the reflection geom-
etry, SU 3 may be interpreted as a shore face setting (e.g.,
Novak and Pedersen 2000), where the steeper upper part and
the flatter lower part of SU 3 reflections may represent the
upper and lower shore face, respectively. These could only
be formed and preserved during regression, which is also con-
sistent with the truncation of SU 2 by this unit (Figs. 3 and 4),
indicating the erosion of deposits formed in medium water
depth on the shelf during continued sealevel fall (Figs. 3B
and 4B). The shallow incisions visible in the top of SU 3
(Figs. 3D and 6) resemble fluvial valleys (e.g., Nordfjord
et al. 2006; Darmadi et al. 2007) and suggest a subaerial ex-
posure of the surface, supporting the interpretation of SU 3 as
a regressive unit. The overlying SU 4 shows high amplitude
surfaces and transparent unit interiors, suggesting coarse sed-
iments and/or hard surfaces. This suggests a high-energy en-
vironment for the formation of the unit as can be expected for
a transgressive phase. The prominent topographic ridges of
SU 4 resemble lithified coastal dune ridges that formed during
sealevel slow-/stillstands on the shelf (Salzmann et al. 2013;
Green et al. 2014; Pretorius et al. 2016). SU 4 also fills the
fluvial incisions in SU 3 (Fig. 3C and 6), indicating a flooding
of the former land surface (Fig. 3D). SU 4 thus represents a
generally thin transgressive deposit with numerous sub-
merged coastal dune ridges which show heights of up to
20 m. The base of these dune ridges corresponds generally
to the sea level during their formation, which is used for a
sealevel reconstruction (“Post-LGM sealevel rise” section).
The thickness of SU 5 is comparably small (Fig. 3B–D), ex-
cept behind dune ridges on the middle to inner shelf where
material is apparently dammed (Fig. 4D). The unit is
interpreted as highstand sediments formed by the modern sed-
imentation on the Limpopo Shelf, supported by its presence as
the uppermost sedimentary deposit in most locations of the
shelf (e.g., Green et al. 2013). The high amplitudes of land-
ward SU 5 reflectors (Fig. 4D) may represent coarse sedi-
ments from the Limpopo River that accumulate behind sub-
merged coastal dune ridges, similar to examples from the
South African continental shelf (Flemming 1981).

These interpreted seismic units suggest that SU 1–5 repre-
sent a full sealevel cycle from regressive shelf deposits (SU 2),
regressive shore face sediments (SU 3) to transgressive (SU 4)
and modern highstand sediments (SU 5). Thus, the major

unconformity underlying all described seismic units corre-
sponds to the sub-aerially exposed shelf surface of the penul-
timate glacial sealevel lowstand (MIS 6). The erosive surface
associated with the LGM sealevel lowstand (MIS 2) is less
apparent between SU 2/3 and 4. This may be due to the rela-
tively short duration of maximum sealevel lowstand during
the LGM (Ramsay and Cooper 2002).

Late Pleistocene evolution of the South Mozambique
continental margin

Pre-LGM sealevel fall

Based on the interpretation of seismic units and their geomet-
ric relationship, the development of the Limpopo Shelf in the
Late Pleistocene has been reconstructed (Fig. 7). As men-
tioned above, the uppermost major erosive unconformity has
been attributed to theMIS 6 (191–130 ka, Lisiecki and Raymo
2005) lowstand surface during the penultimate glaciation
when the complete shelf had been sub-aerially exposed
(Waelbroeck et al. 2002). This unconformity is directly over-
lain by regressive deposits of SU 2 on the middle and parts of
the outer shelf (Figs. 3E and 4E), which are interpreted as
having formed during the sealevel fall of MIS 4 and 3 (MIS
4: 71–57 ka; MIS 3: 57–29 ka; Lisiecki and Raymo 2005)
(Fig. 7B). Transgressive and highstand deposits between the
MIS 6 unconformity and SU 2 could not be identified, possi-
bly due to the thin nature of such deposits and limited resolu-
tion and signal penetration of the seismic and acoustic data,
respectively. The regressive deposits (SU 2) are generally
eroded and only preserved in some locations on the middle
and outer shelf where they are directly overlain by SU 3 (Fig.
3A, B, and E). The shallow water regressive deposits of SU 3
are thus younger and were presumably also formed during the
regression ofMIS 4–2 landward of SU 2 deposits (MIS 4: 71–
57 ka; MIS 3: 57–29 ka; MIS 2: 29–14 ka; Lisiecki and
Raymo 2005) (Fig. 7B). During the regression, most deposits
of SU 2 were eroded as they came into the high-energy shal-
low water zone and SU 3 often overlies directly the MIS 6
unconformity (Figs. 3, 4, 5, and 7A, B).

