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Abstract

The western margin of southern Africa hosts extensive diamond placer deposits spanning from the
lower Orange River to the southern Namibian coastline. These diamonds are associated with
gravels deposited by surfzone processes during sea level fluctuations. During the postglacial
transgression (23,000 to 6,000 BP), these diamondiferous gravels were concentrated and
submerged. This study focuses on Area 4 of ML103A offshore Hottentots Bay, employing pseudo-
3D seismic profiles, multibeam bathymetry, backscatter data, and over 6,400 drill cores to analyse

the geomorphology and seismic stratigraphy of the inner to mid-shelf region.

With the use of a pseudo-3D grid of ultra-high-resolution sub-bottom profiles and extensive
borehole data, this study reconstructs the morphology of the paleo-land surface (H1) on which the
current shelf sediments lie. H1 comprises a weathered bedrock surface overlain by saprolite or
clay and mantled by Eocene-age sandstones. The overlying unconsolidated sediment consists of
four seismic and lithostratigraphic units (C-F), including lowermost gravel Units C and D
deposited in multiple phases from late Oligocene to late Pliocene/Pleistocene. These deposits
formed lowstand lags in small channels on the inner shelf edge and developed into a thickly
embayed beach on the innermost shelf. The bedrock-hosted embayment provided preferential
accommodation for multi-stacked gravel beaches, contrasting with barrier spit and back barrier
sequences to the south, closer to the Orange River. Once accommodation in the embayment was
filled, material spilled into the strait, forming linear beaches anchored by a landward bedrock high,
resistant to wave reworking and preserved through overstepping during significant sea level rises,
notably MWP-1B of the Holocene.

The dissertation emphasizes the need for further dating of these gravel beaches, challenging due

to the polycyclic nature of their materials.
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Chapter 1: Introduction

In the context of global warming and rising sea level it has become critical to understand the way
shorelines may behave in an uncertain future, a topic that has spurred much debate (e.g.
Vousdoukas et al, 2020; Cooper et al., 2020). In this light, it has become increasingly important to
examine shorelines, now submerged on the continental shelf, as analogues for future coastal

behaviour in a changing world (Green et al., 2018).

Submerged shorelines help illuminate the relationships between rates of sea-level change,
antecedent geomorphic settings (Pretorius et al., 2016), past climate changes (Green et al., 2022)
and resulting coastal change. Their preservation in relation to antecedent gradient (Green et al.,
2018), rates of sea-level rise (Locker et al., 1996; Green et al., 2014) and sediment supply (Mellet
et al., 2012) relay valuable information on how modern shorelines will evolve through time and

space with respect to climate change and post glacial sea-level rise.
Coastlines respond to rises in sea level via three different mechanisms (Carter, 1988):

(1) shorelines have the ability to migrate landward while preserving their volume, a phenomenon

known as “rollover.”
(2) shorelines may be overstepped and submerged in place.
(3) shorelines may be eroded completely.

The preservation of shorelines as relict features on the seafloor is attributed to the overstepping or
partial overstepping of the palaeo-shore feature. The degree to which overstepped shorelines are
preserved depends on their resilience to wave ravinement processes (Pretorius et al, 2017), in
addition to multiple other factors such as shoreline sediment volume, antecedent slope, system
energy, diagenetic factors, climate, and rates of sea-level rise (Storms et al., 2008). Transgressive
stratigraphic facets preserved alongside the palaeo-shoreline contribute to understanding the
processes that facilitate or impede the preservation of recently submerged or older palaeo-
shorelines (Green et al., 2018).
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When compared to submerged sandy shorelines, of which relatively few documented examples
exist (Cooper et al., 2016), gravel-dominated beaches and barriers are a more common facet of
submerged landscapes on the continental shelves of the world (e.g. Kirkpatrick et al., 2019; Runds
et al., 2019). This is because gravels have longer relaxation times, and thus the inertial constraint
on their movement due to sea-level rise is large (Long et al., 2006). According to Mellett et al.,
(2012) continental shelves located offshore of present-day gravel-dominated coasts thus provide
exceptional potential for exploring the conditions required for drowning and preservation of
coastal landscapes.

The Namibian coastline of SW Africa is considered a predominantly sandy coast (Cooper and
Green, 2023). However, over several millions of years, the delivery of gravel to the coast via the
Orange River has built substantial accumulations of gravel along the southern shorelines (Apollus,
1995; Bluck et al., 2005), and continental shelf. It thus poses a unique laboratory for the

examination of submerged gravel landscapes in a subtropical setting.

1.1 Aims and objects.

The main aim of this dissertation is to examine the geomorphology and seismic stratigraphy of the
inner to mid shelf of Hottentot’s Bay on the south-central Namibian coast (Fig. 1.1). Focus will be
paid to the relationship between various gravel deposits and their influencing factors. The

objectives of this study thus include:

1) To define the seismic stratigraphy of the inner continental shelf.

2) Link this to lithological data from numerous boreholes drilled in the region

3) To investigate the corresponding palaeo-depositional environments based on sequence
stratigraphy principals.

4) Establish an evolutionary model, with particular focus on the gravel deposits, of the study

area.
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Figure. 1.1. Locality map of the study area highlighting the geophysical data collected, and drill core sample
distribution. The area of focus is concerning the Namibian inner shelf offshore Hottentots Bay.
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Chapter 2: Literature Review

2. Seismic Stratigraphic analysis of Surfaces

As per Mitchum and Vail, 1977 initial steps of seismic stratigraphic analysis of basin fills entails
delineating genetically linked units, termed Depositional Sequences. These sequences hold
regional significance and are subsequently subdivided into individual system tracts (\Van Wagoner
et al., 1987), delineated by the occurrence of local unconformities and their laterally equivalent
conformities. According to Armentrout and Perkins (1991) these system tracts are found to contain

a grouping of deposits from time-equivalent depositional systems.

The depositional sequences consist of a stack of system tracts, which can be categorized into
lowstand and highstand system tracts, indicating shifts in relative sea level. The primary technique
used for demarcating Depositional Sequence boundaries is termed reflection termination mapping
(Vail etal., 1977).

The convention suggested by Sangree and Widmier (1977, 1979) and Mitchum et al. (1977a),
whereby three attributes are combined into a single mappable variable, is commonly followed by
most published seismic facies analyses. These include the geometric relations of the reflections
with reference to the upper and lower sequence boundaries (toplap and downlap, respectively) and

the internal reflection configuration (parallel, oblique, divergent, sigmoid) (Cross, 1988).

2.1 Nature of reflection patterns

A seismic facies unit is characterized as a distinct grouping of reflections, distinguishable by
variations in elements such as reflection patterns, amplitude, continuity, frequency, and interval

velocity, differing from those of neighbouring units (Veeken and Moerkerken, 2013).

Reflection patterns involve the configuration of reflections and the nature of cycle terminations at
the boundaries of seismic facies units. Interpreting these patterns aids in deducing substantial

information about the transportation processes and depositional environment of the facies.
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There are four major groups of systematic reflections observed on seismic sections: (1)
sedimentary reflections representing bedding planes. (2) Unconformities/discontinuities in
geological time. (3) Artefacts; for example, multiples and diffractions. (4) Non-sedimentary
reflections; example fault planes, fluid contacts etc. (Sangree and Widmier, 1979).

2.2 Reflection Configuration patterns

Reflection configuration patterns are cross bedding patterns. These patterns hold vital information
on the transporting processes and the environment of deposition of sediment.

There are three principal types of reflection configuration: (1) reflection-free zones areas where
limited reflecting surfaces exist (2) stratified patterns which consist of parallel or divergent
reflections that possess a sensible degree of continuity; and (3) chaotic patterns in which reflections
are discontinuous or internally contorted (Veeken and Moerkerken, 2013). The reflection
configuration geometries can be defined as stratified (parallel, oblique, divergent, sigmoid),

reflection-free or chaotic (Sangree and Widmier, 1979) (Fig. 2.1a).

2.3 Reflection termination patterns/ Stratal termination patterns

According to Catuneanu (2006), stratal terminations are defined by the geometric relationship
between strata and the stratigraphic surface against which they terminate. Stratified configurations
consist of both simple and complex stratified configurations. Both formations emerge through the
progressive development of depositional surfaces that slope from a gently inclined, relatively
shallow water area into deeper water. The resulting reflection configuration can be categorized
into upper (topset), middle (foreset), and lower (bottomset) zones (Sangree and Widmier, 1979).
The primary types of stratal terminations are defined by truncation, toplap, onlap, downlap and
offlap which have been introduced with the development of seismic stratigraphy in the 1970s to

describe the architecture of seismic reflections (Mitchum and Vail, 1977) (Fig. 2.1b).
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Figure. 2.1. a. Diagram depicts the basic types of reflection configuration (Modified after Roksandik, 1978). b. Types

of stratal terminations (modified from Catuneanu, 2006).

2.4 Incised Valleys

Incised-valley systems are preserved features typical of Quaternary stratigraphy found on most
continental shelves (Duncan et al., 2000; Foyle and Oertel, 1997; Warren and Bartek, 2002). They
are typically elongated depressions, which are larger than a single channel, (Dalrymple et al.,
1994), formed through the process of fluvial incision during shelf exposure. Incised-valley systems

provide evidence of paleo-flow conditions during times of lowered sea level (Nordfjord et al.
2006).

According to Van Wagoner et al. (1990), incised valleys are the keystone for sedimentary record

of sea-level fluctuations on continental margins. As coastal lowlands these valleys are vital in
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maintaining shelf environments as they provide accommodation for lowstand and early

transgressive sedimentation (Vail 1987; Posamentier and Allen 1993).

These features also aid in entraining and protecting sediment from transgressive erosion (Swift
and Thorne, 1991) and have potential to offer the most comprehensive sedimentary record of
lowstand intervals (Thomas and Anderson, 1994; Payenberg et al., 2006). This makes them
essential in deducing processes that create, change, and preserve continental-margin sequence

stratigraphy.
Incised valleys are characterized by two types of sediment fills (Zaitlin et al., 1994) namely:

Simple fills have one sequence boundary found at the base of the valley (Lericolais et al., 2001)
and compound fills has a series of sequence boundaries formed from multiple cycles of

superimposed incision and deposition. (Thomas and Anderson, 1994).

A series of conceptual models have been proposed by Zaitlin et al (1994) which explains how
incised valleys’ morphology and general sediment facies respond to environmental forcing. These
environmental forcing encompasses variations in sediment supply and associated physio-graphic

alterations, occurring as a consequence of rising sea levels leading to drowning.

Drowned valley fills are categorised into: (1) a landward zone, predominantly influenced by
riverine sedimentation, which may include features like bay head deltas or straight tidal and fluvial
channels, (2) a seaward zone characterized by dominance of wave and/or tidal processes,
exemplified by features as an estuary mouth complex, (3) an intermediate area with mixed energy,
essentially acting as a sediment sink subject to both marine and non-marine influences. Muddy
central basin sediments are indicative deposits of such an area (Hughes and Masselink, 2003) (Fig.
2.2).

Models of this nature serve as a foundation for globally comparing drowned valley systems and
exploring the evolution process whereby incised valleys transform into estuaries during
transgression (Nordfjord et al., 2006). These models range from the proximal to the distal
environment of incised-valleys. The characteristics and arrangement of facies within incised-
valley estuaries are governed by the interaction between marine processes (wave and tides), which
typically diminish in intensity upstream, and fluvial processes, which weaken downstream.

According to Dalrymple et al. (1992), all estuaries ideally exhibit a three-fold structure. Estuaries
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typically possess an outer marine-dominated portion characterized by net bedload transport
moving seaward; a relatively low-energy central zone where bedload convergence occurs; and an
inner river-dominated segment which is influenced by marine forces where transport is directed
seaward. The degree of development of these three zones varies across estuaries due to factors like

sediment availability, coastal zone gradient and the estuary’s evolutionary stage.

Estuaries are classified into two distinct yet intergrading types, namely wave-dominated and tide

dominated, based on the prevailing marine process.

2.4.1 Wave-dominated Estuary

In wave-dominated estuaries the transportation of sand alongshore and onto the shore in this type
of estuary results in the deposition of a sandy plug at the head of the estuary. The sand plug
typically consists of two components, (1) a barrier accompanied by washover deposits, and (2) a
tidal inlet that breaches the barrier, allowing the exchange of tides with the estuary and
subsequently forming a flood tidal delta (Catuneanu, 2006). The central portion of the estuary
found in the landward part of the sand plug is found to be low-energy zone typical of muddy facies.
Wave-dominated estuaries usually exhibits a clearly distinct three-part zonation: a marine sand
body containing barrier islands, washovers, tidal inlets, and tidal delta deposits; a central basin
characterized by fine-grained, predominantly muddy sediments; and a bay-head delta influenced
by tidal and/or saltwater influences (Dalrymple et al., 1992).
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Figure. 2.2. Tidal and wave-ravinement surfaces in a wave-dominated estuarine setting (modified
after Dalrymple et al., 1992, Zaitlin et al., 1994 and Catuneanu, 2006). Both tidal and wave
ravinement surfaces (TRS and WRS respectively) expand in a landward direction as facies

retrograde during transgression.

2.4.2 Tide-dominated Estuary

According to Cooper et al. (2001), tide-dominated estuaries are described to have adequate tidal
prism to maintain their inlets by tidal currents against littoral sediment transport driven by
longshore and cross-shore waves. Tide-dominated estuaries have been studied in various localities
across the globe and are regarded as a microtidal estuary (Cooper, 1993). There is significant
bedload of sediment transported upstream due to tide deformation during propagation. Sediment
is found to be received from both the shelf and the river with most of the sediment received by the
river being transported and deposited by tidal currents. Such estuaries are generally characterized
by a funnel-shaped that have a high width to depth ratio. Distributary channels typically have low

sinuosity (Wells, 1995). Elongated sand bars are characteristic of tide-dominated estuaries
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(Dalrymple et al., 1990). These sand bars are formed at the mouth of the estuary due to the
prevalence of tidal-current energy over wave energy, subsequently these sand bars also dissipate
existing wave energy as it travels up the estuary. Due to the funnel shaped geometry of these
estuaries (Langbein in Myrick and Leopold, 1963), incoming flood tide experiences a gradual
compression into the narrow cross-sectional area. This results in the intensification of flood-tidal
currents’ velocities within the estuary. The phenomenon of this tidal intensification is called

hypersynchronous (Nichols and Biggs, 1985).

Cooper (2001) describes tide-dominated estuaries to display a distinct tripartite arrangement of
facies. This arrangement consists of marine inputs at the inlet, fluvial inputs at the tidal head and
a central zone dominated by suspended sedimentation. It is observed that the upper tidal limit of
the estuary, the fine-grained sedimentation transitions to the deposition of fluvial sediment,
forming a delta characterized with varying textures according to the geological composition of the

river catchment (Cooper, 2002).

Within the seaward section, known as an estuarine bay, a conceptualized incised valley succession
exhibits at least three superimposed transgressive surfaces in response to steady sea level rise and
continuous sediment supply (Hughes and Masselink, 2003): (1) The bay flooding surface arises as
a result of inundation of the fluvial system (Nummedal and Swift, 1987), distinguishing the
underlying fluvial deposits from the overlying estuarine deposits. (2) Zaitlin et al. (1994) had
described that tidal ravinement surface form as tidal currents erode coastal inlets or channels within
the established estuary, which then erodes the underlying deposits confined within this particular
part of the system (Allen and Posamentier, 1993). As the tidal ravinement develops in or near the
mouth of the submerging incised valley, a locally occurring bay head channel system diastem
forms within the landward portion of the estuary-mouth complex. This diastem arises from the
seaward propagation of a bay head delta. (3) Lastly, a broad wave ravinement surface forms as the
shore recedes inland during transgression. Underlying estuarine deposits are truncated by an
erosional event. To form this surface, wave and current erosion must remove both flood tidal-

deposits and potentially some central-basin facies.
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Figure. 2.3. Tidal and wave ravinement surfaces in a tide-dominated estuarine setting (modified after Dalrymple et
al., 1992, Reinson et al., 2000, Zaitlin et al., 1994 and Catuneanu, 2006).

2.5 Depositional Sub-environments of gravel beaches

The morphology, dynamics, and growth of gravel beaches have been extensively studied
(Spaggiari et al., 2006), but only in the past few decades has their internal structure been
recognized, beginning with an initial and preliminary study by Bluck. (1967). According to Bluck
et al. (2001) gravel will accumulate in three major areas and thus their deposits are classified into

three main zones. These deposits are the subtidal, intertidal and back barrier deposits.

2.5.1 Intertidal zone

The intertidal unit is structurally complex, featuring a variety of bed assemblages and depositional
sub-environments. There is a wide variety of foreshore deposits and the morphology and structure
of the gravel bars, which include the foreshore, are notably diverse (Spaggiari et al., 2006). Bluck
et al. (2001) has recognized four beach types which are: spits, barrier beaches, linear beaches and
pocket beaches, they are in order of sediment accretion rate. These beach types are all classified
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according to the range and combination of bed assemblages. One distinguishing feature that

connects these beaches is the sorting of their gravel clasts, serving as a clear identifying factor.

In most gravel beaches there is a noticeable segregation of clast shapes. Large oblate to discoidal
clasts of varied shapes accumulates at beach crests, while large equant or spherical clasts and small
discoidal clasts accumulate at the base of the intertidal zone. Therefore, the beach surface is
regarded as a zone of varying steepness where particle acceptance and rejection take place
according to their shape and size due to strong swash and backwash energy. Gravel beaches can
vary greatly in morphology and subsequently in the sedimentary environments that influence the

distribution of sediment (coarse and fine) (Bluck, 1998).

There are four zones to gravel beaches: (1) Infill zone; (2) Zone of selection pavements; (3) Zone

of beach and cusps; (4) Berm.

In the Infill zone are typically observed to have alternating beds of smaller spheres and sand.
Towards the seaward edge of the beach, there is a zone where displaced clasts fill the gaps between

the spherical clasts forming the outer boundary (Spaggiari et al., 2006).

The infill zone merges into the zone of selection pavements which is an inclined surface that
typically consists of a mix of gravel and sand. Stratified marine gravels are formed here as clasts
are hydraulically sorted to accumulate on the beach as seaward inclined strata usually characterised

by good shape and size segregation. This zone may also constitute of cusps (Spaggiari et al., 2006).

The zone of berm and cusps lies in the landward section of the zone of the selection pavements.
Due to a high degree of sorting this zone exhibits steep surfaces and beds steeper than that found
in the selection pavements. These steeply dipping beds extends seaward in the direction of beach
progradation and show pronounced shape and size sorting. A berm may replace the area where the
beach and cusps form which is strike-aligned along the coast without significant evidence of

cuspate development (Spaggiari et al., 2006).

2.5.2 Subtidal deposits

Subtidal deposits commonly consist of sand with cross strata that may exhibit bimodal dip

directions. These beds, often containing abundant shell debris are believed to be equivalent to
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shallow marine mega-rippled sand fields. In addition, sand sheets up to several metres thick with

heavy bioturbation are present in this zone (Spaggiari et al., 2006).

The subtidal zone may be divided into three zones (Boggs Jr, 2006), which are: 1) The upper

shoreface; 2) Middle shoreface; 3) Lower shoreface.

Boggs Jr (2006) described the upper shoreface as the energetic surf zone. Sediment sizes in this
zone ranges from fine to medium with gravel. Waves generate shore-normal currents that interact
with shore-parallel currents, resulting in intricate sedimentary sequences characterised by multi-
directional structures. The upper shoreface is primarily characterised by trough cross-stratification,
which forms as ripples and dunes migrates (Reinson, 1984; Spaggiari, 2011).

The middle shoreface is also observed to be an area subjected to high energy and wave action.
This zone constitutes of the breaker zone where shell material, fine to medium grained sand, silt
and gravel accumulate. Longshore bar development is associated with this zone. Sedimentary
structures present in this area are similar to that of the structures found in the upper shoreface.
Sedimentary structures present are intricate which consists of landward-dipping ripple cross
lamination through seaward-dipping, low angle planar stratification to trough cross stratification
(Boggs Jr, 2006).