The preservation of SU 2 strata on the middle shelf may be
due to a period of relatively stable sea level at ~− 50 m during
MIS 3 before continued rapid sealevel fall towards MIS 2
(Ramsay and Cooper 2002). A relatively stable sea level for
an extended time period duringMIS 3 at ~− 50 m resulted in a
truncation of the upper boundary of SU 2 but allowed the
preservation of SU 2 strata below the wave base. The rapid
sealevel fall from − 50 to − 90 m at the onset of MIS 2
(Ramsay and Cooper 2002) allowed SU 2 deposits to remain
in place on the middle shelf (Fig. 7B and C). The following
drop of the sea level to the LGM minimum (Fig. 7D) was
relatively short and did not allow sufficient time for more
extensive subaerial truncation of the SU 2 deposits.
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However, preserved SU 2 deposits are not present towards the
east of the study area (Fig. 5) which suggests that this config-
uration may be locally caused by e.g. pre-existing seafloor
morphology. Such morphology could be caused by additional
sediment input from the Limpopo River leading to thick SU 2
deposits in the east, contrasting with originally relatively thin
SU 2 deposits in the west. Several incisions were observed in
the upper boundary of SU 3 on the middle and inner shelf
which may correspond to fluvial valleys (Figs. 3A, D and
6). The incisions show widths of 100–1000 m and depths of
up to 20m (Figs. 3A, D and 6). The modern Limpopo shows a
width of around 100 m close to its termination with a flood
plain of several kilometers width including numerous mean-
der loops (Spaliviero et al. 2014; Sitoe et al. 2015). Thus, these
fluvial channels probably represent the course of the Limpopo
River during shelf exposure (Figs. 3A, D and 6). This suggests
an eastward course of the paleo-Limpopo from the modern
Limpopo River mouth on the exposed shelf during sealevel
lowstand. The further paleo-Limpopo course on the shelf in-
cluding the termination at the shelf break was not imaged but
is expected towards the east of the study area (Fig. 2A).

The LGM maximum sealevel lowstand in the study area
was at − 125 m based on truncated reflectors and a potential
small lowstand sediment wedge at the shelf break (Figs. 3A
and 7D). This observation agrees with the − 125 m LGM sea
level established in the region (Ramsay and Cooper 2002;
Green and Uken 2005). During sealevel lowstand, the com-
plete shelf was exposed and the coastline was situated just
beyond the shelf break at the time (Fig. 7D), resulting in
Limpopo River sediment being exported directly to the slope.

In other areas, coastal dune ridges were interpreted to have
formed during the MIS 3 sealevel fall, e.g., on the Western
Australian shelf (Brooke et al. 2014), which contrasts with our
observations. There are no indications for such coastal dune
ridges forming during sealevel fall on the southern
Mozambique shelf. The only indications for individual
sealevel positions during the overall sealevel fall of MIS 4–2
are the truncations of SU 2 on the middle shelf (Fig. 3).
Furthermore, examples of preserved dunes on the exposed
shelf are known from the Western Australian shelf (Nichol
and Brooke 2011), but could not be observed here, either
due to limited dune activity in the vegetated coastal hinterland
or due to their erosion during the following transgression.