The seaward section of the surf and breaker zone is exposed to oscillating wave currents through
fair-weather hence giving rise to the lower shoreface. Sediments found in this area is typically fine
sand interbedded with silt and mud. Dominant sedimentary structures include near horizontal
lamination, landward migrating ripples and hummocky cross-stratification (Boggs Jr, 2006;
Spaggiari, 2011).
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Chapter 3: Regional setting

3.1 Offshore regional stratigraphy

The Namibian continental margin is one of the worlds widest and deepest shelves which far
exceeds the global average width of 86 km and depth of 130 m. The margin is of volcanic origin
(Clemson, 1997). It encompasses an extensive and stable shelf that spans up to 230 km offshore

and lies up to 500 m below sea level (Dingle et al., 1983).

The shelf comprises a thick wedge (3-5 km) of predominantly clastic post-rift sediments, overlying
a rifted Proterozoic continental basement (Light et al., 1993), this is subsequently overlain by syn-
rift siliciclastics and volcanics deposits dating from the late Jurassic to the early Cretaceous period
(Clemson et al., 1999). Karoo Supergroup rocks from the Late Carboniferous to Early Jurassic era
are potentially preserved withing small half-grabens, truncated by an angular unconformity which
subsequently reflects significant erosion of the Karoo Supergroup material over an extended period
(Clemson et al., 1999; Aizawa et al., 2000).

3.2 Sediment supply and coastal regime

The Orange River, formed during the Early Cretaceous, currently serves as the primary channel
for coarse sediments and diamonds to the west coast of southern Africa (Dingle and Scrutton,
1974). The discharge point of the Late Cretaceous predecessor to the Orange River was a finer-
grained transporting system that supplied sediment to a significant, enduring palaeo-delta located
offshore from the present-day mouth of the Orange River (Ward and Bluck, 1997; Aizawa et al.,
2000). During the late to end of Cretaceous period, regional subcontinent uplift commenced fluvial
incision, which persisted intermittently throughout much of the Cainozoic era (Spaggiari et al.,
2006), altering the deposition at the river mouth from fine (silt and clay) to coarse-grained (gravel
and sand) sediment (Spaggiari et al., 2006). Since then, the Orange River has transported sediment
of up to boulder sizes to the coast (Bluck et al., 2007).
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The present-day Orange River has a wave-dominated delta, which experiences significant
northward longshore drift due to the prevailing southerly swell, wind and wave patterns (Rogers,
1977). From the south-southwest direction, the coastline receives prolonged-period swells, with
an average swell height surpassing 3 m, originating in the Southern Atlantic Ocean. During
summer wave heights can average 1.5 m, increasing to approximately 1.9 m in winter but
throughout the year wave heights can be found to exceed 4.75 m (Kirkpatrick et al., 2019). The
average wave periods range between 10.5 s in summer and 12.5 s in winter. Shorter-period waves,
induced by persistent southwest winds, which are in turn generated by the South Atlantic
Anticyclone system superimpose the long-period swells. Approximately 90% of the shorter period

waves attain a height ranging from 0.75-3.25 m (De Decker, 1988).

The estimated water depth of the wave base is ~ 40 m, but submersible dives suggest that it can
extend significantly deeper to ~110 m (Bluck et al., 2007). The swell and wind regime gives rise
to the northward-directed littoral drift and the average wave conditions along this coast have
enough energy to transport coarse sand to depths of 30 m. It is also found that storm waves have
the ability to transport medium sized pebble at the same depth (De Decker, 1988). At ~ 15 m water
depth, cobbles are frequently transported while storm events induce significant sediment transport
on the inner shelf at a ~ 30 m water depth (De Decker, 1988; Bluck et al., 2007). The Orange
Rivers’ coarse-grained discharge has been exposed to yearly high-wave energy since mid to late
Tertiary times (Spaggiari et al., 2006). Over a narrow zone of the coastline these high wave energy
conditions are concentrated by a micro-tidal range of 1.8m. Discharge of the Orange River is
dispersed northwards and westwards by the dynamic longshore drift system (Bluck et al., 2007).
Gravels are found to be deposited along the coastline spanning more than 300 km north of the
Orange River mouth, sand fractions are transported > 700 km along the coast and mud is found to
be more dispersed westwards, northwards and southwards into basins on the shelf and onto the
continental shelf edge (Bluck et al., 2007). A significant portion of the sandy or finer sediment
fraction is entrained into the Namib Sand Sea (Corbett, 1993). This is exacerbated by the presence
of the nearshore geological framework that limits accommodation during lowstands (Green et al.,
2024).
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3.3 Gravel Pulses of the Orange River

The orange River is the principal conduit for the transportation of diamondiferous gravels from

the southern African interior to the Atlantic coast (Jacob et al., 1999).

In the late Cretaceous, the Orange River flowing into the Atlantic Ocean transported fine sediment
thus creating a large, fine-grained delta offshore from its current position (Bluck, 1997; Spaggiari
and Bordy, 2023). By the Middle Eocene the river had evolved into a highly energetic, gravel
dominated system that incised into bedrock, transporting small cobble-sized gravels from the
interior of southern Africa to the Atlantic coast (Ward and Buck, 1997; Bluck et al., 2005). This
shift from a suspended to a bed load-dominated Orange River resulted from continental uplift. Due
to the lack of precise dating this change is attributed to the Late Cretaceous to Early Paleogene
(Aizawa et al., 2000).

According to Bluck (2005), during the Miocene and later, the bedload of the Orange River
coarsened notably, particularly during the Plio-Pleistocene when the dissection of coastal
Neoproterozoic bedrocks supplied the majority of gravel. During the Plio-Pleistocene, multiple
incisions occurred which was influenced by uplift or sea level changes This resulted in the
transport of boulder-sized gravel, with clasts exceeding 1 m, into the Atlantic coast which

constituted the main sediment input to the paleo-beaches of southern Namibia (Bluck et al., 2005;

Jacob, 2005).

Three distinct terrace (gravel) deposits along the lower Orange River are recognized by their
elevation, bedrock strath levels and unique clast compositions (Nakashole, 2018). These three
gravel terraces were formed from gravel pulses, of different characteristic sediment composition,
supplied by the palaeo-Orange River which Bluck, (2005) termed them, Pre-Proto Orange River,

Proto Orange River, and Meso Orange River.

The overall composition of each of this gravel is a combination of both exotic and locally derived
clasts. A Pliocene uplift occurring after the deposition of the Proto Orange River gravel, may have
caused drainage re-organization and influenced the differences in clast assemblage between Proto

and Meso Orange River gravels.
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The gravel is composed of a mix of exotic and locally sourced clasts with the large cobble-sized
fractions (>25 mm) being primarily made up of quartzite clasts. Agate, Karoo Supergroup shales
and sandstones, Karoo Supergroup basalt and banded iron formation (BIF), are known as exotic

clasts.

There is no diagnostic clast lithology in either Proto or Meso gravels. Therefore, the dominant
exotics in each gravel aids in dating the gravel pulses. The dominance of an exotic is influenced
by the timing, rivers sinuosity and river energy (geomorphic evolution of Orange River basin)

(Nakashole, 2018).

29| Page



Table. 3.1. Timing of the main gravel pulses, clast assemblages, clast roundness and deposit thickness

Gravel Pulses

Pulse Age Clast Exotic mineral Clast River sinuosity at Thickness
type Assemblage  Distribution roundness deposition period
Pre- Not sufficiently dated. High Dominance of Epidote - Low Low sinuosity Unknown due
Proto Late Oligocene age Namaqua rich minerals. degree to lack of
(Bluck et al., 2005; Metamorphic preservation.
Spaggiari, 2011; Complex
Jacob 2005) clasts.
Proto Early to mid- Minor Dominance of Karoo High High sinuosity, Up to 50m
Miocene, associated ~ Namaqua Supergroup, shale and degree reinforced by
with Lopholistriodon ~ Metamorphic  sandstone clasts and minor preservation of cut-
moruoroti (Jacob et Complex BIF. off meander loop
al., 1999; Jacob, clasts. Minor amphibole-epidote terraces. Associated
2005) content (Increase in river with High incision
energy). depth and increase
22% Sandstone, 6% BIF. sediment transport.
Meso Plio-Pleistocene High Dominance of BIF clasts Low Low sinuosity, 6-23 m
(Jacob et al., 1999; Namaqua with minor Karoo degree similar to sinuosity
Jacob, 2005) Metamorphic ~ Supergroup, shale and of modern Orange
Complex sandstone clasts. River. Associated
clasts. Abundance amphibole- with shallower

epidote content (due to
decrease in river energy).
7% Sandstone 10% BIF.

incision depth and
decreased sediment
transport.
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3.4 West Coast sea-level fluctuations and palaeo-shorelines

Similar methods employed in marine heavy mineral exploration, which relies on identifying
appropriate environments such as strandlines/beach ridges and embayments (Hou et al., 2017)
have been applied to the inner shelf marine placer deposits along the west coast of Namibia.
These revealed major concentrations of diamonds along palaeo-shorelines at different
elevations. These enrichment concentrations of placer deposits occurred in response to cycles

of sea-level transgression and regression (Hallam, 1964; De Decker, 1988).

It is found that the breaker zone has the highest concentration of energy (Jacob, 2001);
reworking in this zone upgrades the concentration processes that subsequently occur. As a
result, higher-grade diamonds and associated gravel deposits are correlated with the

approximate sea level during the deposition period (Oelofsen, 2008).

High diamond concentrations (grades) are often observed within bedrock gullies carved into
marine-cut platforms of Mining Area 1 (MAL1) at Oranjemund. These formations are thought
to have formed during prolonged periods of sea level stability (Hallam, 1964; Oosterveld et al.,
1989). A similar situation is predicted in the offshore environment, with platforms associated
with still stands considered effective diamond and gravel repositories (Kirkpatrick et al., 2019;
Kirkpatrick and Green, 2021).

Throughout the last 40 million years, there have been significant fluctuations in sea level
observed along this coastal region, ranging from a high of ~180 m above current sea level
during the Eocene and to a Pleistocene low of ~120 m below current sea level (Green and Uken,
2005). This significant drop in sea-level coincided with the Last Glacial Maximum (LGM)
~22 000 BP. Following the LGM, the subsequent rise of sea-level has occurred intermittently,
with intervals of slow rising sea level interspersed with rapid rates of sea-level rise (Green et
al., 2024).

In the past where climatic and oceanic conditions were characterized by higher energy levels
(Bluck et., 2001), it is reasonable to expect lower than present sea-level stillstands would have
generated similar erosional morphologies in the bedrock. Consequently, palaeo-shorelines
should exhibit equal or greater distinctiveness compared to those observed in the onshore
environment (Kirkpatrick and Green, 2021).

A regionally developed palaeo-shoreline at -100 m has been identified along the southern

African coast, associated with a still-stand during the Balling-Allergd transition period ~14 500
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BP (Green et al., 2014; Green et al., 2020, Green et al., 2024). Global records have proven that
this still-stand was succeeded by a rapid warming in the Northern Hemisphere ~ 14 650 yr BP.
Shortly thereafter, rapid melting of ice sheets resulted in a surge in the rate of sea level rise,
termed Meltwater Pulse (MWP)1 A (Blanchon and Shaw, 1995).

MWP 1A induced a 12-14 m sea-level rise over ~340 yr which was then followed by slower
sea-level rise. It was during this period of gradual sea level the formation of barrier shorelines
along the southern Nambian coastline occurred between 14 000 and 13 300 cal BP (Runds et
al., 2019; Green et al., 2024), these shorelines were preserved by another surge in sea level
which was linked to the MWP -1 B (sea levels rose by approximately 18 m between ~ 11 500
and 11 200 yr BP). In the late Holocene, sea levels rose to a maximum highstand of ~ 3m at
6280 cal BP preceding to present-day sea level of ca. 3000 cal BP (Cooper et al., 2018).
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Figure. 3.1. Graph depicting Mid to Late Pleistocene sea level curve (Modified after Cooper et al., 2018)
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Chapter 4: Methodology

4.1 Geophysical Data

The study area was mapped in September 2019 using a high-resolution Kongsberg EM 710
multibeam echosounder mounted on the MV DP Star. Data positioning was via a C-Nav 3050
DGPS and a Kongsberg Seapath 200 IMU, while sound velocity adjustments were conducted
using a Sound Velocity Probe (Midas Mini). Backscatter was collected simultaneously with

the multibeam data.

QPS Qimera was used to process and grid the bathymetry data to a 0.5 m cell size. Any
anomalies found in the data were corrected and soundings reduced to MSL datum using
predicted naval tide charts for the area. The backscatter data were processed using the Geocoder
utility in Qimera and gridded to a mosaic pixel size of 0.5 x 0.5 m. Additional legacy side scan
sonar data were employed with the backscatter data, as described in Green et al. (2024).

Approximately 12 000-line km of sub-bottom data were collected along coast perpendicular
lines with a line spacing of 100 m using a Topas PS40 parametric-sub bottom profiler. A chirp
LFM pulse was employed, and the data were subsequently match-filtered using the Kongsberg
SBP utility. Transducer motion was modelled based on the inputs from the Seapath 200. The
final RAW TOPAS files were then exported as full waveform data to SEG Y format with a

resolution of <20 cm.

The processing and interpretation of the seismic SEGY data were done using Geosuite
Allworks. A nominal gain of 10dB was initially applied before the seabed was manually
digitised. Once the seabed was established, AGC, water column muting, and swell filtering
were applied, and the key stratigraphic horizons digitised. Each horizon was converted from
two-way travel time (TWT) to depth by using the standard published values for shallow
Namibian shelf stratigraphy which are 1500 m/s for seawater and 1600 m/s for sediments
(Kirkpatrick et al., 2019)

4.2 Lithological Data
A total of 6420 borehole samples were collected in the study area from the MV Explorer.

Samples were acquired using a 5m? reverse circulation drilling apparatus capable of drilling up
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to 8 m. These sampling sites were chosen to validate the seismic stratigraphy to the greatest
extent possible and to establish chronological or lithological constraints on the deposition of
certain units. Due to the drilling method used to acquire samples, the cores are retrieved in the
form of fragments. Sampling was restricted in areas where water depth was below 30 m to

reduce the risk of vessel grounding and damage to the ship hull.
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Chapter 5: Results

5.1. Seafloor geological framework and morphology

The seafloor geology of the area is dominated by high backscatter acoustic facies, the majority of which
comprise uneven and irregular, moderate to high relief facies (Fig. 5.1). Slightly less intense, moderate
backscatter facies with occasional mottling fringe the higher relief seafloor areas. Low, even-toned
backscatter seafloor forms a prominent nearshore coast parallel swath. A narrower (1 km-wide) seaward
swath of lower backscatter is separated from the inshore corridor by a significant area of high relief,

high backscatter, where it forms a characteristic dendritic pattern along the inner shelf edge.
Ground truthing of the seafloor facies reveals these to comprise:

1) Competent rocky outcrop (high backscatter, high relief)
2) Gravel or thin sediment veneer mantling rock (moderate backscatter, mottled tone)

3) Sandy to muddy unconsolidated sediment (low backscatter, even tone)

The inshore rocky material is composed of Precambrian schists of the Spencer Bay Formation, with
schists and quartzites of the Gariep Belt more prominent to seaward (Fig. 5.1). These form two main
ridges, a western and eastern ridge that frame a low-lying depression (Fig. 5.1c). The rocky framework
of these ridges compartmentalises an inshore and offshore fine sediment field, with fringing gravels
along the eastern edges that interfinger with the fine sediment. To landward, rocky outcrop appears to

form a peninsula in which fine sediment has accumulated.

5.2 Seismic stratigraphy, lithostratigraphy and unit distribution

Six seismic units were identified in the underlying stratigraphy (Units A-F) (Figs. 5.2-5.5). These were
defined accordingly by their termination patterns, internal reflection configurations and reflection
amplitudes. Their distributions are depicted in figures 5.6 and 5.7. Accompanying the sub-bottom
profiles were 6652 drill samples (Fig.1.1) which helped constrain the sub-bottom lithological
interpretations (Fig. 5.8).
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Unit A: schists, quartzites (acoustic basement) and weathering residues (saprolites and clays)

The seismic facies of the acoustic basement and associated weathering residues is characterised by high
amplitude, low to medium frequency, chaotic internal reflections. The residues that occur above the
acoustic basement present as parallel-layered weakly reflective material near the resolution of the data.
The acoustic basement crops out to form the rocky seabed (Figs. 5.2-5.5). Overlying the acoustic
basement are isolated patches of very thin saprolites and clays, derived as weathering residues from the
schists. Their location was mapped predominantly by their occurrence in drill samples where they
appear as < 20 cm-thick horizons. Saprolite distribution throughout the study area is confined to
depressions the dendritic channel feature in the southwest, and along the landward lee of the western
rock ridge (Fig. 5.6a). Drill cores reveal the presence of mudballs which indicate the reworking of
saprolite and clay (Fig. 5.8a-b).

w E

20m A

40 m

E
£ ad
5 ¥
i \ y A
60 m Y Y \ PR
J N .
N W
80 m
W B

20m Eastern Ridge

40m
E Western Ridge 4=Unit D
5 Unit C
&
2 -

60m

Unit A Tt =
80 m
1 km
Unit A Basement | Unit E Upper Gravel Beach
—1Unit B Sandstone | Unit F Shelly Muddy Sand

| Unit C Lower gravel beach |

‘Weathered Saprolite/Clay
[ 1Unit D Middle gravel beach

Figure. 5.2. (Top) Uninterpreted sub-bottom profile. (Bottom) Interpreted shore-perpendicular sub-bottom profile,
ML103A_A4 13800, with Units A-F including WRS (wave ravinement surface) and H1 Reflectors.
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5.2.1 Unit B: sandstone

In the offshore parts of the study area, isolated bodies of Unit B are found between highpoints of the
acoustic basement and in channels cut into the bedrock. Unit B typically has a high amplitude surface
reflection with chaotic to wavy internal reflections, and forms pinnacled acoustic bodies (Fig. 5.2-5.5).
General thickness reaches 1.5 m in the depression between the eastern and western ridges, where the
unit forms a discontinuous coast-parallel linear body (Fig. 5.6b).

Drill core from the area reveals Unit B to be an indurated, fossiliferous sandstone (Fig. 5.8¢c-e). The
presence of several key fossils, most importantly Diplochaetetes longitubus, constrains the depositing

environment and age to that of a shallow shelf during the early Eocene (Green et al., 2024).

5.2.2 Surface H1

A moderate amplitude regional reflector (H1) truncates the sandstones, weathering remnants and
basement schists to form an irregular, high relief surface that mimics the contemporary bathymetry (Fig.
5.7a). Like the bathymetry, a NNW-SSE trending depression occurs between the two bedrock ridges,
where gradients are less than 0.3° (Fig. 5.7b). The rocky ridges mark a significant steepening of the
surface, mostly from the influence of the schists and quartzites as they crop out to form terraces 16 m
high and with slopes of 4° or more (Fig. 5.7b). The remaining post-H1 cover comprises unconsolidated

materials up to 16 m-thick (Fig. 5.7c).
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5.2.3 Unit C: lower gravel unit

Unit C occurs as a thin deposit immediately overlying H1, with isolated thickenings in the dendritic
portions of the H1 surface to the southwest (Fig. 5.6). The deposits thicken substantially to the east
where a 7 m-thick package is observed, confined within the embayment formed by the eastern bedrock
ridge. This unit exhibits chaotic internal reflections, often with weak amplitudes from masking of the
signal, and with limited reflection continuity (Fig. 5.2-5.5). Occasionally, the internal architecture of
the deposit is clear (e.g. Fig. 5.3). In these examples, flat-lying, irregular and wavy reflections interpose
with steeper, seaward dipping reflections. Drill cores reveal that this unit is composed of a variety of
clast sizes and compositions including an abundance of sub-angular schist and gneiss with common

sub-rounded quartzite, quartz pebbles, cobbles, boulders and Karoo Supergroup sandstone pebbles (Fig.
5.8f).
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5.2.4 Unit D: middle gravel unit

Unit D is very like Unit C, with a similar reflection arrangement and character but with a more
aggradational component. It has an erosional lower contact, with some reflections downlapping and
prograding over the upper surface of Unit C (Fig. 5.5). Chaotic irregular reflections often onlap the H1
surface and are overlain by seaward dipping reflections that onlap H1 progressively landward and up-
profile (Fig. 5.4).