Post-LGM sealevel rise

The transgression during the deglaciation occurred in several
episodes of sealevel rise at different rates. It includes so-called
slowstands, times of very slow sealevel rise, and times of rapid
sealevel rise, associated to melt water pulses (MWPs) (Fig.
7A; Camoin et al. 2004; Liu and Milliman 2004; Bard et al.
2010; Zecchin et al. 2011). The deposits of SU 4, which over-
lie shallow water regressive deposits (SU 3), are interpreted to
form during transgression in a high-energy regime in relative-
ly shallow water similar to units mapped further south on the
shelf (Green 2009; Green and Luke Garlick 2011). The trans-
parent character of SU 4 without apparent internal structure
and a high amplitude upper boundary is interpreted to corre-
spond to reworked sands. Areas with thin SU 4 deposits (Figs.
3B, D and 4B) may represent remnants of such reworked
sands during ongoing transgression. Thicker parts of SU 4
are part of the submerged ridges that are related to paleo-
coastlines. The submerged ridges are interpreted as lithified
submerged coastal dunes, probably containing beachrock
components, which formed directly at the coastline when sea
level remained stable for a certain period of time (Mauz et al.
2015; Green et al. 2013). Similar examples have been attrib-
uted to various sealevel positions on the shelf along the SE
African margin (Flemming 1981; Ramsay 1994; Green 2009;
Green et al. 2014, 2018; Pretorius et al. 2016).

The deepest discernible sealevel indication within SU 4
deposits can be observed at about − 95 m (Figs. 3, 4, and 5),
which corresponds to a − 95 m coastline on the shelf (Fig. 2).
This shoreline correlates with high amplitude truncation sur-
faces of the upper boundary of SU 3 (Fig. 3B) and seafloor
topography of SU 4 deposits (Fig. 4B) in front of a set of dune
ridges (Figs. 3 and 4). The observed distance to the first major
dune ridge of several hundred meters (Figs. 3 and 4) may
correspond to an extended beach area or foredune plain in
front of a major coastal dune belt (Hesp and Walker 2013).
Such a foredune plain may have formed as a prograding beach
system as sea level remained stable at − 95 m for several
decades to centuries (Fig. 7A and E). Contrastingly, no

�Fig. 7 Reconstruction of the geological development of profile GeoB08-
183 (Fig. 3) during the last sea-level cycle as an example for the southern
Mozambique shelf. (A) Sealevel development during the post-glacial
transgressions showing Melt Water Pulses (MWP) as periods of rapid
sealevel rise with intermittent sealevel stillstands/slowstands. Modified
after Salzmann et al. (2013) and references therein. (B) MIS 4/3 regres-
sive shelf deposits (SU 2) overlie the prominent MIS 6 lowstand erosive
surface. These sediments are eroded during the sea-level fall during MIS
3 and regressive shallow water deposits are formed (SU 3). (C) During
rapid sea-level fall in MIS 3/2 SU 2, sediments are truncated and partly
preserved on the middle shelf. (D) Complete subaerial exposure of the
shelf area during LGM sea-level lowstand (~− 125 m). The LGM shore-
line is indicated by truncated reflectors and a possible lowstand sediment
wedge. (E)During sealevel rise shelf edge sediments are deposited by the
Limpopo River. As sea-level stabilized at ~− 95 m, a coastal dune ridge
(SU 4) was formed along the shoreline. (F) After rapid sea-level rise
(MWP 1A), sea level stabilized at ~− 65 m, leading to the development
of a second coastal dune ridge (SU 4). However, variability of dune ridges
along the shelf is significant (Fig. 2), indicating the large impact of local
topography on shoreline development. (G) Further rapid sealevel rise
(MWP-1B) to ~− 40m oversteps existing dune ridges on themiddle shelf.
Fluvial channels are infilled during transgression and a new dune ridge at
~− 40 m develops. (H) After the transgression, the submerged dunes are
covered by a Holocene sediment drape (SU 5) that shows damming
behind dune ridges on the inner shelf
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extended beach area or foredune plain is observed at the −
95 m coastline on the western profile where a major dune
ridge is present directly at the coastline (Fig. 5E). This may
be due to the steep shelf relief in close proximity to the shelf
break (Fig. 5) compared to the area further east (Figs. 3 and 4).
This setting facilitated sediment export from the coastline di-
rectly beyond the shelf break. This paleo-shoreline, including
the associated dune ridges, is interpreted to have formed dur-
ing a slowstand in sealevel rise (Fig. 7A) at ~− 95 m that
corresponds to the Bølling Interstadial (~ 14.5 ka) (Salzmann
et al. 2013). This slowstand would have allowed the coastline
to form considerable topography in the form of aeolianites and
early-cementation beachrocks, as suggested for other loca-
tions along the SE African margin (Salzmann et al. 2013).
Sealevel rise to this position from − 125 to − 95 m appears
to have occurred rapidly as no indications for intermittent
coastline stability can be observed (Figs. 3, 4, and 5).