Unit D is best developed in the bedrock embayment, where it reaches a maximum thickness of 4.6 m.
A limb of Unit D bifurcates to the north around the peninsula and extends along the bedrock cliff line
for ~ 3.5 km. Drill cores reveal this unit to be composed of an abundance of sub-rounded to well-
rounded vein quartz, and angular to subrounded small cobbles of quartzite. Minor traces of angular

phyllite fragments, platy schist and disc-shaped banded ironstone were observed (Fig. 5.89).
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Figure. 5.5. High resolution, coast perpendicular TOPAS sub-bottom profile of line ML103A_A4 143000 (top-

uninterpreted, bottom interpreted) detailing the fill succession of H1.

41| Page



5.2.5 Unit E: upper gravel unit

Unit E mirrors the distribution of Unit D but extends farther into the shelf out of the embayment. It
mantles Unit D and exhibits chaotic internal reflections, moderate to high amplitudes and a
retrogradational stacking pattern (Fig. 5.3). It is up to 8.9 m-thick in the embayment and consists of an
abundance of shelly materials (Lucinoma sp and Dosinia sp). Angular to subrounded quartzite pebbles,
minor small pebbles, cobbles, with common mica-schist flats and bioturbated sandstone pebbles are
also common (Fig. 5.8h). This unit commonly occurs at a depth of ~ 70 m and represents the most
landward and highest elevation gravel deposit in the area.

5.2.6 WRS

Surface WRS erosionally truncates the gravel units (C-E) throughout the study area from the nearshore
to the inner shelf edge (Figs. 5.3-5.5). The surface forms a generally planar, seaward dipping horizon
that manifests as a high amplitude continuous reflector that merges with the bedrock surfaces, or H1, if

exposed at the seabed. There is a slight deepening of the surface to the NNW.

5.2.7 Unit F: Shelly muddy sand: Younger unconsolidated and semi-consolidated
sediments

WRS marks the change from gravel to the finer sediments of Unit F. This unit caps the stratigraphy
throughout depressions between high lying regions of the study area and comprises horizontal-parallel
reflections with low-high amplitudes thick. Cores reveal the material to consist of muddy sand with an
abundance of Lucinoma sp and Dosina sp shell fragments. The post WRS sediment thickness may reach
up to 4 m, associated with the dendritic channel-like features in the south, and the central parts of the

H1 depression between the western and eastern bedrock ridges.
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Figure. 5.6. Key horizon structure maps and isopachs of the various stratigraphic surfaces and units in the study

area.
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Figure. 5.7.a. H1 elevation throughout the study area. b. Gradient of H1, with several steep cliffed areas evident in the surface. c. Total unconsolidated sediment thickness.
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Table.5.1. Seismic stratigraphic units including the description of seismic facies and interpreted depositional environments and age.

Unit/Surface Underlying Description Internal Interpreted Primary Age
Surface/Units Reflection Depositional Lithology
environment
Unit A n/a Rugged High amplitudes Basement Quartzite and Precambrian/Proterozoic
topography and low-medium Schists
frequency
n/a Smooth and Low amplitude Chemical erosion  Saprolite Precambrian
gradational and frequency. and weathering of
topography Exhibits parallel  schist
or sub-parallel
patterns. Weak
and
discontinuous
internal
reflectors.
n/a Smooth and Low amplitude. = Wave transport and Clay Palaeocene
continuous Low-medium mechanical
topography frequency. weathering of
Parallel and eroded weathered
horizontal material
patterns.
Unit B HI Localized body Medium-high Shallow marine Sandstone Eocene

amplitude and
frequency.
Layered and
parallel patterns.

environment,
continental shelves
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HI Unit A Continuous High amplitude = Subaerial n/a Early Eocene
surface unconformity
Unit C Units A, B,and  Irregular and Variable Lowstand gravel Lower gravel Late Oligocene
HI continuous amplitude with lag deposit
topography high frequency.
Layered and
chaotic
Unit D Units A, B, C, Irregular and Variable Embayed gravel Middle gravel Early to mid-Miocene
and H1 continuous amplitude with beach and linear
topography high frequency.  beach
Layered and
chaotic
Unit E Units A, B, C, D, Irregular and Variable Embayed gravel Upper gravel Pilo-Pleistocene
E, and H1 continuous amplitude with beach and linear
topography high frequency.  beach
Layered and
chaotic
Unit F Units A, B, C, D, Capping Shoreface Mixed Holocene
E, and H1 Stratigraphy
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Figure. 5.8. Drill core screens showing a) Saprolite b) Mudballs c-d) Sandstone tubes formed by reef-building
tubeworms, Diplochaetetes longitubus. e) Traces of of Diplochaetetes longitubus bioturbation in sandstone. f) Lower
gravel beach material. g) Middle gravel beach material with abundant banded ironstone clasts. h) Upper gravel beach

material containing shell hash and finer gravels.
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Chapter 6: Discussion

The stratigraphy offshore Saddle Hill displays a diverse assemblage of Quaternary sand, gravel and mud
deposited in shallow bathymetric lows carved into weathered bedrock (H1-Green et al., 2024). To the
southeast, the stratigraphy is more complex, comprising a sequence of unusually stacked barrier beach units
that rest atop a topographically variable bedrock and weathered bedrock surface, interposed with pinnacles of
sandstone. To the southwest, the sequences preserved are significantly thinner, and almost exclusively housed

within a dendritically-arranged series of topographic low points.

6.1 Interpretation of units

6.1.1 H1: Regional scale subaerial unconformity

H1 is interpreted as a regional scale subaerial unconformity that carved into the uplifted mid Neoproterozoic
basement rocks that frame the inner shelf (Rund et al 2019, Kirkpatrick et al., 2019; Green et al., 2024). H1
truncates the schists, quartzites and sandstones (Fig. 5.3-5.5), and is lined by a thin layer of weathered and
reworked regolith comprising clay and rolled mudballs, often juxtaposed with saprolite (Fig. 5.8). Atop this
surface, the unconsolidated succession rests. The occurrence of Diplochaetetes longitubus (Pickford and Senut,
2002) in the Unit B sandstone, truncated by the subaerial unconformity, restricts the age of H1 to early Eocene
or younger.

During the lowstands of the early Paleogene, the acoustic basement of Unit A was first exhumed and exposed
to subaerial processes (Baby et al., 2018; Green et al., 2024). This surface is interpreted to represent a subaerial
unconformity which was further excavated during later sea level regressions during the late Oligocene (Green
et al., 2024). Figure 6.1 provides an outline of the palaeo-fluvial courses (incised valleys) of the area, with
several sheltered pockets of accommodation to landward. It appears that when submerged, the main H1
depression and older fluvial conduits likely acted as a strait, framed by rocky coastline to both seaward and
landward. Further seaward, the dendritic depressions are valleys incised into H1 (Meltzer, 2023; Green et al.,

in review-Appendix 2).

6.1.2 Unit B: Sandstone

The Eocene sandstones of Unit B (Pickford and Senut, 2002) were deposited during an early Eocene sea level
high which subsequently caused shallow marine flooding of the proto-H1 depression. The sandstone
distribution is almost entirely restricted to the shallow basin formed between the eastern and western ridge
(Fig. 5.6b).
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6.1.3 Unit C: Lowermost Gravel Unit

The lower gravel unit consists mainly of angular schist cobbles and pebbles, with some sub rounded quartzite
cobbles, vein quartz clasts and pebbles of Karoo sandstones. These clast assemblages match those of the Pre-
Proto and Proto Orange River gravels and are associated with an end of Eocene to Mid-Oligocene age incision
of the Orange River (Jacob et al., 1999; Nakashole et al., 2018). This explains to some degree the remnants of
these gravels in the dendritic, channel like features of H1, where the gravels likely comprise the basal lowstand
component to the valley fills (Zaitlin et al., 1994; Nordfjord et al., 2006).

The thickest accumulation of this unit on the inner shelf is in the rock-bound and submerged embayment to
landward. This is located on a flat bedrock platform within the embayed zone of accommodation sheltered
from fluvial processes (Fig. 6.1). Here the lower gravels form a northward thinning elongate finger of material
attached to an ~ 10 m-high raised bedrock platform (Fig. 5.6¢). The morphology of the deposit resembles
several examples of modern, swell-dominated embayed gravel beaches (Buscombe and Masselink, 2006;
Loureiro et al., 2009) and its internal structure is comparable to prograding beach sequences in microtidal, high
wave energy environments (Massari and Parea, 1988; Neal et al., 2002). When compared to strait-margin
gravel beaches and shorefaces, the general internal geometry and lithology of Unit C compares well with Zones
1 and 2 (Backshore and Intertidal) (Frey and Dashtgard, 2011). The flat-lying reflections are interpreted as a
back beach facies, with the steeper, seaward dipping packages representing the foreshore/swash zone. Similar
internal structures are reported for the foreshore and spit platforms of raised Plio-Pleistocene barrier spits from
the Oranjemund coastline (Spaggiari and Bordy, 2023), however these spits are significantly narrower (< 500
m-wide) when compared to the ~ 2 km width of Unit C.

6.1.4 Unit D: Middle Gravel Unit

Unit D comprises rounded pebbles and cobbles of vein quartz together with clasts of banded ironstone,
indicative of the Plio-Pleistocene age Meso Orange River gravels. The shallowly seaward dipping reflections
of the unit are again similar to those of the backshore for strait-margin gravel beaches, interposed with the
more steeply seaward dipping foreshore sets (Massari and Parea, 1988; Frey and Dashtgard, 2011). The
aggradational component of the unit may be related to the limited accommodation provided in the embayment,
coupled to stable sea levels causing normal regression (the prograding foreshore reflections) and the eventual
progradation out of the embayment into the strait (Fig. 5.6). This has resulted in a linear, coast-parallel

extension of the gravels for 3.5 km.

The general morphology and thickness of this linear extension is similar to the linear beaches recognised by
Spaggiari et al., 2006). Mature linear beaches are characterised by seaward-dipping foresets attributed to

seaward-prograding gravel sheets comprising disc assemblages that get progressively coarser up-section
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(Bluck and Spaggiari, 2001) (Fig. 6.2). The absence of fines to landward supports the idea of a beach as
opposed to barrier spit where clays and silts are found juxtaposed to landward and then stacked in a
transgressive manner (e.g. Runds et al., 2019; Spaggiari and Bordy, 2023). This is further reenforced by the
absence of landward dipping reflections that would represent washover events (e.g. the spit recurve facies of
Spaggiari and Bordy, or the interbedded washover gravel-sand associations of modern barrier lagoons-Green
etal., 2019).

According to Spaggiari and Bordy. (2023), during the Plio-Pleistocene uplift or forced regression caused a
flushing out of large clasts up to boulder size into the Atlantic Ocean. It was this sediment, brought by the
Orange River that supplied the palaeo-beaches of the late Pliocene to the Holocene along southern Namibia,
including Unit Cs embayed and linear beaches.

6.1.5 Unit E: Upper Gravel Unit

Unit E comprises variable mixtures of locally derived angular clasts, reworked local marine sandstones
(Diplochaetetes longitubus hosting) and well-rounded, fluvially-introduced exotic quartzites. A significant
amount of shell content is also apparent. The unit distribution (Fig. 5.6d and e) mirrors that of the middle
gravel but with a slight extension seaward. The general backstepping nature of the unit suggests that it initiated
at a depth of ~ 70 m and has undergone partial overstepping and rollover (Pretorius et al., 2016). The general
seaward dips of the reflections point to deposition along a gravel beach foreshore (Fig. 6.2) that has migrated

landward and survived shoreface and beachface ravinement.

When compared to the middle gravel unit, the clasts of the upper gravel are better rounded, indicating a
prolonged history of reworking and redistribution, likely in the lower foreshore (Spaggiari et al., 1999). Though
~ 250 km away, cores from the uppermost gravels in a submerged gravel barrier revealed similar clast
assemblages, and dates from insitu Choromytilus meridionalis and Tellina trilatera returned a time of
deposition of between 10.5 and 10.2 cal. Ka BP (Kirkpatrick et al., 2019). The upper portions of this unit are

thus considered Holocene and related to the Holocene transgression.

6.1.6 WRS

Sub-bottom profiles reveal a distinctive high amplitude surface that caps the gravels of the Holocene. This is
interpreted as a scour surface incised by high to moderate energy waves in the upper shoreface during rapid
sea level and subsequent transgression (Catuneanu et al., 2011; Runds et al., 2019). A series of cores retrieved
from the main H1 depression (Compton et al., 2001) intersected the upper gravel succession and dated it to

10.23 cal Ka BP, confirming this surface as the most recent wave ravinement.
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6.1.7 Unit F: Younger unconsolidated sediment

Unit F caps the WRS, except where the acoustic basement crops out. According to Swift, (1968) during the
erosional processes of wave ravinement, material is stripped from the upper shoreface and deposited down-
profile where they accumulate to form the modern shelf sediment cover. The variation in hydrodynamic
regime, as driven by the geological controls of the two main bedrock ridges transgression has given rise to the
fractionation of the seabed sediments into bedrock-proximal gravels (with greater turbulent winnowing), and
a proximal sand sheet where geological controls are less pronounced (Fig. 5.1) (Green et al., 2024).
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Figure. 6.1. Palaeodrainage. a. Low points in the H1 surface where fluvial courses were likely to have followed. When
water levels were ~ -70 to -65 m, a bedrock-framed strait is apparent. b. cross section through the sheltered embayment
demonstrating the steep backing topography and preferential accommodation. Schematic stacking pattern of Units C-E

shown.

52| Page



Large discs

Foreshore

Shoreface/
el
lag 2> IStorm deposit

+—> <+—p <«
Large
cross stratified spheres
sand with basal
boulder

Berms and cusps

Acoustic basement

Steepened H1 surface

y Unit D
Shoreface 7"“? 3 j Embayed beach foreshore

Large
cross stratified spheres Betiog and cusps
sand with basal
boulder
A B BN RS

Shoreface/lag deposits Embayed beach foreshore Transgressive embayed beach
deposits foreshore deposits

Unit C

250 m 250 m 500 m

Figure. 6.2. Schematic representing the various depositional environment of a barrier beach (after Spaggiari et al., 2006),

compared to the stratigraphic/seismic architecture and lithology of the stacked gravel beaches of Hottentot’s Bay.
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6.2 Submerged gravel beach evolution on the inner shelf

The formation and preservation of coastal sequences are influenced by several factors such as tidal and wave
processes, sea-level fluctuations, antecedent geology, and sediment supply (Catuneanu, 2006; Spaggiari, 2011;
Runds et al., 2019; Green et al., 2024). The southern Namibian shelf is known to be one of the most energetic
shelf environments in the world, with a significant degree of sediment bypass associated with uplift of the
hinterland during the Late Cretaceous to early Cenozoic (Bluck et el., 2007). For this reason, there has been
little subsidence-induced accommodation space available in the inner shelf. Much of the sediment
accumulation has been influenced by antecedent controls of the shallow bedrock framework, the long-lasting

wave energy, and the allocyclic controls of sea level and hinterland denudation.

Lowstands of the Miocene to Pleistocene promoted the transport and deposition of gravels by the Orange
River, onto an inner shelf dominated by waves and sand bypassing (Green et al., 2024). The gravels have thus
subsequently become concentrated, with repeated regressive/ transgressive cycles over the Pleistocene creating
merged gravel bodies that on the southern Namibian shelf, are difficult to distinguish from each other
(Kirkpatrick, Green, et al., 2019). The distribution of gravel in the study area reflects an initial thin blanketing
of Pre-Proto and Proto-Orange gravels of end Eocene to late Oligocene age. These correspond well with the
assumed late Oligocene age of the underlying H1 surface (Green et al., 2024). Their occurrence in the dendritic
channels to seaward possibly relates to the development of lowstand channel lags (cf. Nordfjord et al., 2006)
and the preferential accommodation offered by the channel forms. Elsewhere, the thin cover of Proto-Orange
gravel is likely related to gravel dispersion by the long-prevailing energetic littoral processes (Bluck et al.,

2007) coupled to the shallow bedrock-controlled accommodation of H1.

One of the few areas where abundant accommodation existed was in the rocky embayment formed in the
western bedrock ridge. No fluvial paths can be traced through the embayment; therefore, subaerial erosion of
the deposits was likely limited (Fig. fluvial courses). Further, the steep backing topography in the bedrock
created a backstop for barrier-beach rollover following the rising sea levels of the Miocene (Fig. 6.3). The
initial pulses of gravel to the area could thus be reworked and stored in this repository forming an embayed

gravel beach, fronted by a strait to seaward.

The second pulse of gravel deposition, Unit D, likewise blanketed the shelf and exploited low points that were
not completely filled by the previous gravel pulse. Figure 5.6d shows that much of the remaining
accommodation in the bedrock embayment was filled, and that the gravels prograded and were entrained into
the strait. There they were subjected to wave action and littoral drift processes, causing a northward extension
of the gravel body which remained pinned against the linear portion of the western ridge to form a linear beach
(e.g. Spaggiari et al., 2006). The final gravel pulse caused a similar pattern to emerge, but with a significantly
thicker accumulation of material in the embayment (Fig. 5.6e). The composite linear beach that formed is of a

similar internal structure and morphology to zones A and B of Spaggiari et al.’s (2006) model (Fig. 6.2).
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The linear beaches along the exposed mid-inner shelf of the area were ultimately preserved due to two main
reasons. 1) the thick gravel accumulation of up to 10 m of cobbles and pebbles has a substantial inertia to
overcome by wave base reworking during transgression (e.g. Cooper et al., 2018). 2) the Holocene material
was overstepped by the punctuated rises in sea level of the Holocene (e.g. Green et al., 2014) (Fig. 6.3). The
seaward depth of the youngest gravel beach (~70 m) matches a period of very slowly rising sea level preceding
MWP-1B (Fig. 6.3), allowing the beach to prograde (as seen in the sub bottom data-Fig. 5.3). This phase of
progradation was followed by MWP-1B where a subsequent rapid rise in sea level from -58 to -40 m occurred
between 11.5 and 11.2 cal Ka BP (Runds et al., 2019).
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Figure. 6. 3. Regional sea-level curve for southern Africa (Adapted from Cooper et al., 2018).

Runds et al. (2019) and Kirkpatrick et al. (2019) describe the development of gravel beaches offshore the
Oranjemund area of southern Namibia. The southernmost examples were considered to be wave-sheltered,
with steeply dipping foresets to both landward and seaward, and with beach accretion at its maximum and
sediment supply coarsest due to the proximity to the Orange River mouth (Kirkpatrick et al., 2019). When
compared to the more northern examples, the beaches had no lagoonal components to landward and thus
differed fundamentally from the barrier spit examples recognised onshore by Spaggiari et al. (2006) and

offshore by Runds et al. (2019).
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The submerged gravel beaches offshore Hottentot’s Bay displays a combination of the southern submerged
beaches of Kirkpatrick et al. (2019), with the inner-shelf being wave-sheltered by the eastern ridge and
protected by the embayment. Likewise, the steep backing topography limited accommodation for any back
barrier environments to form, and instead gravel aggradation of multi-stacked beaches has occurred. Cooper
et al. (2016), attributed the preservation of overstepped sandy barriers to wave-sheltered locations, rapid sea-

level rise and rapid burial of shoreface sediments, giving rise to aggradation.
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Figure. 6.4. Conceptual model of gravel stacking and development of the Units C-E.
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Geological summary:

a)

b)

d)

Gravel fills valleys of the dendritic depressions in H1 during the Oligocene phase of gravel

delivery.

Relative sea-level rise of the Miocene produces a shelf-wide lag of gravel (Unit C), and stacks
Unit D gravels into an aggradational/progradational deposit in the available accommodation
of the bedrock embayment via rollover. Sporadic deposits are left behind as partially

overstepped gravel shorelines.
Pliocene relative sea-level fall delivers Meso-Orange gravels.

Pleistocene rise and fall in relative sea level produces a lag on the shelf of mixed Proto and
Meso components. Another phase of aggradation and progradation occurs of a second stacked
gravel beach in the embayment (Unit D). This progrades out of the embayment to form a

linear beach along the eastern part of the rocky strait.

Holocene transgression causes a retrogradational stacking on top of the older gravel units
which is preserved by overstepping due to MWP-1B, in addition to the deposit inertia and

anchoring point in the antecedent topography.
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Chapter 7: Conclusion

The southern Namibian shelf, one of the most energetic shelf environments globally, experienced
significant sediment bypass due to hinterland uplift during the Late Cretaceous to early Cenozoic.
Subsidence-induced accommodation was thus limited leading to sediment accumulation
predominantly controlled by the shallow bedrock framework, persistent wave energy, and cyclical

sea-level changes.

Using a pseudo 3D grid of ultra-high resolution sub bottom profiles, and several thousand boreholes,
the morphology of palaco-land surface (H1) over which the unconsolidated materials of the shelf now
lie was reconstructed. H1 comprises a weathered bedrock surface, lined with a thin veneer of saprolite
or clay, which in turn is mantled by Eocene-age sandstones. The overlying unconsolidated sediment
comprised four seismic and lithostratigraphic units (C-F). The lowermost gravel Units C and D were
delivered to H1 in several pulses corresponding to the late Oligocene, early to mid-Miocene and late
Pliocene/Pleistocene. These formed widespread deposits that, over multiple phases of regression and
transgression formed lowstand lags in small channels of the inner shelf edge, and a thickly developed
embayed beach on the innermost shelf. The bedrock-hosted embayment in which the beaches
developed fronted a rock-bound strait and provided preferential accommodation for multi-stacked
gravel beaches. These contrast with the barrier spit and back barrier sequence preserved to the south,
closer to the Orange River and indicate a limited accommodation and depositing surface that was too

steep to form lagoonal back barrier conditions.

Once the embayed accommodation was filled, material spilled out into the strait and formed linear
beaches subject to littoral drift, anchored to landward by a bedrock high. These linear gravel beaches,
with their significant resistance against wave reworking have remained preserved due to
overstepping. This was promoted by the coarse grain sizes, and stepped rises in sea level, notably

MWP-1B of the Holocene.

It is strongly recommended that further sampling for dateable material be undertaken, so as to better
constrain the age of formation of each gravel beach. This should encompass Optical Stimultaed
Luminescence dating on the sandier unconsolidated sediments, together with dating of the whole shell
gravels by radiocarbon means. Further suvryeing to the south of the study area would allow the beach

morphology to be inspected at the regional scale, and linked to modern day littoral processes.
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Appendix 1

Publication entitled “Antecedent controls of bedrock and shelf width dictate multiple cycles of
geological inheritance on the central continental shelf of Namibia” by, Green, A.N., Senna, W.,
Cooper, J.A.G., Heeralal, T. and Labuschagne, H., 2024.
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ARTICLEINFO ABSTRACT

The Namibian inner conti 1 shelf i ly north of the Orange River delta is sedi -poor, dominated

- by outcrop of metamorphic basement with a scarcity of sandy cover. Using a combination of high and very-high

Editor: Michele Rebesco

Keywords: resolution geophysical tools and drill cores, an examination of the evolution of the inner shelf stratigraphy and
Antecedent setting geomorphology shows persistent antecedent bedrock controls throughout the Pleistocene.

s::::iﬁ:;‘:':oh The bedrock of the inner shelf comprises schists, in places overlain by Eocene sandstones, over which a
i etk e subaerial unconformity (H1) formed in the late Oligocene. H1 was repeatedly re-occupied during succeeding
Namib Sand Sea transgressive /regressive cycles, creating a backstop for erosion/sedimentation and creating a repeating topog-
Orange Delta raphy on which transgressions took place. Apart from localised development of Miocene phosphatic limestones,

little sedi has since acc lated. Large-scale karst weathering of the limestones reflects several periods of
subaerial exposure most recently during the Quaternary lowstands of sea level including MIS 2 and 1.

Thin Quaternary cover, housed within depressions on the H1 surface is predominantly preserved in the lee of
bedrock ridges, behind which shallow and occasionally hypersaline lagoonal conditions developed. These pre-
served back-barrier sedimentary sequences developed post-MIS 5 (previous phases were either eroded/weath-
ered or not deposited). Dolomite precipitation occurred when sea-level stabilised at —75 m 37,000 cal BP and
restricted lagoonal conditions prevailed.

Currently, there are very limited MIS 2/1 deposits preserved above H1. The absence of thick sand cover,
adjacent to and downdrift of the Orange River delta, suggests that the onshore diversion of sand that currently
supplies the Namib Sand Sea also operated during lower sea levels, related to the bedrock control and lack of
accommodation in surface H1. This persistent onshore diversion of sediment throughout the Quaternary has
implications for sediment source as well as budget calculations for the Namib Sand Sea.

1. Introduction near Liideritz to form the modern Namib Sand Sea (Corbett, 1993;

Spaggiari et al., 2006) (Fig. 1) which, in turn, blocks potential fluvial

The inner shelf of Namibia comprises a broad and mostly planar
swath of seafloor, that with increasing distance north of the Orange
River and its subaqueous delta (the main sediment delivery point),
displays a systematic series of changes in the shelf geology and
morphology. In the south, adjacent to the river mouth, the inner shelf
comprises a submerged wave-dominated delta with accumulations of
sediment up to 60 m-thick (Kirkpatrick et al., 2019a). Underlying
bedrock controls on the inner shelf morphology become increasingly
evident to the north. This is especially pronounced where sandy material
from the Orange River, entrained in the littoral zone, is diverted onshore

* Corrresponding author.
E-mail address: greenal@ukzn.ac.za (A.N. Green).

https://doi.org/10.1016/j.margeo.2024.107242

inputs along 350 km of shoreline behind substantial coastal dunes
(Compton et al., 2001).

Deprived of littoral sediment, the Namibian inner shelf north of
Lideritz presents a unique opportunity to examine the controlling ef-
fects of antecedent geological framework on the stratigraphy and geo-
morphology of the shelf (e.g. Lentz and Hapke, 2011; Schwab et al,,
2014; Kirkpatrick and Green, 2018). Although shelf evolution is inter-
twined with evolving sea levels and changing rates of sediment supply,
the relative balance between the three drivers (sea level, sediment
supply and geology) can be examined and the evolutionary trajectory of
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the shelf revealed based on underlying preconditioning factors. Exposed
rock strongly influences energy dispersion during wave ravinement
(Aleman et al., 2015), with the palaeo-bathymetry modifying the wave
regime (Riggs et al., 1995) and in turn, the evolving stratigraphy of the
nearshore coastal system as it is drowned during transgression.
Despite the acknowledged importance of the role of antecedent and
geological conditioning on shelf development, it is not well illustrated
from the literature. Notable exceptions include studies from the conti-
nental shelf and coast of southern Namibia (Kirkpatrick and Green,
2018), SE Africa (Engelbrecht et al., 2022), Virginia (Shawler et al,
2021), North Carolina (Riggs et al., 1995), New Jersey (Hapke et al.,
2010), and the Outer Hebrides of Scotland (Cooper et al., 2012). Using a
combination of ultra-high resolution sub-bottom profiles, multibeam
bathymetry and backscatter, in addition to over 1300 boreholes, we
examine the development of the inner shelf offshore Saddle Hill, directly
seaward of the Namib Sand Sea (Fig. 1). These data were collected

|
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primarily for marine diamond exploration by Trans Hex Marine (Pty)
Ltd., however their density, resolution and location provide significant
insight into the morphological and stratigraphic evolution of continental
shelves in the context of inheritance of antecedent morphology and
geological framework.

2. Regional setting

2.1. Physiography and offshore regional stratigraphy

The Namibian continental margin is a passive volcanic margin
(Clemson et al., 1997; Gladczenko et al., 1997) with a wide shelf that
extends up to 230 km offshore and a shelf break as deep as 500 m below
sea level (Rogers, 1977; Dingle et al., 1983). The margin may be divided
into four distinct morphological regions from the coast to seaward. The
shallow areas are marked by a nearshore rocky platform to ~30 m
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Fig. 1. Locality map of the study area offshore Saddle Hill, Namibia, outlining the regional bathymetry of the inner shelf. Grey lines denote the coverage by TOPAS
sub-bottom profiles, white circles denote drill cores from this study, red circles denote vibracores from Compton et al. (2001). Red lines indicate specific seismic
reflection profiles referred to in text. The locations of lithological samples in Fig. 4 are noted. In inset, Langeb. = Langebaan. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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depth, with the inner shelf extending to an approximate depth of 130 m
where a wave-cut terrace or notch marks the lowstand shoreline of the
last glacial maximum (LGM) (Rogers, 1977). The outer shelf is a low
gradient feature (<1°) that extends from depths of around 200 m to 500
m (Rogers, 1977; Bremner, 1978; Rogers and Rau, 2006). The inner shelf
has a characteristic topographic profile marked by a step-like bedrock
morphology, interpreted to represent wave-cut platforms and cliffs
formed during sea-level still-stands (Hallam, 1964; Murray et al., 1970;
Stocken, 1978; Jacob et al., 2006; Kirkpatrick and Green, 2021).

Precambrian basement schists of the Spencer Bay Formation are
exposed in the nearshore and occasionally form the rocky headlands of
large-scale crenulated coastal compartments. On the inner shelf these
schists crop out, together with schists, phyllites and quartzites of the
Gariep Belt, with a thin cover of Cenozoic successions to seaward. The
latter are relatively thin, with only a few documented occurrences of
Neog hosphatic  li and stiff clays/claystones
(Bremner, 1978; Compton and Bergh, 2016).

The Precambrian bedrock surface is marked by a gravel-rich basal
bed that was formed by repeated reworking of shelf sediments as the
shoreline migrated across the shelf in response to Cenozoic and Qua-
ternary sea-level fluctuations (De Decker, 1986; Kirkpatrick et al.,
2019a). Much of the shelf lacks a significant Quaternary cover, with
occasional mud and sand depocenters up to 6 m-thick that overlie the
bedrock or gravels (Compton et al., 2001).

aged T

2.2. Sediment supply and coastal regime

Since the break-up of Gondwana between ~180 and 130 Ma, several
hundred thousand km® of rock were eroded from the Southern African
sub-continent (Tinker et al., 2008; Guillocheau et al., 2012), with a
maximum rate of accumulation in the Atlantic rift basin during the
Upper Cretaceous (late Campanian), associated with a phase of
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hinterland uplift (Guillocheau et al., 2012) (Fig. 2a). Siesser and Dingle
(1981) identified two further phases of hinterland uplift in the Lower
Palaeocene and the Middle Oligocene (Fig. 2a). However, other authors
recognise only one main pulse of uplift spanning 93.5 to 66.5 Ma that
followed a phase of margin retrogradation 131-93.5 Ma (Baby et al.,
2018). The shelf break, as reflected in the modern day, is a relic of the
late Campanian uplift (Baby et al., 2018). This is superimposed by a late
Oligocene unconformity formed by a less prominent phase of later uplift
(Baby et al., 2018) within an overall prevailing phase of subsidence.

The Orange River, the principal conduit of sediment to the west coast
of southern Africa, was established by the early Cretaceous (Dingle and
Scrutton, 1974) and has drained the interior plateau of southern Africa
since then (Dingle and Hendey, 1984; Aizawa et al., 2000; Bluck et al.,
2007). Despite a reduction in the rate of sediment delivery to the margin
in the Cenozoic (Guillocheau et al,, 2012), the Orange River has
continued to be the dominant sediment source to the southern Namibian
coastline (Jacob, 2005). By the middle Eocene, it had entrenched its
meandering form into the bedrock, fixing the mouth in approximately its
present position (Jacob, 2005; Bluck et al., 2007; Kirkpatrick and Green,
2018) to form a subaq d delta offshore the Orange
River (Fig. 1).

At present, the river delivers a predominately finer-grained load to
the inner shelf than in the past, comprising fine gravel, sand, silt, and
clay (Bluck et al., 2007), the finer components supplying the littoral
zone for over 1600 km to the north into southern Angola (Garzanti et al.,
2018). Coarser materials are concentrated along the southern Namibian
coast and shelf up to Chameis Bay (Spaggiari et al., 2006; Runds et al.,
2019). Most sandy sediments are retained in the modern wave zone and
directed towards the NW by a vigorous longshore drift and « ly
high wave energy (Bluck et al., 2001, 2007) which has persisted since
the middle to late Cenozoic (Spaggiari et al., 2006; Bluck et al., 2007).
Wave refraction at headlands causes deposition of the sand in bays

ous wave-d
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(Corbett, 1993). At certain points associated with coastal inflection
points, sand is returned onshore to contribute to the main Namib Desert
Sand Sea (Lancaster and Ollier, 1983; Corbett, 1996; Bluck et al., 2007).
The mud fraction delivered by the various rivers (most notably the Or-
ange River), is transported by bottom waters to form an up to 15-m-thick
Holocene-age mud belt along the inner to mid shelf between ~ — 50 m
and — 140 m (Bremner, 1978; Compton and Bergh, 2016).

The gravel fraction conversely forms a series of Plio-Pleistocene-
Holocene age narrow beaches, which in various forms, extend along
the coast for thousands of kilometres north of the Orange River mouth
(Bluck et al., 2001; Spaggiari et al., 2006) (Fig. 1). Raised diamondif-
erous gravel beaches are predominantly floored by siliciclastic rocks of
the late Proterozoic that have been bevelled into a series of marine-cut
platforms representative of various Quaternary high sea-level stands
(Jacob et al., 2006; Kirkpatrick et al., 2019b).

2.3. Sea-level fluctuations

Throughout the Cretaceous period and up to the start of the Pleis-
tocene, relative sea level was driven by tectonic processes (Siesser and
Dingle, 1981). The pulses of hinterland uplift responsible for margin
progradation (see sediment supply section) also contributed to relative
sea-level lowstands (e.g. in the late Campanian-Baby et al., 2018)
(Fig. 2a), though the magnitude of these is uncertain and not reflected in
the global sea levels of Miller et al. (2005). Siesser and Dingle (1981)
recognised phases of sea level fall in the Middle Oligocene, Upper
Miocene and Upper Pliocene (Fig. 2a), and Baby et al. (2018) report an
approximate 350 m sea level fall from the late Eocene highstand
shoreline to seaward of the late Oligocene shelf break.

Sea-level fluctuations linked to glacio-eustasy have governed the
prevailing energy over the shelf and have been the dominant controls on
sediment distribution and stratigraphy for the past two million years
(Pether et al., 2000; Rogers and Rau, 2006). During this time the inner
shelf of the west coast of southern Africa has been influenced by multiple
transgressive/regressive sea-level cycles (Fig. 2b). The most recent
major sea-level low stand corresponds with the Last Glacial Maximum
(LGM), when sea levels were ~ 120-130 m below those of the present
~22,000 BP (Spratt and Lisiecki, 2016). There is poor constraint on the
timing of the shoreline occupation offshore Namibia and South Africa
during the LGM; however, results from a similar far-field site, the Great
Barrier Reef of Australia, indicate a shoreline occupation at ~100 m
depth up to 21,900 cal BP, followed by a 20 m drop over the next 1400
years (Yokoyama et al., 2006) (Fig. 2b). This was followed by a rise in
sea level to 104 m at 19000 cal BP.

Since the LGM, the postglacial sea-level rise has been episodic, with
periods of slowly rising sea level interspersed with rapid rates of sea-
level rise (Fig. 2c). Around the southern African coast, a regionally-
developed palaeo-shoreline has been recognised at —100 m and has
been linked to a still-stand during the Bglling-Allergd transition period
~14,500 yr BP (Salzmann et al., 2013; Green et al., 2014; Green et al.,
2020) (Fig. 2b). Global records indicate this still-stand was followed by
abrupt warming in the Northern Hemisphere at the Bglling transition
~14,650yr BP. This coincided with accelerated melting of ice sheets and
a spike in the rate of sea-level rise, termed Meltwater Pulse (MWP) 1 A
(Fairbanks, 1989; Blanchon and Shaw, 1995). MWP 1 A was manifested
by arise in sea level of 12-14m over ~340yr at a rate of at least 4cmyr-
1 (Deschamps et al., 2012). This sudden rise in sea level was followed by
relatively slower rates of sea-level rise (Blanchon and Shaw, 1995),
notably the Younger Dryas interstadial (Abdul et al., 2016). During this
period of relatively slowly rising sea levels, barrier shorelines formed
along the southern Namibian coastline between 14,000 and 13,300 cal
BP (Runds et al., 2019). These features were preserved by another spike
in sea level associated with MWP-1B, where sea levels rose from —58 to
—40 m between ~ 11,500 and 11,200 yr BP (Liu et al., 2004; Liu and
Milliman, 2004). During the late Holocene (the past 6000 years), sea
level reached its present level, with a highstand of ~3 m at 6280 cal BP,
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before dropping to present-day sea level ca. 3000 cal BP (Cooper et al.,
2018).

3. Methods
3.1. Geophysical data

The study area was surveyed using a high-resolution Kongsberg EM
710 multibeam echosounder deployed off the MV DP Star in two
different campaigns (March 2021 and September 2021). The data were
positioned with a C-Nav 3050 DGPS and a Kongsberg Seapath 200 IMU,
and sound velocity corrections were made using a Valeport Midas Mini
Sound Velocity Profiler. These data span an area of ~170 km?.

The bathymetry data were processed using QPS Qimera and the
soundings reduced using the predicted tide charts for the area (Navy,
2021). The final bathymetry was gridded at a 0.5 m cell size to obtain the
best possible resolution. Backscatter data were collected simultaneously
and processed using the Geocoder utility in Qimera. Additional side scan
sonar data were collected using a Klein 2000 digital side scan sonar, with
the 500 kHz channel and a scan range of 75 m. The data were processed
using the Klein SonarPro software, where the bottom was manually
tracked, the data were filtered, time varied gains applied, the channels
balanced for contrast, and the nadir zone removed for seamless
mosaicking. The final backscatter and side scan sonar data set resolves to
a mosaic pixel approximating 0.5 x 0.5 m.

The sub-bottom was examined using a TOPAS PS40 parametric sub-
bottom profiler. The data were collected using a Chirp LFM pulse and
match filtered using the Kongsberg SBP utility where transducer motion
was also modelled using the inputs from the Kongsberg Seapath 200.
The final RAW TOPAS files were exported as full waveform data to SEG-
Y format with a resolution of <20 cm. The data were collected at a grid
spacing of ~100 m with occasional closer spaced lines up to 50 m apart
(Fig. 1).

The sub-bottom data were interpreted using Geosuite Allworks
where the seabed was manually tracked. Gain, swell filtering, and water
column muting were then applied. Multibeam bathymetry was acquired
simultaneously to the sub-bottom data for the purposes of absolute
depth correction of the sea floor and sub sea floor reflectors. The various
stratigraphic horizons were converted from two-way travel time (TWT)
to depth by using constant velocities of 1500 m/s for seawater and 1600
m/s for sediments. These were chosen based on standard published
values for the shallow Namibian shelf stratigraphy (Kirkpatrick et al,,
2019a).

3.2. Lithological data

Geological data were acquired from drill hole data recorded in the
field for 1384 boreholes (Fig. 1). The boreholes were drilled following a
50 m grid pattern in some areas, dictated by the interpretation of pre-
vious seismic and bathymetric data. Samples were obtained using a 5 m®
reverse circulation (RC) drilling apparatus capable of drilling to a
maximum depth of 8 m. Drilling was limited to areas within the study
site where the water column depth exceeded 30 m due to restrictions
associated with the sampling vessel. Sub-sampling of materials for age
dating was not possible due to the diamond content and restricted access
to associated materials. Due to the nature of the drilling technique,
samples are returned as chips, blocks or fragments as opposed to
continuous core.