Continued transgression often erodes coastal dune ridges if
sealevel rise occurs gradually and allows for sufficient time for
wave ravinement and sediment reworking (Green et al. 2018;
Pretorius et al. 2018). Contrastingly, shoreline features may be
preserved during rapid sealevel rise and associated
overstepping, due to the reduced time for wave ravinement
(Gardner et al. 2005, 2007; Storms et al. 2008; Green et al.
2013). This pattern of overstepping has been widely observed
along the SE African coast and seems to be a prevailing mech-
anism for the preservation of such coastal barrier systems
(Salzmann et al. 2013; Green et al. 2013, 2014; Cooper et al.
2016). Additionally, early cementation of coastal dunes also
increases their potential resilience to erosion (Gardner et al.
2005, 2007; Salzmann et al. 2013; Green et al. 2014, 2018).
Cementation of calcareous sands in coastal dunes has even
been associated to allow dunes formed during the regression
or sealevel lowstand to withstand the following transgression
(Nichol and Brooke 2011; Brooke et al. 2014). A rapid
sealevel rise from − 96 to − 75 m during the transgression is
associated to a prominent melt water pulse (MWP-1A) be-
tween 14.3 and 14.0 ka BP (Fig. 7A) (Fairbanks 1989; Bard
et al. 1990). This range of rapid sealevel rise coincides with
the depth range of preserved coastal dune ridges in our data
(Fig. 7E and F) and has been associated with the overstepping
of similar coastal barrier complexes further south (Salzmann
et al. 2013; Green et al. 2014; Cooper et al. 2016).

A second consistent line of shoreline indications at ~− 65m
is visible as a second line of submerged ridges on the Limpopo
Shelf (Figs. 2, 3, 4, and 5). In the eastern part of the study area,
this coastline consists of a set of submerged dune ridges, very
similar in appearance to the deeper one at − 95 m (Figs. 3 and
4). In the western part (Fig. 5), the − 65 m shoreline corre-
sponds to a prominent set of ridges, although the higher num-
ber of individual ridges suggests a more complex coastline
development there. This difference indicates a distinct varia-
tion in shoreline evolution within the study area (see “Lateral

variability of dune ridge occurrence on the Limpopo Shelf”
section). The position of the shoreline at − 65 m agrees well
with the sealevel slowstand of the Younger Dryas (12.7–11.6
ka, Fig. 7A) (Camoin et al. 2004). Similar to the submerged
ridges at − 95 m, a stable sea level or a very slow sealevel rise
would have allowed the formation of a coastal dune complex
(Fig. 7F). Parts of SU 4 showing medium amplitude parallel
and subparallel reflectors on the middle shelf (Figs. 4D and
5D) may represent lagoonal deposits that formed during the
sealevel slowstand of the Younger Dryas (Fig. 7A). Protected
lagoons and tidal flats may have formed behind barrier islands
resulting from coastal dune complexes during slow sealevel
rise (Green et al. 2013). This setting is similar to currently
present swamp areas behind the coastal dune systems onshore
where rivers flow through low-lying areas between dune
ridges (Fig. 1; Tinley 1985; Hughes and Hughes 1992;
Botha et al. 2003). Correspondingly, channel incisions can
be observed behind submerged dune ridges offshore
representing such coast-parallel river courses (Fig. 5C). The
preservation of this second set of submerged coastal dune
ridges at – 65 m is probably associated to overstepping during
a second phase of rapid sealevel rise, i.e., MWP-1B (11.5–
11.2 ka BP) when sea level rose from − 58 to − 45 m (Fig. 7A,
Liu and Milliman 2004).

After the rapid sealevel rise of MWP-1B, another period of
sealevel slowstand occurred at ~ 11 ka BP (Fig. 7A) and prob-
ably led to the formation of the shallowest set of shoreline
indicators on the Limpopo Shelf at ~− 40 m (Fig. 2, 3, 4,
and 5). The rise in sea level during MWP-1B apparently led
to varying shoreline development in relatively close proximity
on the shelf with three intermediate dune ridges in the east
(Fig. 5) and two ridges in the center (Fig. 4), contrasting with
a lack of intermediate shoreline indicators in the west (Figs. 3
and 7G).

The subsequent sealevel rise to modern highstand condi-
tions led to the complete drowning of the shelf area. Highstand
sediments consist of SU 5 deposits, a Holocene drape (e.g.,
Lobo et al. 2004; Cawthra et al. 2012) that covers underlying
units and infills topography that was present on the exposed
shelf (Fig. 7H, see “Holocene sediment deposition on the
Limpopo Shelf” section).

Simultaneously with the post-LGM sealevel rise, sedimen-
tation continued at the shelf break, building up SU 1 deposits
there, probably resulting from Limpopo River sediment ex-
port during the early transgression (Fig. 7E and F).

Lateral variability of dune ridge occurrence
on the Limpopo shelf

The number, geometry, and extent of submerged dune ridges
on the Limpopo Shelf is variable over short distances (Fig. 2).
Similarly, the overall seafloor morphology varies along the
shelf with an extended and low-relief outer shelf in the east
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compared to the western profiles (Fig. 2C). The numerous
dune ridges in the west (Fig. 5) apparently coalesce eastwards
to form the sets of ridges observed there (Figs. 2, 3, and 4).
Individual dune ridges are thought to represent specific semi-
stable sea levels, thus corresponding to the overall sealevel
evolution (see “Post-LGM sealevel rise” section). However,
the higher number of ridges compared to sealevel still-/
slowstands during the post-LGM transgression (see “Post-
LGM sealevel rise” section) suggests a more complex coast-
line development than is implied by sealevel evolution alone.

A significant factor for shoreline development during trans-
gression is the pre-existing topography of the shelf as it governs
accommodation space and rate of shoreline translation (Green
et al. 2018). The geometry of the exposed shelf before the onset
of transgression is formed by the upper boundary of SU 3 and the
erosive truncation of SU 2 (Fig. 7D). SU 3 closely follows the
topography of the underlyingMIS 6 unconformity, which shows
considerable variations along the shelf, especially on the outer
shelf (Figs. 3, 4, and 5). In the eastern profiles (Figs. 3 and 4), a
low-relief MIS 6 surface is due to increased thicknesses of un-
derlying pre-MIS 6 sediments. These pre-MIS 6 shelf-edge sed-
iment accumulations show large changes of volume along the
shelf, leading to a lower relief outer shelf on the east and a steeper
outer shelf in the west. Such volumes of sediment probably orig-
inate from the Limpopo River which has flowed eastward on the
exposed shelf during the LGM, and possibly also during earlier
sealevel lowstands (Fig. 2A, “Pre-LGM sealevel fall” section).
Additionally, the preserved regressive SU 2 deposits on the mid-
dle shelf (Figs. 3 and 4, “Pre-LGM sealevel fall” section) form a
step in shelf topography before the deglacial transgression (Fig.
7D). Due to this topographic configuration of the shelf prior to
the onset of sealevel rise relatively long time intervals of the
sealevel rise occurred at steep sections of the shelf, e.g., the
truncated SU 2 sediments, with a relatively stable coastline at
this location. This increased geographical stability of the coast-
line over time allowed the formation of large coastal dune com-
plexes in the east (Figs. 3 and 4), contrasting with relatively equi-
distant individual coastal dune ridges in the west (Fig. 5). A
similar effect may be observed in onshore dune ridge geometry
in the area east of the Inharrime River (Fig. 1A) where dune
ridges merge as they and the coastline change their strike from
SW-NE to SSW-NNE. This may be due to a more stable eastern
coastline compared to the southern coast, probably over various
sealevel cycles, resulting in the lateral variability in the number
and morphology of coastal dune ridges.

In the western profile (Fig. 5), the MIS 6 unconformity
shows a steeper topography on the outer shelf due to the lack
of pre-MIS 6 shelf-edge sediment accumulations that are pres-
ent further east. Furthermore, the western profile does not show
remnant SU 2 sediments preserved on the shelf (Fig. 5).
Therefore, the steeper outer shelf and the relatively smooth
topography of the SU 3 regressive deposits led to relatively
equally distributed dune ridges across the shelf, including