Additional legacy vibracore data were integrated into the geophys-
ical interpretations. Lithological descriptions (Compton et al, 2001)
were used to refine the upper 5 m of the unconsolidated sediment
package in this study. The geochronology of the upper packages was
further constrained by 14C analyses (Compton et al., 2001).
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4. Results

4.1. Seafloor geological framework

The acoustic facies of the study area (Fig. 3; Table 1) are dominated
by a mixture of low-relief, low and even-toned backscatter and low-
relief, high-backscatter seafloor (Fig. 3a). Two coast-parallel strips of
low-relief, high backscatter areas are evident, with the landward por-
tions slightly more irregular in tone, with multiple irregular coast-
oblique ridges of higher backscatter (Fig. 3 inset i). To seaward, the
higher backscatter facies lack the higher backscatter ridges and display a
series of intersecting lineaments of low, even-toned backscatter (Fig. 3
inset ii). At the seaward edge of the study area, an area of even-toned
high backscatter occurs in which polygonal areas of smooth homoge-
nous low backscatter occur.

The main high backscatter areas are separated by areas of smooth,
even-toned backscatter, and an extensive zone with mottled higher
backscatter and rippled texture abutting areas of high backscatter (Fig. 3
inset iii). The outer portions of the study area are mostly dominated by
low, even toned backscatter.

The high-backscatter zones with coast-oblique ridges represent the
seaward extension of Precambrian schists of the Spencer Bay Formation
that crop out along the coastline of the study area (Fig. 4a). To seaward,
higher backscatter zones with intersecting lineaments represent outcrop
of the Gariep Belt schists and quartzites (Fig. 4b). The seaward-most,
high backscatter facies represents p of phosphatic limest
(Fig. 4c).
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The low, even toned backscatter represents recent shelf muds and
sands that drape the low points of the hard rock features and fill frac-
tures in the bedrock surfaces (the low backscatter lineaments). Perva-
sive, mottled backscatter seafloor represents coarser gravelly or sandy
material that often occurs in association with the rocky seabed.

4.1.1. Seismic stratigraphy, lithostratigraphy and unit distribution

Two regional reflectors, Horizon 1 (H1) and WRS (Fig. 5) and five
seismic units, A-E (Figs. 6-10), were identified in the study area
(Table 1). Seismic units were defined by their internal reflection con-
figurations, reflection amplitudes, termination patterns and bounding
reflectors. Most units were also intersected by the various drill holes of
the study area (Fig. 1), allowing the sub-bottom record to be reconciled
with the regional lithostratigraphy described by Aizawa et al. (2000)
and Stevenson and McMillan (2004). Isopachs of the various units,
derived from a combination of core and sub-bottom data, are presented.

4.1.2. Regional reflector H1

H1 forms an erosional high amplitude reflector that truncates the
lower portions of the stratigraphy (Figs. 6-10). The morphology of H1
reveals a N-S coast-elongate bedrock depression fringed by coast parallel
ridges of bedrock that crop out at —40 m and — 50 m respectively
(Fig. 5a). The H1 depression is up to 20 m in relief and is 4 km-long and
2.5 km-wide. The general pattern of post-H1 sediment thickness reflects
a dearth of sediment to seaward of the western ridge (Fig. 5b). A thin (<
0.7 m) veneer of post H1 material drapes the outer portions of the inner
shelf, out to the 120 m isobath (Fig. 5b). The thickest accumulations of

Precambrian schists

37505 000
Mcters

I Bcdtom ficlds

Fine sands and muds
B Course sand und gravel

B Phosphatic limestone pavement
I 1igh relief phosphatic limestone

1250 2500 3750 5000
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Fig. 8. a) Merged side scan sonar and backscatter mosaic of the study area. b) Seafloor geology of the area based on acoustic facies and drill core samples. Inset i)
coast oblique, high relief ridges of high backscatter surrounded by even-toned, low backscatter. Inset ii) Even-toned high backscatter seafloor with polygonal shapes,
and intersecting lineaments marked by high backscatter. iii) Mottled, high backscatter seafloor with rippled textures.
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Table 1
Seismic stratigraphic units, description of seismic facies, intepreted depositional environment and age.
Unit/ Underlying Description Internal Reflection Interpreted Depositional Primary Lithology Age
Surface Surface/Units Environment
Unit A n/a Rugged I High amplitudes and low - medi Acoustic b Schists and quartzites Precambrian /
when exposed frequency,chaotic in character, limited Proterozoic
penetration
n/a Thin (at lutionof Low litude and . parallel to Chemical erosion and Saprolite Palacocene?
the sub-bottom dats)  sub-parallel, indistinct weathering
n/a Thin (at resolutionof ~ Low litude and fr parallelto  Mechanical westhering, Clay Palacocene?
the sub-bottom data)  sub-parallel, indistinet wave transport of residual
weathered material
Unit B n/a Localised pesked Low - medium frequency, low to high Marine, possibly shallow Sandstone with Eocene
bodies amplitude, downlapping sets, sub-parallel  subtidal Diplochaetstes longitubus
Hl Units A and B Continuous surface, High amplitude Subaerial unconformity/ n/a Early Eocene
forms depression incised valley
Unit C H1 Pinnacled upper Continuous surface Marine Phosph 1 i
surface forming (Burdigalian)
polygonal
depressions
UnitD Units A, B, C, Often forms basal High litude, low to medi L d gravel lag Gravel carly Miocene to
H1 layer in depressions frequency, chaotic deposit / postglacial late Quaternary
of H1 transgression
UnitE Units A, B, C, Capping h Al ing high and low amplitud Mixed Pleistocene to
H1 d q 8 dational recent
continuous parallel with minor wavy
patterns, onlaps high points of H1
Sub-unit n/a n/a Shoreface Lower sand, mud, Pleistocene
El dolomitised in places
Sub-unit n/a High litud i ) ional ‘Wave ravinement surface Shell hash, Turritela Pleistocene
B2/ truncation declivis, Fusinus
WRS ocelliferus, Fhacoides
saldanhae
Sub-unit n/a Low amplitude, continuous Modem shelf regime Mud and sand Holocene

Fig. 4. a) Precambrian schists of the Spencer Bay Fm. b) Schists and quartzites of the Gariep Belt. c) Phosphatic limestone marked by Trypanites sp borings. See Fig. 1

for sample sites.

unconsolidated sediment occur in the main depression between the
western and eastern ridges of outcropping rock. A distinct depocenter to
the north is apparent, with a second depocenter with greater variations
in sediment accumulation to the south. The southern depocenter com-
prises coast-parallel, linear to sinuous accumulations of sediment 1-4 m-
thick (Fig. 5b). A sinuous feature occurs to the south of the northern
depocenter, with ribbons of sediment >3 m-thick, and from 150 to 300
m-wide.

4.1.3. Regional reflector WRS (wave ravinement)

The regional reflector WRS has a moderate amplitude surface and
spans the entire area (Figs. 6-10). The surface mostly mirrors the un-
derlying H1 surface (Fig. 5¢). Where bedrock crops out, the WRS
steepens and often merges with H1 to form a composite erosional surface
at the seabed (Figs. 6-10). The scattered material that overlies WRS is
locally up to 3.5 m-thick, mostly associated with low points in the H1
and WRS elevations (Fig. 5d). Three main depocenters are recognised; a
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seaward depocenter that trends roughly coast parallel, a depocenter in
the south formed in the H1 depression, and a northern depocenter
associated with a bowl-shaped depression in H1 (Fig. 5b, d).

4.1.4. Unit A: schists, quartzites (acoustic basement) and weathering
residues (saprolites and clays)

Unit A forms the acoustic basement and occurs throughout the study
area (Figs. 6-10). It is represented by acoustically chaotic, high ampli-
tude internal reflections, truncated by H1. Drilling reveals this unit to
comprise micaceous schists (Fig. 4a) and quartzites of the Namaqua
Metamorphic Complex and Gariep Belt, respectively. Overlying the
acoustic basement are isolated patches of very thin saprolites and clays,
derived as weathering residues from the schists. They are generally too
thin to distinguish from the acoustic basement in sub-bottom profile and
are more apparent from drill samples where they appear as <20 cm-
thick horizons. These comprise clay-rich layers with remnant pieces of
weathered schist still present (Fig. 11a). Clay layers occur as grey
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Fig. 5. a) Sunshaded relief image of the H1 surface elevation relative to mean sea level. Note the N-S trending depression in the bedrock, with an eastern and western

bedrock high. b) Post-H1 sediment isopach map of the study area with a northern
lack of sediment seaward of the western ridge. c) Sunshaded relief image of WRS.

depocenter, and a southern depocenter of more irregular sediment cover. Note the
A similar trend in morphology to H1 occurs. Due to the difficulty in mapping WRS

from sub-bottom profiles alone, certain areas are not able to be reconstructed (marked uncertain). d) Post-WRS sediment isopach map (Unit E3), outlining the main

post transgressive ravinement depocenters.

deposits without remnant rock pieces, are fossil-free and often form
spherical to rod-shaped mudballs, associated with surface H1 (Fig. 11b).

Saprolite is distributed sporadically in isolated pockets within the H1
depression and exclusively to landward of the western ridge of
outcropping schist (Fig. 12a). A maximum saprolite thickness of ~0.5m
is found in the northern depocenter in H1 (Fig. 12a). The weathered clay
is found on the landward edge of the western ridge and to the west-
ernmost extent of the area, forming deposits that are up to 40 em-thick
(Fig. 12b).

4.1.5. UNIT B: sandstone

Resting within the lows between basement highpoints are numerous
patches of material comprising bodies of acoustically opaque to chaotic
reflections. These often form localised peaks around which the overlying
sediments onlap or drape over (Fig. 6 insets). Drilling reveals these to
comprise sandstones (Fig. 11c) with abundant tubes of the early Eocene-
age polychaete Diplochaetetes longitubus (Fig. 11d) (Pickford and Senut,
2002). Sandstones are mostly present in the landward (lee side) of the
western ridge of Unit 1 and may reach 1.8 m-thick (Fig. 11c). The tops of
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these sandstones are truncated by H1.

4.1.6. UNIT C: phosphatic limestone and phosphorites

Unit C overlies H1 and rests atop the schists at a depth of 110-120 m
at the seaward-most edge of the study area (Figs. 10). Its presence is
marked by a pinnacled upper surface and subsurface topography, with
high amplitude chaotic to wavy internal reflections that are distinct
from the more complex, chaotic reflections of the schists beneath
(Fig. 10). Each pinnacle of Unit C marks a near vertical surface, that
separates bowl-shaped depr These depr terminate on the
boundary between Unit C and the schists (Fig. 10) and are filled with
sediments of Unit E (see below) rich in pelletal phosphorites (Bill Ludick
pers. comm). Boreholes reveal the material to comprise a Trypanites sp-
bored, dense, black phosphatic limestone (Fig. 4c). The base of this unit
is difficult to discern in the sub-bottom reflections, hence a detailed
isopach was not created.

4.1.7. UNIT D: basal gravel bodies
Throughout the area, deposits comprising high amplitude, chaotic
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Fig. 6. Very high-resolution, coast perpendicular TOPAS sub-bottom profile (top-uninterpreted, bottom-interpreted) detailing the fill succession of the H1
depression. Insets show positions of cores relative to high resolution, full waveform enlarged sub-bottom data.

and occasionally transparent reflections, can be observed (Figs. 6-9).
These occur in depressions and scours in the H1 horizon and take the
form of several, metre-thick packages, or wedges trailing off high points
in the acoustic basement and sandstones of Unit B.

Drill data reveal Unit D to be composed of gravel (Fig. 11e), with a
variety of clast sizes and compositions including granules to large cob-
bles of schist, quartzite, phosphatic li and vol
terial. Unit D is in places truncated by WRS. These deposits are found in
greatest thicknesses in the H1 depression at depths of 60-75 m and are
often discontinuous along-strike forming small depocentres ~1 km? in
extent (Fig. 12d). Though no dates could be assigned to this unit, various
authors consider the regional scale gravel body that extends from the
Orange River to be a multi-phase regressive/transgressive deposit that
spans the early Miocene to late Quaternary (Compton et al., 2002;
Lodewyks, 2010; Kirkpatrick et al., 2019a, 2019b).

lastic ma-

3: Yitod codi

4.1.8. UNIT E: young lidated and semi

Unit E caps the stratigraphy and comprises a seaward tapering wedge
of horizontal-parallel, continuous, and at times sub-horizontal reflectors
(Figs. 6-10).

Unit E is composed of sub-units E1, E2 and E3. Though not providing
continuous core, the RC drill data reveal E1 to comprise a basal sand that
occurs below the WRS, or in certain instances replaces it (Fig. 9). The
basal sand unit reaches a maximum of 2.5 m-thick (Fig. 12e).
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4.1.9. Legacy core data

Legacy vibracores described by Compton et al. (2001) reveal a more
subtle sedimentary succession than what can be discerned from the sub-
bottom data. These show an overlying calcareous muddy component to
El, with occasional dolomite-cemented sandy lenses (Fig. 9). Most
vibracores terminate in the dolomitised sandy succession with some
terminating in the gravels of Unit D.

Sub-unit E2 comprises bioclastic-rich gravels (shell hash) with valves
of Turritela declivis, Fusinus ocelliferus and Phacoides saldanhae, in addi-
tion to pebbles of schist and quartzite (Fig. 11f). This upper gravel can be
distinguished from the lower gravel (Unit D) by its high bioclastic
content and finer grain size. The unit is unevenly distributed with
marked variations in thickness (Fig. 12f).

Despite not being sampled by the vibracores, the succession is topped
by a layer of soft sand or mud of sub-unit E3, characterised by initial
sinking of the drill tool into the substrate (the post-WRS sediment). The
thickest successions occur in the depression between the eastern and
western ridges of Unit A, forming depocenters up to 3.5 m thick
(Fig. 5d).

Radiocarbon dates indicate a Pleistocene age for most of the un-
consolidated sediments (Fig. 9) (Compton et al., 2001). The shell hash of
unit E2 (~ 70 m deep) was dated at 11000 + 200 cal ka BP, and the
underlying st ion of dolomit: d calcareous sands at 37200
+ 140 cal ka BP, placing their cementation during MIS 2 (Fig. 9).
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Fig. 7. Very high-resolution, coast perpendicular TOPAS sub-bottom profile (top-uninterpreted, bottom-interpreted) detailing the fill succession of the H1
depression. Insets show positions of cores relative to high resolution, full waveform enlarged sub-bottom data.

4.2. Seabed morphology

The landward-most portions of the mid-shelf are represented by
mostly flat, low gradient sediment-draped seafloor, with occasional
outcrop of the schists of Unit A (Fig. 13). A very well-defined, 850 m-
wide, N-S trending outcrop of Unit A forms a high point on the seabed
with smaller, isolated ridges of Unit A to seaward surrounded by flat
seafloor. This flat seafloor is bordered to the west by a second ridge of
Unit A. This ridge is up to 3 km-wide and marks the most seaward
outcrop of the schist basement. The intervening seabed between the two
ridges forms a broad, 20-m deep, N-S trending seafloor depression, the
morphology of which mirrors the underlying palaeo-topography of H1
(Fig. 5a).

The seaward-most outcrop of Unit A terminates in a 1.5 m-high cliff,
the NW-SE trend of which is similar in morphology to that of the modern
coastline (Fig. 13). The cliff occurs at a depth of ~115 m and is fringed to
seaward by a rock platform almost 400 m-wide, that rises above the
seabed by 1-1.5 m. The upper surface of the platform is composed of
Unit C and occurs at a depth of ~115 m, with the surface marked by
several polygonal to circular depressions differing from each other in
both shape and size. These are ~100 m-wide and 1 m-deep, with elon-
gated axes arranged coast-parallel. Some have coalesced into larger
features forming a coast-elongate depression (Fig. 13a inset i). Towards
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the north and south the platform surface is absent, except for the rem-
nants of the raised rims of the polygonal depressions (Fig. 13a). The
depressions are filled with sediments of Unit E (Figs. 3; Fig. 10).

5. Discussion

The stratigraphy offshore Saddle Hill reflects a complex mixture of
Quaternary sand, gravel and mud deposited in bathymetric lows incised
in weathered bedrock. This morphology is attributed to the combined
effects of antecedent bedrock history and Pleistocene sea level fluctua-
tions. Late Quaternary sedimentation has been confined to a rock-bound
depression where accommodation space existed during successive pe-
riods of high sea level. The sequence preserved is, however, highly
variable in thickness and spatial distribution and nowhere is a complete
sedimentary succession preserved at a single location. This temporal
variation in depositional loci reflects the interplay between available
accommodation space and the effects of transgressive ravinement. The
shelf also reveals geomorphological and sedimentological evidence for
variable rates of sea-level rise during the postglacial transgressions from
MIS 2 to MIS 1. Below we discuss the stratigraphic and geomorpholog-
ical evolution of the inner shelf in this context.
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Fig. 8. Very high-resolution, coast parallel TOPAS sub-bottom profile (top-uninterpreted, bottom-interpreted) detailing the seismic stratigraphy of the more seaward

parts of the inner shelf.

5.1. H1 as a repeatedly excavated and well-preserved palaeo-land surface

The acoustic basement (Unit A) of the shelf has been well-described
by others (Stevenson and McMillan, 2004; Kirkpatrick and Green, 2018)
and warrants no further discussion here. However, the surface that
truncates the bedrock (H1), and the unusual platform of phosphatic
limestone (Unit C) that rests atop the bedrock to seaward reflect a
combination of processes that have acted to shape the geological
framework in which the cover sediments have accumulated on the shelf.
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H1 truncates the schists, quartzites and sandstones of the acoustic
basement. The surface is also marked by saprolites and rolled mudballs,
forming an erosional boundary between Units C, D and E and the
acoustic basement. The presence of Diplochaetetes longitubus (Pickford
and Senut, 2002) within the sandstones truncated by the subaerial un-
conformity constrains the age of H1 to early Eocene or younger.

The rounded nature of the mudballs where H1 has exposed the
saprolites and clays above Unit A indicates the role of wave and/or tidal
transport of eroded material in the surface’s development (Tanner,
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secting core 51 and outlining the seismic stratigraphy of the H1 depression. Note the MIS 3 age for Unit E1, the Holocene-age for the gravel Unit E2, and the absence
of Unit E3 from the cores, yet present in the seismic section. The top of unit E2 is considered the wave ravinement surface (WRS).

1996; Mukhopadhyay et al., 2022). Unit A would have been initially
exhumed and exposed to subaerial processes during lowstands of the

1

lower Paleogene (Baby et al., 2018). We consider this surface to repre-
sent a subaerial unconformity that was further entrenched during later
sea level regressions (likely late Oligocene-Fig. 2). The surface was later
subject to wave processes during multiple regressive and transgressive
cycles of the Quaternary.

A discontinuous phosphatic limestone pavement was observed north
of Lideritz, along the outer parts of the inner shelf, by Birch (1979) and
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Birch et al. (1983). A phosphatic limestone pavement was also recog-
nised from similar depths on the southern Namibian and South African
shelf by Dingle (1974), who dated it to the early Miocene (Burdigalian).
We consider Unit C as part of this succession, formed in the early
Miocene and with its upper surface later exposed to subaerial processes.
Subaerial exposure possibly first occurred during the smaller Miocene
and Pliocene sea-level falls (Siesser and Dingle, 1981).

In the more proximal areas of the shelf, the finer materials of Unit E
that were deposited on H1 after the highstand of MIS 5 and lithified
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during MIS 2 (~ 37,000 cal BP); their progressive dolomitisation is
related to precipitation in hypersaline conditions (Compton et al., 2001)
in a mixed seawater and groundwater environment, suggesting precip-
itation in an enclosed lagoonal or pan-type system (Compton et al.,
2001). Their preservation above H1 indicates less severe subaerial
erosion during the ensuing lowstand of MIS 4 and shelter from ravine-
ment during subsequent transgressions.

The top of Unit E1 in the H1 depression likely marks the most recent
subaerial unconformity associated with MIS 2 and the LGM. The deep
shelf break (200-500 m), and relatively flat shelf profile preclude the
upstream migration of topographic knickpoints and development of
major incised valleys; sea level did not fall below the shelf break during
the Pleistocene and erosion of the materials deposited on the shelf
during lower than present sea levels was therefore hindered (e.g. Pos-
amentier, 2001). Baby et al. (2018) considered the modern shelf break to
have formed with the late Campanian uplift episode, and the Cretaceous
drainage systems of SW Africa reactivated during the late Oligocene
uplift. It is likely that this was the last stage where significant shelf
incision was possible.

The deeper parts of H1 that crop out along the seabed represent the
most recent lowstand unconformity of the LGM. This is merged with
other older subaerial unconformities as they coalesce into one main
surface of erosion, in keeping with the diachronous, seaward-younging
and merging of these stratigraphic surfaces (Zecchin and Catuneanu,
2013).

The unusual surface texture manifest along the upper surface of Unit
C bears a strong resemblance to karst surfaces formed in coastal car-
bonate sequences exposed to chemical weathering (Sweeting, 1973;
Jennings, 1985; James and Choquette, 1988; Higgins and Coates, 1990;
Ford and Williams, 2007). Some authors have considered karst features
as a continuum that spans fluviokarst, where valley forms are sculpted,
to polygonal karst, where the entire land surface is obscured by dolines
with little to no trace of the previous valley form (Gunn, 2004; Kan et al.,
2015). The unusual surface expression of unit C resembles the latter
(Fig. 13a inset i), also called egg-box geomorphology (Day and Cheno-
weth, 2004; Kan et al., 2015). The depressions in the study area exhibit

Fig. 11. Disaggregated drill core material. a) Saprolite (upper Unit A). b) Elongate rods and sphere of clay (upper Unit A). ¢) S
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Fig. 12. Isopach maps for the various seismic and lithostratigraphic units. a) Saprolite (upper part of Unit A, reconstructed form core data). b) Clay (upper part of
Unit A, reconstructed from core data). c) Sandstone of Unit B. d) Gravel of Unit D. e) Basal sand of Unit E1. f) Shell hash of Unit E2.
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Fig. 18. a) Multibeam bathymetry of the study area showing the main bedrock ridges that form the H1 depression, and a cliff edge at - 100 m. Note the similarity in
seafloor morphology to that of H1 in Fig. 5a. Inset i shows polygonal seafloor depressions located along the seaward edge of a raised and flat platform of Unit C. b)
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Reconstructed palaeo-sea level at 75 m, superimposed on the ymetry

of South Africa showing a similar morphology, with a rock-bound inlet.

bowl-shaped forms with vertical walls (Fig. 10), and with sizes that
correspond to those of general karst dolines, typically tens to hundreds
of meters in diameter and with depths of a few meters to tens of meters
(Fig. 10a) (Williams, 2004). Their sizes are also similar to submerged
dolines that have been recognised in Ha Long Bay, Vietnam (Waltham
and Hamilton-Smith, 2004); Phang Nga Bay in Thailand (Kiernan,
1994); Dweyra Bay and the Blue Grotto in Malta (Paskoff, 2005); Rock
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ing a lagoon-like water body. c) Comparison to Langebaan lagoon on the west coast

Island in Palau (Dieter, 1991); Marseille (Collina-Girard, 1996); on the
Adriatic Coast of Croatia (Suric, 2002); near Lesbos Island and along the
Argolid Peninsula in Greece (Scheffers et al., 2012); and in Nagura Bay,
Japan (Kan et al., 2015).

The karstification of the Miocene-age phosphatic limestones could
have occurred during the ensuing lowstands of the Pliocene (Fig. 2a),
and during at least three periods of subaerial exposure during the
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Pleistocene (Fig. 2b), when sea level fell below 120 m. Based on the late
Pleistocene sea level stack of Spratt and Lisiecki (2016), we identify
possible exposures during MIS 12 and MIS 6. Evidence from offshore the
Orange River shows that the LGM sea levels also reached at least
125-130 m below present (Rogers, 1977), and as such, this was certainly
a period of platform exposure.

The exceptional preservation of the karst landscape can be related to
several factors. Firstly, the depth (110-120 m) at which the limestone
occurs confined periods of subaerial weathering to only a few intervals
of very low sea level (Fig. 2). Some material has certainly been eroded;
however, a thick-enough body of limestone remained in which karst
could form without complete platform degradation. Secondly, the
platform experienced rapid submergence after each phase of kar-
stification. This would have protected the platform from further chem-
ical weathering during MIS 12-11, MIS 6-5e and the last postglacial
transgression (Fig. 2) (e.g. Cooper and Green, 2016; Cooper et al., 2019).

5.2. Lagoons and pans during the Pleistocene and geological inheritance

The filling of the H1 depression (Fig. 5a) is related to the sporadic
development of a shallow, hypersaline lagoon in the same position
during several periods. In Fig. 2, we show the general trends in Pleis-
tocene sea level that would facilitate the mixed groundwater-seawater
precipitation of dolomite in a restricted water body formed in the
depression (cf. Compton et al., 2001). Most modern dolomite forms in
hypersaline coastal environments (Arvidson and Mackenzie, 1999; Qiu
et al., 2017). Such conditions would have been initiated when sea level
was at ca. -75 m, at which point the western ridge of Unit 1 would have
been breached and the H1 depression progressively inundated.
Connection between the restricted water body and the ocean could have
been maintained through an opening to the north and a larger, coast-
parallel bedrock-framed strait adjacent to this channel (Fig. 13b). This
coastal configuration would have occurred during MIS 4 and again
during the fall in sea level from MIS 3 when the shoreline would have
once again coincided with the 75 m isobath (Compton et al., 2001).

A further period of lagoonal development would also have been
possible after MIS 2. Runds et al. (2019) described a palaeo-lagoon and
gravel barrier at —75 m on the southern Namibian shelf, ~ 250 km to the
south of the study area. They linked the barrier’s development to mul-
tiple regressive-transgressive phases, with initial flooding of the lagoon
during a sea-level slowstand at —75 m, between 14,000 and 13,300 cal.
BP (Runds et al., 2019). Given a protracted shoreline occupation at —75
m, a bedrock-bound lagoon would have once more developed in the
study area (Fig. 13b).

We acknowledge that there have been many times prior to MIS 4
when the conditions would have been met to produce a lagoon (Fig. 2b),
however only lagoonal sediments postdating MIS 4 have been preserved.
The lack of preservation may be due to subaerial erosion during low-
stands prior to and including MIS 6, though based on the sea level curves
of Spratt and Lisiecki (2016), these appear to be of a lesser magnitude
when compared to the LGM lowstand which did not erode the materials
in H1. Conversely, sea-level rise during the transgressions prior to MIS 3
may have been slower, resulting in more effective wave ravinement
processes eroding materials. Lastly, the stillstands or slowstands
required to produce planform equilibrium features like lagoons may not
have coincided with the depth of the H1 depression as serendipitously as
it has done in MIS 4, 3 and 1, thus conditions may not have been met to
produce the hypersaline conditions and later dolomitisation that would
increase preservation potential. Unfortunately, without a more detailed
sea level history for this coastline, these arguments remain speculative.

In contrast to other locations where the development of lagoons is
dependent on barrier-building during sea-level still-stands (e.g. Mur-
akoshi and Masuda, 1992; Stattegger et al., 2006; Green et al., 2013;
Runds et al., 2019), this lagoon’s development is facilitated by the rocky
promontory to seaward that acts as a geological barrier and the lagoon
that forms in its lee resembles the rock-bounded lagoons of Mexico
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(Lankford, 1977), Langebaan in South Africa (Flemming, 1977)
(Fig. 13c), or the bedrock-confined incised valley systems of South Af-
rica (Cooper, 1993; Dladla et al., 2019). This sheltering effect facilitated
dolomite precipitation by creation of shallow and tranquil environ-
ments, thus increasing the preservation potential of the early filling
materials of Unit E. As Compton et al. (2001) recognised, the rocky
promontory also sheltered the incipient fills from wave ravinement
during transgression. The accommodation in the lagoon was progres-
sively reduced by successive phases of dolomite formation including the
partially indurated fill at its base. Thus the potential for development of
subsequent postglacial fill was much reduced, in contrast to deeper
back-barrier systems of comparable size from elsewhere (e.g. Wright
et al., 2000; Dladla et al.,, 2022). In this case, the wave ravinement
surface mantles the older, MIS 2 material of Unit E1 ~ 37,000 cal. BP, as
opposed to the more recent MIS 2/1 transgressive systems tract.

5.3. Holocene material and postglacial wave ravi

Sub-bottom profiles reveal a distinct layer of low amplitude material
capping the higher amplitude shell hashes and gravels of Unit E2
(Fig. 8). Given the shelly nature and Holocene age of the gravels
(Compton et al., 2001), we consider these to be related to the Holocene
wave ravinement surface (e.g. Zecchin et al., 2019). The discontinuous
and sporadic nature of Unit E2 can be related to variable availability of
coarse material during the ravinement process. The cores of Compton
et al. (2001) do not include the capping material above the wave rav-
inement that are apparent in sub-bottom profiles (Fig. 8) and the gravel
at the top of the recovered cores is not exposed on the seabed (Fig. 11).
This likely reflects the fine, “soupy” nature of the upper Holocene
package, which resembles a nepheloid layer (e.g. Rogers and Li, 2002;
Inthorn et al., 2006) that was not sampled by either vibracore or RC
drilling due to poor cohesion.

On the seaward edge of the western ridge, the post LGM surface
shows the development of a cliff line cut into the competent schists
(Fig. 13). This scarp can be linked to wave erosion during periods of
shoreline stability at ~110 m, at least one of which preceded the last
glacial maximum at ~28,000 cal BP (Ishiwa et al., 2019). The cliff was
reworked during the relatively slower transgression from the LGM, be-
tween 21,000 and 17,500 cal BP (Ishiwa et al., 2019). This cliff was then
preserved in situ by a prompt rise in sea level from —96 m to —84 m (e.g.
Zecchin et al., 2011) that is associated with MWP-1 A.

Post-ravinement, modern sediment distribution patterns show a
strong correlation between coarser sand distribution and gully forma-
tion in the bedrock schists. Likewise, sand concentrates in the karst
features of the phosphatic limestones and in the immediate landward lee
of the western bedrock ridge. We interpret these sandy sediments as
relict shoreface sediment, left behind during the transgression and
modified by turbulent winnowing as the shoreface translated over the
rough bedrock surface and antecedent geological framework (e.g. Pre-
torius et al., 2018). The coarse sandy and gravelly materials on the
landward margin of the western ridge likely formed through develop-
ment of a turbulent leading edge of the transgressing shoreline, where
wave (especially storm-induced) winnowing focused on a narrow zone
immediately in the zone of flow attachment landward of the flow
obstacle (McMullen et al., 2015; Pretorius et al., 2018; Collinson, 2019).
With distance from either the western ridge or the gullies in the bedrock,
the seabed becomes increasingly finer reflecting less turbulence.

5.4. Where does the bulk of the sandy sediment go if not on the inner
shelf?

The evidence above shows that during the lowstand periods of the
Pleistocene, and probably since the late Oligocene, the inner shelf has
served as a sediment bypass system for material. Given the long-lived
longshore transport system that feeds gravel and sand-sized sediment
northward from the Orange River (Bluck et al., 2007), the lack of
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sediment on the shelf seems surprising. The strong geological controls
outlined above that restricted accommodation space in part explain the
dearth of sediment and very thin shelf cover.

Nonetheless, although it was not deposited and preserved in the
geological record on the shelf, Orange River-derived sediment was still
supplied to the region. The fate of that sediment is not immediately
clear. It did not accumulate on the outer shelf and the nearest site for
deposition is onshore in the Namib Sand Sea (Corbett, 1993) into which
sediment has been diverted via vigorous wave and aeolian transport at
the coastal offset at Luderitz. Multiple authors have argued that the
Orange River is the source of sediment for the extensive sandy dune
fields that characterise the sand sea (Corbett, 1993; Lancaster and Ollier,
1983) but the sediment transport path has been unclear. Garzanti et al.
(2018) identified an ultra-long littoral cell that extends from the Orange
River into southern Angola, indicating that sediment has passed north-
ward through or around the study area. The Namib Sand Sea thus seems
to serve as a terrestrial sector of this northward-directed coastal sedi-
mentary system (Cooper and Green, 2023). Luminescence dates from the
sand sea indicate three broad grouping of dates in deposition, MIS 5, the
LGM and the Holocene (Stone, 2013), with the LGM date confirming
lowstand sediment bypassing along the shelf and to the sand sea.

5.5. Evolutionary model

Below and in Fig. 14, we provide an evolutionary model for the inner
shelf in the study area.

1. Initial subaerial erosion of the inner shelf took place in the lower
Palaeocene to form the proto H1 surface (Fig. 14a).

2. Protracted chemical weathering formed saprolites and clays which
were reworked by transgressive/regressive processes (especially
wave activity) to form mudballs (Fig. 14b).

3. An early Eocene sea level high caused shallow marine flooding of the
H1 depression. Sandstones formed, composed of the reef-building
tubeworm Diplochaetetes longitubus (Fig. 14c).

4. A late Oligocene sea level fall caused further excavation of the
palaeo-shelf and full development of the H1 surface (Fig. 14d).

5. An early Miocene sea level high caused deposition of the
Burdigalian-age phosphatic limestones along inner shelf edge
(Fig. 14e).

6. Lowstands of the Miocene to Pleistocene began to karstify the
limestone, forming the polygonal karst features. During this time
gravels began to be supplied to the shelf by the Orange River and
became concentrated with repeated regressive/transgressive cycles
over the Pleistocene. The shelf had begun to operate as a bypass
system across lowstand cycles and sand was not stored on the inner
shelf but transported to Namib Sand Sea. (Fig. 14f)

7. During MIS5e, muds and sands accumulated as a thin veneer in H1. A
regression to —75 m with a stillstand produced a hypersaline, rock-
bound lagoon where dolomite had precipitated, aiding in the
cementation and preservation of the H1 fill (Figs. 14 g and h).

8. A further phase of karstification ensued during the LGM (Fig. 14i) A
still stand during the post-LGM sea-level rise cut a cliff into the
seaward edge of the schists and quartzites at —100 m (Fig. 14j).
Further stepped sea-level rise in the Holocene caused the re-
occupation of the lagoon. With a rise in sea level to modern day,
the WRS developed across the shelf and some sandy material was
preserved in H1 due to overstepping (Fig. 14k).

5.6. Stratigraphic significance

The long-lived antecedent geological framework that existed since
the late Oligocene has controlled the distribution and preservation of
Miocene and later cover sequences deposited atop H1, and especially
those in the H1 depression. The extent of the thin post-Oligocene sedi-
mentary cover in this depression is clearly bedrock-controlled (via
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accommodation and shelter from erosion) and, although it records
several million years of deposition, reaches a maximum thickness of
<14 m. The sequence is also spatially variable and the presence/absence
of a particular unit at any given location is a function of the availability
of accommodation space at the time of deposition, and the extent of
subsequent erosion during subaerial weathering and/or transgressive
ravinement. This situation is in marked contrast to shallow shelves, such
as the SE African margin (Green et al., 2013), the SW Spanish margin
(Rodero et al.,, 1999) and the NE Brazilian margin (Aquinio Da Silva
et al, 2016) where typically Pleistocene sediments of appreciable
thickness have survived subaerial erosion and later ravinement. In the
case of deep shelves, especially those with flat bathymetries, knickpoint
migration and shelf erosion is subdued (Posamentier, 2001).

On the Namibian inner shelf there is a significant alongshore
component of sediment transfer and accumulation during lowstands,
driven in part by the geological controls that were set in place several
million years prior. These include the deep shelf break, together with the
long-prevailing rocky outcrop that hinders off-shelf sediment transfer
and erosion. When coupled to the vigorous wave climate, alongshore
sediment dispersal and entrainment into the terrestrial dune cordons has
arisen as opposed to a thick shelf, or relatively young cover, sequence.
The thin cover sequence of the shelf represents a condensed sequence.
Condensed sequences are typically represented by authigenically
cemented shell debris, and are associated with transgression, occurring
above the wave ravinement surface (Zecchin et al.,, 2017). In contrast,
the condensed sequence from the inner shelf of Hottentot's Bay reflects
multiple sea level cycles and is only partly cemented (dolomitised). The
surface it rests on is a long-lived, multi-phase subaerial unconformity
that has amalgamated with several transgressive ravinement surfaces.
Such a stratigraphic architecture may be characteristic of passive mar-
gins with wide and deep shelves.

6. Conclusions

Using a high-resolution geophysical approach, and strengthened by
evidence from multiple cores of different types, we reveal strong
geological control on the evolution of the inner shelf of Namibia offshore
Hottentot’s Bay. This involves the long-lived inheritance of the same
palaeo-land surface (H1) from at least the late Oligocene, with phases of
subaerial exposure of the inner shelf during MIS 12, 6 and 1.

On most of the inner shelf, there is limited sediment accumulation,
and a notable absence of incised valley fills. Given the wide and deep
antecedent shelf morphology that provided suitable accommodation
space, the absence of sediment must relate to persistent sediment bypass
and suggests that the contemporary onshore diversion of sediment into
the Namib Sand Sea may also have been active during lower sea levels
with the strong alongshore sediment transport regime.

Where sediment is abundant (> 2 m-thick), most of it is carbonate
that accumulated atop the subaerial unconformity in a bedrock-hosted
lagoon, sheltered from ravinement by a bedrock sill to seaward. Depo-
sition occurred during MIS 4 and 3, contemporaneous with cementation
by dolomite. This in situ binding of sediment further limited accom-
modation and filling of the H1 depression during more recent phases of
transgression e.g. MIS 1.

Condensed sequences, such as this are expected to characterise
passive margins with wide and deep shelves. This is especially the case
where the shelf break is substantially lower than the lowstands of the
Pleistocene, and where there are few topographic irregularities to act as

knickpoints along the inner shelf profile.
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Fig. 14. Evolutionary model of the inner shelf offshore Saddle Hill. a) Regional shelf section showing initial subaerial erosion of the lower Palaeocene. b) devel-
opment of saprolites and clays, reworking by transgressive/regressive processes notably waves to form mudballs. ¢) Early Eocene sea level high causing shallow
marine flooding of H1 depression, formation of sandstones with reef-building Diplochaetetes longitubus. d) Late Oligocene sea level fall causes further excavation of
palaeo-shelf and development of the H1 surface. €) Early Miocene sea level high with deposition of Burdigalian phosphatic limestones along inner shelf edge. f)
Miocene to Pleistocene lowstands begin to karstify limestone, gravels appear are supplied and are concentrated with repeated regressive/transgressive cycles. At this
point, shelf bypass is operating across lowstand cycles and sand is not stored on the inner shelf but transported to Namib Sand Sea. g) During MIS5e, muds and sands
accumulate as thin veneer in H1. h) Regression to —75 m with stillstand produces hypersaline, rock-bound lagoon, precipitation of dolomite ensues. i) Further
karstification of limestone ensues at LGM. j) A still stand at 100 m forms a cliff into the seaward edge of the schists and quartzites. k) Stepped sea-level rise in the
Holocene causes a re-occupation of the lagoon. WRS develops across shelf and some sandy material is preserved due to stepped rises in sea level.
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Anatomy and stratigraphic evolution of a shelf bypass valley

system

Andrew Green'?, Liam Meltzer!, Andrew Cooper'~, Herman Labuschagne®, Tamera
Heeralal'?