ridges close to the shelf break (Figs. 2 and 5). The numerous
ridges are located close to each other and often show overlap-
ping depth ranges, i.e. the sea level expected for a landward
ridge also intersects with a seaward ridge (Fig. 5C). Thus, it
appears likely that this area of the shelf showed numerous la-
goon settings during transgression with barrier islands formed
by previously active dune ridges, which resisted the erosion
during continued transgression. Numerous ridges in thewestern
part of the study area occur within ~ 10 m above the − 65 m
shoreline (Figs. 4 and 5) and may represent different stages of
sealevel evolution during the extended sealevel slowstand of
the Younger Dryas (Fig. 7A). Commonly, the preservation of
such ridges has been attributed mainly to their overstepping by
phases of rapid sealevel rise (Salzmann et al. 2013; Green et al.
2014; Pretorius et al. 2016). However, the data on the Limpopo
Shelf show that these ridges must be resistant to wave erosion
as consecutive landward dune ridges are formed even after only
minor sea level rises. The causes for this high resistance to
erosion even under continued wave action are unclear but
may be due to increased early cementation (Green et al. 2018).

Holocene sediment deposition on the Limpopo shelf

The thickness of Holocene sediments (SU 5) varies consider-
ably on the Limpopo Shelf. Maximum thickness (~ 10 m)
occurs where sediments, most probably riverine input from
the Limpopo River as the major sediment source, is accumu-
lated landward of submerged coastal dune ridges (Fig. 4D).
Amplitude blanking in sediment echosounder data in this unit
is probably due to biogenic methane forming in organic rich
fluvial sediments (Fig. 5D). Holocene deposits are much thin-
ner towards the outer shelf (Figs. 3B, 4B, and 5B). The dam-
ming effect results from a capture of Limpopo River sedi-
ments on the inner shelf and a limited export towards the shelf
break, similar to examples from the South African shelf (e.g.,
Flemming 1981). Additionally, the convex shape of Holocene
sediment bodies on the middle shelf (Figs. 3C and 4C) as well
as moats along the dune ridges (Fig. 4D) suggest the shaping
of seafloor sediments by along-shelf bottom currents
(Cattaneo et al. 2003; Liu et al. 2007). This observation to-
gether with the absence of large Holocene sediment accumu-
lations on the outer shelf indicates a possible current-driven
along-shelf transport of Limpopo River sediments. This mod-
ern lack of sediment accumulations on the outer shelf con-
trasts with the thick SU 1 sediment accumulations at the shelf
edge that formed as the Limpopo River could deliver sediment
to the outer shelf during periods of lower sea level. This in-
ferred sediment transport agrees with the prevailing northeast-
ward current direction along the coast associated to the
Delagoa Bight Lee Eddy (Fig. 1A) (Lutjeharms and Da
Silva 1988; Lamont et al. 2010). An efficient eastward trans-
port of Limpopo sediment has also been suggested based on
sediment sampling in the area. Provenance analyses of
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seafloor sediment samples showed a predominantly eastward
transport of suspended Limpopo sediments towards the east-
ern Inharrime Terrace (Schüürman et al. 2019).

Conclusion

The topography and geologic appearance of the Limpopo Shelf
has been shown to be the result of sealevel development and
local variations in pre-existing topography. The dynamics of
sealevel rise during the post-LGM transgression shape the shelf
deposits by leading to the formation of various paleo-shorelines
during periods of relatively stable sea level. Prominent paleo-
shorelines have been identified at − 95, − 60, and − 40 m water
depth, corresponding to periods of sealevel slow-/stillstand dur-
ing the overall transgression. The preservation of these shorelines
and their associated coastal dune ridges have usually been attrib-
uted to their overstepping during times of rapid sealevel rise, i.e.,
melt water pulses. However, the number and position of individ-
ual ridges on the Limpopo Shelf suggests a high resistance of
these ridges to erosion while landward coastal dune systems are
active and older dune systems exist as offshore barriers. Also, a
high variability in number and appearance of ridges along the
shelf has been documented. This is attributed to local variations
in the pre-existing topography during transgression, which is
shaped by outer shelf sediment accumulations and remnant
MIS 4/3 regressive sediments on themiddle shelf. These findings
highlight the importance of the local geological setting such as
the position of fluvial sediment sources (Limpopo River) on the
shelf, in defining shoreline development during transgression.
During times of highstand sea level, the prominent submerged
dune ridges form barriers for Holocene sediment export from the
river mouth to the shelf edge. Sediment is dammed on the inner
shelf and along-shelf current-induced sediment transport is facil-
itated by the coast-parallel ridges, stressing the impact of shelf
development on sediment dynamics on modern shelves.
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