!Geological Sciences, University of KwaZulu-Natal, Private Bag X54001, Durban, South Afvica
2School of Geography and Environmental Science, Ulster University, Cromore Road, Coleraine
Northern Ireland, BT52 1SA, United Kingdom

*Trans Hex Marine, 19 Chain Avenue, Montague Gardens, Cape Town, 7441, South Africa

ABSTRACT

The stratigraphic architecture and evolution of a bypass alluvial valley system on the wide
and deep Namibian shelf is investigated using a dense, pseudo-3D grid of ultra high-resolution
sub-bottom profiler data, high-resolution multibeam and backscatter data, and more than 4900
cores, is used to investigate. The channel morphology is defined by changes in terrain slope, with
steeper slopes hosting more sinuous and narrower channels. It does not conform to existing
morphodynamic channel classification schemes. Nine seismic units were identified in the < 10 m-
thick fill. Acoustic basement of the area comprises Precambrian gneisses and schists of the
Namaqua Metamorphic province, and schists, phyllites and quartzites of the Gariep belt. These
crop out on the shelf and form the framework within which the valley is located. A subaerial
unconformity developed during an episode of Late Campanian hinterland uplift during which the

channel system was initiated.
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The basal fills of the channels (Units B and C) comprise weathered and reworked
derivatives of Unit A, namely saprolites and balls of mudrock that were reworked by tidal and
wave processes. These represent a long-term hiatus (weathering episode and landscape exposure
of the Lower Palaeocene), followed by the transgressive flooding and filling of the channels during
surfzone migration. After a subsequent hiatus shallow marine sandstones were deposited during
the Early Eocene. The remaining valley fill comprises unconsolidated sediment of varying size
classes. A gravel body (granules to boulders) dominates this fill, and represents initial fluvial
deposition, followed by reworking during multiple phases of transgression and regression up to
and including the Holocene. The capping succession of sands and muds represents the modern
sediments of the shoreface and shelf, however, these are constrained to the original valley form
and reflect strong geological control and lack of accommodation on the valley interfluves.

The fill succession and architecture of this shelf bypass valley contrast markedly with
incised valley fills, where multiple regressive transgressive cycles form compound valleys. It
developed over a much longer period of geologic time, is dominated by transgressive sediments
and stratigraphic surfaces, is exceptionally thin and lacks multiple incisions. The lack of
connection to a terrestrial drainage system for at least the past million years has contributed to the
lack of incision and scour of accumulated sediment during lowstands.

Such a sequence in the geologic record could easily be misinterpreted if the overall valley
depositional setting was not recognised. Given the occurrence of many contemporary low gradient
and deep shelves along passive margins globally, as well as in the geologic record, such systems

are probably more common than presently thought.
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The conditions required for incised valleys to form relate to three main variables. The first
is associated with a decline in base level or sea level, whereby the palaeo-shelf is exposed to
subaerial processes of erosion (Allen and Posamentier, 1993; Zaitlin et al., 1994). If the palaeo-
shelf gradient is considerably steeper than the adjacent palaeo-alluvial plain, valley incision will
commence (Posamentier, 2001). This invariably relates to the crossing of a topographic threshold,
where a knickpoint is formed and upslope erosion of the valley can begin (Schumm, 1988). Valley
incision will not take place if the shoreline trajectories migrate over palaeo-surfaces where the
gradient is lower or equivalent to that of the palaeo-alluvial plain (Posamentier, 2001) and no
knick-point is present. In such instances, lowstand alluvial systems will develop, however, most
of the fluvial sediment load bypasses the shelf and non-incised bypass systems will form
(Posamentier, 2001). In such systems the relationships between incision, available
accommodation, and infilling that mark simple (single-incision) or complex (multi-incision)
systems preclude the development of typical tripartite facies models of incised valley fills (sensu
Zaitlin et al., 1994). Unlike traditional incised valleys, that can extend from submarine canyon
heads to highstand shorelines, these systems are typically confined to the inner shelf as the drop in

sea level does not reach the shelf edge, resulting in re-incision (Posamentier, 2001).

A second factor, independent of shelf gradient, involves tectonic mechanisms such as
hinterland tilting or uplift (Humphrey and Conrad, 2000). This may increase stream flows, and
also cause valley incision, though these are uncommon in sites where the predominant changes to
base level are driven by glacio-eustasy over the Pleistocene. The third factor involves underfit

streams where a small channel settles over a previously larger channel formed during higher fluvial
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discharges (e.g. Blum, 1990; 1993; Blum and Valastro (1989). The result is a river occupying a
valley with characteristics of incision extending across the entire valley (Posamentier, 2001).
These may relate to changes to climate and the regional rainfall patterns of an area. Of these three
mechanisms, the first is most common on passive margins, and of those examples, almost all

valleys are considered to fall into the ‘incised’ as opposed to ‘bypass’ category.

Conditions for formation of bypass valleys are likely to have existed through geologic time
and the recognition and correct interpretation of such systems requires the documentation of
modern analogues of which there are few. Here we discuss a valley preserved on the wide and
deep Namibian shelf (Fig. 1) and examine its stratigraphic architecture and evolution in high
spatial resolution. The remarkable depth of the shelf break (~ 500 m) means that it was not
intersected during the sea level falls of the Pleistocene, and instead, bypassing conditions prevailed
over multiple highstand and lowstand periods. This provides a unique opportunity to examine the
stratigraphy of such a bypass system in detail, and to provide comparisons to valley incision

models.

REGIONAL SETTING

The study area is located on the inner continental shelf offshore Hottentot’s Bay, ~ 55 km
north of Luderitz, Namibia (Fig. 1). Here, the volcanic continental margin of Namibia has one of
the widest and most extensive shelves in the world, with a shelf break below 500 m and located ~
230 km offshore (Kirkpatrick et al., 2019). The shelf geology consists of Late Jurassic to Early

Cretaceous syn-rifted siliciclastic and volcanic sequences underlain by Proterozoic rifted
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continental basement. These are overlain by a clastic, post-rifted sediment wedge 3-5 km thick
(Aizawa et al., 2000) that thins landward. Prolonged rifting during the Permo-Triassic formed the
main basins of SW Africa, with the northward break up of Gondwana in the Early Cretaceous
developing the continental margin (Maslanyj et al., 1992). Crustal extension of the South Atlantic
lead to the development of three post-rift depocenters (the Orange, Luderitz and Walvis Basins)
elongated to the west and parallel to the continental margin (Bluck et al., 2007; Maslanyj et al.,
1992). These basins become inverted during the Late Cretaceous to Early Cenozoic (Bluck et al.,
2007), associated with phases of hinterland uplift in the Late Campanian (Guillocheau et al., 2012)
(Fig. 2a), the Lower Palaeocene and the Middle Oligocene (Fig. 2a). Some authors consider these
to comprise one main pulse of uplift spanning 93.5 to 66.5 Ma that followed a phase of margin
retrogradation 131-93.5 Ma (Baby et al., 2018). The shelf break, as reflected in the modern day,
is a relic of the Late Campanian uplift (Baby et al., 2018), superimposed by a Late Oligocene
unconformity formed by a less prominent phase of hinterland uplift (Baby et al., 2018). The
modern shelf is now characterised by a shallow inner shelf, up to 130 m depth, with a low gradient

outer shelf terminating at -500 m.

The local geology of the inner shelf comprises Precambrian-age outcrops of gneisses and
schists of the Namaqua Metamorphic Complex (Compton et al., 2001) and schists, phyllites and
quartzites of the Gariep Belt. These are overlain by a thin unconsolidated cover sequence of
Pleistocene to Holocene sandstones, gravels, sands and muds (Rau, 2003). In some places,
reworked clays and saprolites, derived from weathering of the two metamorphic units, are apparent
in subcrop (Senna et al., in press). The geology relates to repeated regression and transgression

cycles that reworked and redeposited these materials on top of the shallow Precambrian basement
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(Senna et al., in press). Sea levels, initially driven by tectono-eustatic mechanisms, and then later
by glacio-eustatic processes, ranged from ~ 180 m above current sea levels during an Eocene high
to ~ 120 m below current sea levels during the Pleistocene lowstands, including the Last Glacial
Maximum (LGM) (Fig. 2b and c) (Kirkpatrick et al., 2021). The most recent transgression is
characterised by a step-wise pattern of still or slow stand, interspersed with rapid pulses of sea-
level rise, termed meltwater pulses (MWPs-Fig. 2¢) (Cooper et al., 2018; Runds et al., 2019).
Evidence for both MWP1A and MWP1B exist in the area (Cooper et al., 2018; Runds et al., 2019;
Senna et al., in press), with overstepped barriers, incised valleys, lagoons and cliff features marking

palaeo-shorelines that were preserved during periods of rapid sea-level rise.

Now, as in the past, the drainage system of the Orange - Vaal river system has been the
main conduit of sediment from southern Africa, draining the interior plateau of the region
(Bremner et al. 1990). During Cretaceous times and associated with hinterland uplift, the lower
section of the Orange River incised deeply into the landscape and has delivered vast quantities of
sediment to the SW African margin. Despite a reduction in the rate of sediment delivery to the
margin in the Cenozoic (Guillocheau et al., 2012), the Orange River has continued to be the
dominant sediment source to the southern Namibian coastline (Jacob, 2005). By the middle
Eocene, it had entrenched its meandering form into the bedrock, fixing the mouth in approximately
its present position (Jacob, 2005; Bluck et al, 2007; Kirkpatrick and Green, 2018) to form a
subaqueous wave-dominated delta offshore Oranjemund, 320 km to the south. Unlike the Orange
River, little is known of the smaller fluvial systems that drained the escarpment since the margin
formed. This is especially complicated in areas such as Hottentot’s Bay, where the adjacent coast

and alluvial plain are blanketed by the Namib Desert Sand Sea (Fig. 1), a vast accumulation of
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unconsolidated sand that has obscured the underlying geomorphology from Luderitz to Walvis

Bay (Lancaster and Ollier, 1983; Corbett, 1996; Bluck et al, 2007).

The hydrodynamics of the coast are characterised by a microtidal regime (1.8 m range) and
year-round high wave energies (Hay and Brock, 1992). Short period waves that range between
0.75 - 3.25 m develop from strong SE winds and superimpose on the South Atlantic SW swell at
a height of > 3 m (Kirkpatrick et al., 2019b). The wave base averages a depth of ~ 40 m but can
extend to ~ 110 m under storm conditions (Kirkpatrick et al., 2019b). This hydrodynamic regime

has persisted since at least Eocene times (Bluck et al., 2007).

Sediment transported into the system is distributed by several oceanic currents and
longshore drift systems along the northward and westward sections of the coastline (Bluck et al.,
2007). Since the truncation and uplift of southern Africa during the late Cretaceous to early
Cenozoic era, sand, gravel and mud have each had separate distribution routes into the ocean at
different rates depending on the time period (Bluck et al., 2007). Most of the sandy material is
distributed northwards and alongshore by oblique waves. In some instances, sand is transported
onshore to feed the Namib Sand Sea and smaller dune fields (Corbett, 1996; Kirkpatrick et al.,
2021). Mud is more extensively distributed along the north, south and west sections of the
continental shelf, driven by slow-moving oceanic currents, while gravel was accumulated for over
300 km north of the Orange River mouth due to direct onshore wave reworking of the coarsest

littoral components (Bluck et al., 2007; Spaggiari and Bordy, 2023).

METHODS
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Bathymetry, backscatter and sub-bottom profiling

Ultra-high-resolution sub-bottom data and high-resolution multibeam bathymetry were
collected aboard the MV DP Star during a single survey campaign in January and February 2018.
A high-resolution Kongsberg EM 710 multibeam echosounder coupled to a Kongsberg Seapath
200 IMU and C-Nav 3050 DGPS were used to collect the bathymetry and backscatter data
described in this paper. Sound velocity variations in the water column were corrected using a

Valeport Midas Mini Sound Velocity Profiler.

Sub-bottom data were recorded using a TOPAS PS120 parametric sub-bottom profiler
triggered in CW burst mode with a frequency between 2 and 8 kHz. The data were bandpass
filtered using the Kongsberg SBP utility and exported as SEGY format for further processing and
interpretation in Allworks Geosuite. The grid distance between each recorded line was spaced on

average 100 m apart, with the majority of lines separated by a distance of 50 m or less.

A total of 132 North-South and 504 East-West orientated sub-bottom profiles were
incorporated into the Geosuite project where they were bottom tracked. Trace mixing, time varied
gain, and swell filtering were applied to each line. Where possible, each significant seismic
stratigraphic horizon was digitised using a sound velocity of 1500 m.s for seawater and 1600 m.s"
! for sediments. The sediment isopach and bedrock terrain models were constructed from the
digitized data and gridded in Golden Surfer 12 and combined with the bathymetry where rock was

seen to crop out using Global Mapper.
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Lithological data

To reconcile the seismic stratigraphy with the regional lithostratigraphy, core logs of
lithological wells drilled between 2017 and 2021 were incorporated into Geosuite. A total of 4908
drill holes were integrated with the seismic stratigraphy. Each well was drilled using a subsea
reverse circulation (RC) 5 m? drill tool capable of operating to -180 m water depth and reaching
penetration depths up to 12 m into the seabed. Due to the often-sporadic nature of the various
seismic units observed, and the occasional poor data resolution due to rough sea conditions, the
individual lithological unit distribution and thickness were used to produce the isopach maps of
the main seismo-lithologic units. The data were gridded in Golden Surfer 12 together with the

seismic stratigraphic picks.

RESULTS

Seafloor geology

The acoustic facies of the study area are dominated by areas of high-relief, high-backscatter
seafloor (Fig. 3). The landward portions are slightly more irregular in backscatter tone, with
multiple irregular coast-oblique ridges of high backscatter (Fig. 3a). These are intersected by linear
features composed of low backscatter. To seaward, the higher backscatter facies have ridges that
are less pronounced than the former high relief facies and which are orientated coast-parallel, with

a series of intersecting lineaments of low, even-toned backscatter (Fig. 3b).



206 The high backscatter areas are separated by areas of smooth, even-toned backscatter, with
207  occasional zones of mottled higher backscatter and rippled texture (Fig. 3a). Occasionally
208 interspersed within the smooth even-toned areas, and between areas of high backscatter, are

209  moderate backscatter, high-relief features that create linear seafloor features (Fig. 3c).

211 The shallower more landward, high-backscatter zones represent the seaward extension of
212 the schists, quartzites and gneisses of the Namaqua Metamorphic Complex basement that crops
213 out along the coastline of the study area (Geological Map of Namibia 1:250 000 sheet 2615 and
214  2514). The more seaward, higher backscatter zones relate to outcrop of schists, phyllites and
215  quartzites of the Gariep Belt. Both materials form the pre-valley basement to the study in which
216  the valley system now lies. The low, even toned backscatter represents recent shelf muds and sands
217  that drape the low points of the hard rock basement and fill fractures in the bedrock surfaces (the
218  low backscatter lineaments). The occasional mottled backscatter represents coarser gravelly or
219  sandy material that often occurs in association with the rocky seabed. Based on drill samples, the
220  moderate backscatter and high relief features are interpreted as sandstones that crop out between
221  the main bedrock outcrop. The outline of the valley is thus represented clearly by the distribution

222  of the lower backscatter facies that is indicative of soft sediment.

224  Seismic and lithostratigraphic units

226 Table 1 is a summary of the acoustic properties (surfaces-Fig. 4; units Figs. 5-9) and

227  lithologies (Fig. 10) of the seismic units identified in the area. A total of 9 units (A-I) were

228  identified. Figure 11 details the seismic and lithological unit distributions.
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230  Surface 1

232 Surface 1 represents the main unconformity surface in the area and marks the division
233  between the mostly unconsolidated sediments and underlying harder rock geology and derivatives
234  thereof. Figure 4 illustrates the overall framework of the underlying valley surfaces formed in
235  Surface 1, together with the overlying packages of sediment (Fig. 4b). Surface 1 forms a dendritic
236  valley system that increases in relief to landward (Fig. 4d), with the main trunk directed to the
237  south at its most seaward extent. The channels of the valley system are mostly narrow and shallow,
238  upto 800 m wide and < 15 m deep (Table 1); their interfluves and floors comprise exposed bedrock
239  of both Namaqua Metamorphic Complex schists and gneisses, and the schists of the Gariep Belt
240  (Fig. 4d). The interfluves are rugged, with steep sides (up to 10°), that contrast with the flat (~ 1°)
241  valley floors (Fig. 4c). The valley is best developed in schists in water depths of 50 m to 100 m,
242  where the valley form is more deeply incised and narrow (Fig. 4d). The system widens to seaward,
243  becoming less incised at a bedrock knickpoint at -100 m, which marks the contact between Gariep
244  Belt outcrop to seaward and Namaqua Metamorphic Complex outcrop to landward (Fig. 3; 4d).
245  The main channel trunks range in sinuosity from 1.2 (winding) to 1.8 (meandering), with the more
246  sinuous features hosted in schists (Table 1). The ratio of channel width to depth averages 0.01,

247  with higher ratios observed from the schist-hosted channels.

249  Pre-valley geology (Unit A)
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251 Unit A is the lowermost unit observed in the seismic data. The internal reflections are high
252  amplitude and chaotic, though the strong return by the upper surface of the unit masks the
253  underlying stratigraphic architecture (Figs. 5-9). Unit A comprises Namaqua Metamorphic
254  Complex schists (Fig. 10a), represented by the high-relief, high backscatter seafloor facies (Fig.

255  3).

257 Despite being discernible from its surface characteristics (see figure 3), the schists and
258  quartzites of the Gariep Belt (Fig. 10b) are indistinguishable in seismic reflection from the
259  Namaqua Natal Complex varieties. They are thus consolidated with Unit A in terms of seismic

260  stratigraphy.

262  Post incision geology

263 Unit B and C (Saprolite and reworked mudstone). Overlying the schists and mudstones,
264  two distinct units of weathering residue occur along the valley floors, the thicknesses of which are
265  at the very limits of the seismic resolution (~ 20 cm). The weathering residues comprise saprolites
266  (Unit B) and muddy material (Unit C). Both have indistinct, low amplitude flat-lying reflections
267  (Figs. 5-9). In the landward portions of the area, the muddy materials are disaggregated and
268  comprise subangular light grey pebble-sized blocks of firm clay (Fig. 10c), together with rounded
269  cobble sized clasts of light brown kaolinite clay that co-occur with schist fragment-embedded
270  saprolite (Fig. 10d). Both deposits may form rods through to spheres. To the west of the area, the
271  weathering residues are exclusively cobble to pebble-sized, light grey rounded balls of clay (Fig.

272 10e). Both saprolites and clays occur throughout the study area in a widespread fashion (Fig. 11b).
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274 Unit D (Sandstone). Unit D is characterised by low to medium frequency, low amplitude,
275  continuous reflections that downlap surface 1. The internal reflection configuration is sub-parallel
276  and its overall geometry varies significantly with a peaked, higher relief upper surface (Fig. 5).
277  The unit is confined to the western and south-western offshore portions of the study area (Fig.
278  llc), where drill cores reveal it to comprise a fossiliferous sandstone containing abundant tubes of

279  the polychaete Diplochaetetes longitubus and bored by Trypanites sp (Fig. 10f).

281 Unit E (Lower sand). Unit E is dominated by low amplitude, medium to high frequency
282  reflections. This package may comprise sub-parallel continuous packages of reflections or small-
283  scale hummocky clinoform patterns concordant to the underlying surface 1 or 2. The unit thins
284  seaward from a maximum thickness of 0.7 m and throughout the valley system (Fig. 11d). Core
285  data reveal this to comprise a sandy unit with occasional shell debris. The surface separating Unit
286  E and F is indistinct in the sub-bottom data and most often can be identified as a weakly reflective,

287  low amplitude low relief reflector (Fig. 5-9).

289 Unit F (Gravel). Unit F is found throughout the study area, forming a continuous package
290  of low to medium frequency and higher amplitude chaotic reflections (Figs. 5-9). The unit thins to
291  landward, with the thickest accumulations found at the confluences of tributaries and along the
292  outer bends of well-developed meanders (Fig. 11e). Where the trunk is directed coast-parallel, a

293  set of deposits < 2.5 m-thick occur.

295  The unit comprises a variety of gravel-sized materials, including cobbles, pebbles and granules.

296  These are commonly composed of quartz and/or quartzites, along with a variety of gemstones such
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as jasper and agate (Fig. 10g). Towards the east, there is a notable increase in the bioclastic

component of the deposit (Fig. 10h).

It is not possible to differentiate between the size classes from the seismic reflection alone,
however, their distributions can be assessed from the dense core data. Gravel deposits of all size

classes thicken to seaward with localised small pockets of thicker accumulation (Fig. 11{-h).

Unit G and Unit H (Shell hash, upper sand and mud). The upper boundary of the gravels
is marked by WRS, a low to moderate amplitude erosional surface. This surface corresponds to a
sporadic shell hash of whole and broken Phacoides saldanhae bivalves and fragmented
Lugubrilaria lugubris gastropods. This shell hash occurs throughout the valley system (Fig. 101)
and forms localised accumulations up to 1.5 m-thick (Fig. 111). The shell hash is overlain by Unit
G, a sub-parallel to wavy package of moderate amplitude reflections that can form shingled
mounds in the stratigraphy (Fig. 8). This unit corresponds to a sand layer sporadically distributed
throughout the valley system (Fig. 11j), over which the alternating high and low amplitude, parallel
reflections of Unit H are deposited. Unit H represents relatively fine-grained deposits of sand and
mud, as reflected in the modern sediment distribution of the seafloor (Fig. 3). The upper sand unit
is mostly restricted to the seaward parts of the inner shelf, in the coast-parallel valley trunk (Fig.
11k). The mixed sand/mud of the uppermost sediment package forms an up to 4 m-thick package
that caps the valley fill and is restricted to the valley itself. In the main valley tributaries this unit

thickens landwards.

DISCUSSION
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Overview

The data reveal a broad and shallow palaeo-valley cut in Namaqua Metamorphic Complex gneisses
and schists (and those of Gariep Belt to seaward), with a thin fill component. This fill
comprises weathered materials at the base, that are successively overlain by sand, a gravel-
rich sediment body, and a capping of sand and mud. The valley is best developed in the
Namaqua Metamorphic Complex schists and gneisses in water depths >50 m, where it is
more deeply incised and narrower. The valley system then widens and becomes less incised
at a bedrock knickpoint at -100 m, which marks the junction between Gariep Belt outcrop
to seaward and Namaqua Metamorphic Complex outcrop to landward. These occupy small
zones of accommodation created by the transition from the two units in the outer shelf,
where bedrock control is less significant i.e. softer substrate with lower relief surfaces and

flatter interfluves.

Channel morphology

The morphology of the valley is defined by two separate bedrock terrains; a steeper, more
rugged Namaqua Metamorphic Complex terrain to landward, and a gentler-sloped lower relief
terrain to seaward, the influence of which impacts on valley morphology and fill character. The
junction between the two terrains is marked by a gradient knickpoint at a depth of 100 m, a depth
that coincides with several lowstands in Southern Hemispheric sea level prior to and post the LGM
period (Yokoyama et al., 2018; Ishiwa et al., 2019, Fig. 2), during the Beolling-Allered (B-A)

transition period (Green et al., 2014) and possibly during MIS 4 and 6 (Cawthra et al., 2016; Green
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et al., 2023). The repeated occupation of the shoreline at this depth during these time periods likely
exacerbated the relief differences between the two terrains by the preferential bevelling of the less
competent Gariep material into a flatter surface. The change in bedrock gradient has allowed

channels of the valley system to widen substantially.

In contrast to other geologically-controlled incised valleys where low bedrock gradients
cause pronounced meandering (e.g. Dladla et al., 2019), these valleys are narrower, more sinuous,
and of greater relief where they incise schists of steeper hosting terrain with steeper gradient,
(Table 2).. Overall, the channels are substantially more sinuous (average sinuosity of 1.5) and
steeper than those of comparable middle to outer incised valley segments from less geologically-
constrained settings where the valleys are not fringed by competent bedrock along their interfluves

(e.g. Nordfjord et al., 2005).

In alluvial river channel classification schemes (Schumm, 1977; 1985), the channels
offshore Hottentot’s Bay correspond to the bed-load river category where channel width to depth
ratios exceed 40, however, their sinuosity (> 1.3 and < 2) is closer to that of mixed-load rivers and
a comparison of slope % vs sinuosity (Schumm and Khan, 1972) places them in the braided river
category. Application of Rosgen’s (1994) classification of natural rivers provides a mixed
outcome. Width to depth ratios identify the channels as Stream type D “braided channel with
longitudinal bars and transverse bars”. However, the channels are far steeper than the minimum of
0.04° and are more closely related to the Aa+ category of deeply entrenched debris transport
streams with slopes > 0.1°. When sinuosity is included, they approximate type C low gradient

meandering systems.
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There is thus no clear fit between model classifications and the channels observed in this
study. When compared to channels incised into similar rock types (high grade metamorphic or
granitic rocks), the average channel width to depth in our study exceeds that of channels with
gravel-rich substrates such as those observed here (Fig. 11e) (Finnegan et al., 2004). Finnegan et
al. (2004) show that water tends to flow faster through steeper reaches and occupies smaller
channels, which accords with the steeper areas of our study hosting narrower channels. However,
channel depth varies dramatically and appears to be more closely related to the hosting geology
(Table 1). Channel form thus appears to be divorced from any one specific genetic mechanism

(e.g. substrate type, stream power) as proposed by the above schemes.

Timing and genesis of channel/fill development

The valley system reported here is currently disconnected from any comparable feature to
landward. Instead, it is bordered by the Namib Desert Sand Sea (Fig. 1), that is more than 1 million
years old (Vermeesch et al., 2010; Stone, 2013). It thus appears that although this channel system
has been disconnected from any significant fluvial source throughout most of the Pleistocene it
has maintained a surface expression despite being repeatedly transgressed and subaerially exposed
during several lowstand and highstand periods over that time frame. The valley does not continue
past the inner shelf, where it terminates in a coast-parallel channel associated with flatter gradients

at depths of 100-120 m.
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The channel was incised into Precambrian rocks, with its basal-most fill comprising the
weathered derivatives of the Gariep and Namaqua Natal Complexes. Baby et al. (2018) consider
the modern shelf break to have formed during a period of Late Campanian uplift, and these original
Cretaceous drainage systems of SW Africa were possibly reactivated during Late Oligocene uplift
(Fig. 2). It is likely that this was the last stage where significant shelf incision was possible and the
age of the channels can thus be constrained to Late Cretaceous (e.g. Stevenson and McMillan,
2004) with some additional reworking during the Middle to Upper Oligocene. The weathering of
the hard-rock substrate was likely accomplished during the protracted tectono-lowstands of the

Lower Palaeocene (Baby et al., 2018) (Fig. 2).

The weathered deposits that line the valley base have been reworked by combined tide and
wave activity in the surfzone, as evidenced by the well-rounded appearance of the materials, and
their rod and sphere-like shapes (e.g. Tanner, 1996). They thus record the first deposits preserved
in the valleys and are representative of transgressive flooding and filling of the channels during
surfzone migration, as opposed to bayline migration (sensu Zaitlin et al., 1994). The initial
transgressive fill was in turn overlain by sandstones characterised by Diplochaetetes longitubus.
Pickford and Sanut (2002) consider these part of a shallow marine, Early Eocene-age fossil
association. The presence of the trace fossil 7rypanites sp indicates these were likely exposed as a
hardground for a significant period of time, thus marking another hiatus in the sedimentary fill.
The sandstone is entirely located in the coast-parallel channel where the gradient knickpoint
between the Gariep Belt and Namaqua Metamorphic Complex occurs (Fig. 11c). It is likely that
this was the only suitable accommodation for the preservation of open shelf deposits, with the

prominent-relief schists restricting accommodation to landward.
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The remaining sediment that fills the various channels comprises unconsolidated sediment
of varying size classes. The exact age of deposition of all of the various packages is difficult to
constrain. Several authors have dated the submerged gravel-rich bodies associated with incised
valleys of the southern Namibian shelf, placing these as late Pleistocene to early Holocene in age
(Kirkpatrick et al., 2019; Runds et al., 2019). Compton et al. (2001) found the shell hash that
overlies the main gravel body, (our WRS), to be early Holocene in age. Where the main gravel
body is absent, the underlying sandy materials date to MIS 3 (Compton et al., 2001). Kirkpatrick
et al. (2019) considered the gravel body from the Oranjemund shelf to represent deposition during
combined transgressions and regressions since the Miocene, with matching gravel deposits
elevated along the modern shoreline of Plio-Pleistocene age (Spaggiari et al., 2006; Spaggiari and
Bordy, 2023). It thus seems likely that the valley fill unit up to WRS is a similarly composite
feature, spanning various ages of deposition with discontinuous reworking by the long-lived and

vigorous wave climate.

The lowermost sand unit thickens to landward (Fig. 11d) in contrast to the various gravel
fractions which all form seaward-thickening bodies (Fig. 11e-h), despite the seaward reduction in
channel depth and relief. The uppermost sandy/muddy unit that caps the fill corresponds to modern
sediments of the shoreface and shelf. Their position is, however, constrained by the original
channel (Fig. 3; 11k) form, and thus are in direct contrast to most mid to outer segments of typical
incised valleys, where the capping shoreface material forms a thick cover sequence and the valley
form is not recognizable in the modern bathymetry. Several examples exist where underfilled

incised valleys are currently exposed at the seabed (e.g. Payenberg et al., 2006; Simms et al., 2006;
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Pretorius et al., 2019; Neto et al., 2021; Manikam et al., 2022), however, these relate to reduced
sediment supply, current scouring or overstepping of the outer valley by meltwater pulses. We
consider the lack of a blanketing cover sequence in our example to be the result of the strong
geological control and lack of accommodation that results from the prominent and steep interfluves

of schist.

Comparison with incised valley fills

Given the longevity of the southern Namibian coast’s high energy coastal regime (since
Eocene times), the fill characteristics of the channels observed offshore Hottentot’s Bay must be
assessed in the context of wave-dominated incised valley fills. Wherever relevant, we further
compare to mixed wave and tide dominated systems (Table 3). It is important to note that these
channels are Cretaceous in age, and the valley fills themselves have been deposited and preserved
over multiple Tertiary and Quaternary transgressive/regressive cycles. This stands in contrast to
most incised valley fills on modern shelves that seldom record more than a single transgressive

cycle (e.g. Nordfjord et al., 2006).

The basal unit of the fill succession is composed of reworked weathered materials (clays
and saprolites) that represent a flooding phase of the channels, with a mixture of tidal and wave-
ravinement processes operating along the subaerial unconformity. These underlie any form of sand
or gravel bodies, despite the abundance of materials along the valley walls, interfluves and
catchment that could produce such material. This contrasts with typical incised valley systems,

where the basal facies usually comprises lowstand fluvial gravels overlain by muddy central basin
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fills or inner estuary deposits (Zaitlin et al., 1994; Allen and Posamentier, 1993; 1994; Fenies et
al., 2010). The lack of fluvial and central basin fill material is indicative of either erosion or non-
deposition during the intervening lowstand periods between incision (late Campanian) and the
earliest point in time when the weathering products developed (Lower Palaeocene). Given the
occurrence of intact saprolite in the landward sectors of the channels, it is thus unlikely that all
these materials are reworked and transported by wave or tide currents and there are still portions
of the basal fill that have not been eroded. We thus favour a situation of prevailing non-deposition
as opposed to erosion during the lowstand periods prior to deposition of the transgressive wave-

rolled facies.

The juxtaposition of shallow marine sandstones with the shallower, surfzone and estuary
mouth facies of Units B and C suggests continued deepening in the valley, with the unconformity
between the two representing a ravinement surface (wave or tide, or a combination of both) that
separates coastal (Unit B and C) and shelf (Unit D) facies. An exceptionally limited amount of this
transgressive material is hosted between the subaerial unconformity and the uppermost ravinement
surface (<1.3 m) in contrast to most incised valley systems (e.g. Zaitlin et al., 1994; de Falco et
al., 2022). The sandstones mark a long hiatus, during which boring by molluscs occurred to form
the Trypanites sp ichnofacies. We consider this unit and its upper surface to represent a maximum

flooding surface sensu Zecchin et al. (2021; 2022).

Incised valley fills are classified as ‘simple’ or ‘compound’ depending on whether
polycyclic episodes of incision and related sequence boundaries are preserved (Zaitlin et al., 1994;

Burger et al., 2001; De Falco et al., 2022). Although the system reported here has affinities with
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the compound category, it has developed over a much longer period of geologic time and is
dominated by transgressive sediments and stratigraphic surfaces. It is also exceptionally thin and
lacks the multiple incisions of compound incised valleys. The lack of connection to a terrestrial
drainage system for at least the past million years has contributed to a lack of incision and scour
of accumulated sediment during lowstands. It has also contributed to generally low rates of

terrestrial sediment supply during the Quaternary.

The transgressive fills deposited in the accommodation space provided by the valley
comprise mainly coarse-reworked material that has been preserved from complete erosion during
transgressive ravinement by virtue of the shelter provided in the lower topography of the valley.
They thus provide a preferential preservation of transgressive marine deposits whose development
and preservation is restricted on the higher topography and more exposed conditions of the
interfluves. The unconsolidated cover sequence is mostly constrained by the palaeo-topography of
the valley system. Typical incised valley systems, especially in their mid to outer segments, have
a capping unit of shoreface sediments that totally obscure the underlying channels (Zaitlin et al.,
1994; Dalrymple et al., 2006). However, in the case of the bypass system described here, the strong
geological control and low rates of Quaternary terrigenous sediment have limited deposition to the

more accessible accommodation sites of the underfilled bypass channels.

CONCLUSIONS

The bypass valley is a major dendritic fluvial system incised during Cretaceous times and

containing sediments of Cretaceous, Tertiary and Quaternary age, the latter of which define the
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shape and extent of the valley form. The valley morphology is related to the differential gradient
of the inner and outer shelf and does not fit easily in any contemporary fluvial channel
classification. The initial channels were cut during lowered sea level relative to a palaeo-shelf
break in the Cretaceous. Since that time, subsequent lowstands did not extend below a shelf
knickpoint, thus the rivers did not incise, but likely modified their form by lateral grading,
overprinting the original river morphodynamic framework. This accounts for the departure from

traditional channel morphodynamic classification schemes.

The original valley has been disconnected from any contemporary fluvial input for at least
the past million years and its fill is dominated by a thin sequence of coarse-grained transgressive
marine sediments separated by erosional unconformities that developed in former marine
embayments rather than estuarine settings. These are preferentially preserved in the
accommodation space provided by the valley compared to the high-relief interfluves where they
are absent due to non-deposition and/or transgressive ravinement. Such a sequence in the geologic
record could easily be misinterpreted as straightforward open marine deposits if the overall valley
depositional setting was not recognised. This lies in stark contrast to models of incised valley fills
incised at the timescale of glacial/interglacial cycles, in which clear packages of transgressive fill
relate to a single, or occasionally several phases of transgressive filling deposited during the latest
transgressive phases of these cycles. Although bypass valleys have seldom been identified or
studied on modern continental shelves, given the occurrence of many low gradient and deep
shelves along passive margins globally, we expect to see similar systems develop, especially where

local hinterland uplift occurred in the early stages of the valley development. Such conditions
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undoubtedly occurred in the geologic past and these observations present a modern analogue for

the identification and interpretation of such features.
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FIGURE CAPTIONS

Figure 1. Locality map of the study area offshore Hottentot’s Bay, Namibia. a) regional overview
of the shelf bathymetry with the average Pleistocene lowstand shoreline level depicted. The
seaward limit of the data marks the shelf break at -500 m (source Gebco, 2023). b) The high
resolution regional inner shelf bathymetry with the incised valley system highlighted in white. c)
high resolution multibeam bathymetry of the local study site, with representative sub-bottom
profiles discussed in text highlighted. White dots denote core localities (n = 4908) targeting the

incised valley system of the area.

Figure 2. Sea level trends in the basin since a) the Jurassic (Miller et al., 2005; Siesser and Dingle,
1981; Guillocheau et al., 2012), b) the Pleistocene (Spratt and Lisieki, 2016) and c¢) The Holocene

(Cooper et al., 2018; Yokoyama et al., 2018). Red boxes denote MWPs.
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Figure 3. Backscatter mosaic and interpreted seafloor acoustic facies. Bedrock is defined as hard
rocky outcrop, irrespective of the rock type. The seafloor is mostly rocky outcrop-dominated, with
fine sand and mud forming a veneer. Localised occurrences of low-relief rock, sandstones and

gravel patches are evident. The fine sand-mud distribution marks the position of the valley system.

Figure 4. a) Surface 1/bedrock elevation model for the study area (cell size 25 x 25 m). Note the
incisions into surface 1/the bedrock surface marking the valley network and the contact between
the Gariep and Namaqua Metamorphic Complexes. b) Thickness (< 6 m) of the unconsolidated
sediment fill within the valley network. Thicknesses reduce seaward, with the thickest distribution
of unconsolidated sediment in the western limb of the system, orientated coast parallel, N-S. c)
Bedrock slope, highlighting the steep and rugged interfluve edges and the flat valley floors. Note
the change in slope character between the seaward Gariep Belt schists and the landward Namaqua
Metamorphic Complex gneisses and schists, marked by a gradient knickpoint at -100 m. d) Main
drainage units (1-5) and the host rock of the incised valley system. Lines a-i are representative
cross sections through the main channels, shown in the inset.

Figure 5. Uninterpreted and interpreted sub-bottom profile oriented west to east, representing the
seismic stratigraphy of the landward portion of the study area. Units A, B, D — H are present with

drill core 1558, 1359, 879 and 50. Mining furrow is present.

Figure 6. Uninterpreted and interpreted sub-bottom profile oriented west to east, representing the
seismic stratigraphy of the seaward portion of the study area. Units A, C, D — H are present with

drill cores 2809, 1439 and 210. Mining furrow is present.
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Figure 7. Uninterpreted and interpreted sub-bottom profile oriented west to east, representing the
seismic stratigraphy of the seaward portion of the study area. Units A — B, D — H are present

with drill core 1633 and 1079.

Figure 8. Uninterpreted and interpreted sub-bottom profile oriented north to south, representing
the seismic stratigraphy of the seaward portion of the study area. Units A, D — H present with

numerous drill cores 1904, 1822, 1810, 1794, 1701, 1558, 1554 and 1553.

Figure 9. Uninterpreted and interpreted sub-bottom profile oriented north to south, representing
the seismic stratigraphy of the landward portion of the study area. Units A — C, E — H present

with drill cores 1119, 864, 703, 123, 50 and 28. Wave-ravinement surface (WRS) is present.

Figure 10. Samples retrieved from cores. a) Schist (SCH) fragments of the Namaqua
Metamorphic Complex (Unit A). b) Schist and quartzite (QTZITE) fragments from the Gariep
Complex. c) Rolled balls of reworked clay (CLY) derived from the weathered products (Unit B)
of the underlying acoustic basement. Note the dominance of discs and rods. d) Kaolinite-rich
saprolite (SPL) with fragments of schist (Unit C). e) cobble to pebble-sized balls of clay (Unit
C). f) Sandstone (Unit D) with reef-building Diplochaetes longitubus, borings of Trypanites sp.
g) Gravels (well-rounded) with quartzite (QTZITE), quartz fragments, jasper (JSP) and schist
(Unit F). h) Sample with increased shelly content, including whole Twurritela declivis and Fusinus
ocelliferus shells. 1) Shell hash with minor granule content, comprising abundant Phacoides

saldanhae valves.
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842  Figure 11. Unit distribution and sediment thickness. a) Unit B saprolite. B) Unit C clay. C) Unit
843 D sandstone. D) Unit E lower sand. E) Unit F total gravel. F) Cobbles. g) Pebbles. H) Granules.

844 1) Shell hash/WRS. J) Unit G upper sand. J) Unit H mixed sand and mud.
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Figure. 5
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