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ABSTRACT 

The largest known marine diamond placer, the Namibian mega-placer, lies along the 

Atlantic coast of south-western Africa from the Orange River mouth 1,000 km northwards to 

the Namibian- Angolan border. The most economically viable portion of the Namibian mega­

placer (>75 million carats recovered at >95% gem quality) comprises onshore and offshore 

marine deposits that are developed within - IOOkm of the Orange River outfall. For much of 

the Cainozoic, this long-lived fluvial system has been the main conduit transporting diamonds 

from kimberlitic and secondary sources in the cratonic hinterland of southern Africa to the 

Atlantic shelf that has been neutrally buoyant over this period. Highly energetic marine 

processes, driven in part, by southerly winds with an attendant northward-directed longshore 

drift, have generated terminal placers that are preserved both onshore and offshore. 

This study, through detailed field sedimentological and diamond analyses, investigates 

the development and mineralisation of gravel barrier deposits within the ancestral Orange 

River mouth area during a major - 30 m regional transgression ('30 m Package') in the Late 

Pliocene. At that time, diamond supply from this fluvial conduit was minimal, yet the 

corresponding onshore marine deposits to the north of the Orange River mouth were 

significantly diamond enriched, enabling large-scale alluvial diamond mining to take place 

for over 75 years. 

Of the entire coastline of south-western Africa, the most complete accumulation of the 

'30 m Package' is preserved within the palaeo-Orange River mouth as barrier spit and barrier 

beach deposits. Arranged vertically and laterally in a 16 m thick succession, these are deposits 

of: (I) intertidal beach, (2) lagoon and washover, (3) tidal inlet and spit recurve and (4) storm­

dominated subtidal settings. These were parts of larger barrier features , the bulk of which are 

preserved as highstand deposits that are diamond-bearing with varying, but generally low 

grades «13 stones (diamonds) per hundred tons, spht). Intertidal beach and spit recurve 

deposits have higher economic grades (12- 13 spht) due to the energetic sieving and mobile 

trapping mechanisms associated with their emplacement. In contrast, the less reworked and 

more sandy subtidal, tidal inlet and washover deposits have un-economic grades «2 spht). 

Despite these low grades, the barrier deposits have the largest average stone (diamond) size 

(1 - 2 carats/stone, cts/stn) of the entire Namibian mega-placer, given their proximity to the 

ancestral Orange River outfall. 
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This study demonstrates that barrier shoreline evolution at the fluvial/marine interface 

was controlled by: (I) a strong and coarse fluvial sediment supply that sustained shoreline 

growth on a highly energetic coast, (2) accommodation space facilitating sediment 

preservation and (3) short-duration, high-frequency sea-level cycles superimposed on the - 30 

m regional transgression, promoting hierarchal stacking of progradational deposits. During 

these sea-level fluctuations , diamonds were 'farmed ' from older, shelf sequences in the 

offshore and driven landward to accumulate in ' 30 m Package ' highstand barrier deposits. In 

spite of the large supply of diamonds, their retention in these deposits was poor due to an 

incompetent footwall of ancestral Orange River mouth sediment and the inherent cobble­

boulder size ofthe barrier gravels. Thus the principal process controlling diamond entrapment 

in these barrier deposits was kinetic sieving in a coarse-grained framework. Consequently, at 

the marine/fluvial interface and down-drift for - 5 km, larger diamonds (1 - 2 cts/stn) were 

retained in low-grade (<2 spht), coarse-gravel barrier shorelines. Smaller diamonds (mostly 

< I cts/stn) were rejected into the northward-driven littoral sediments and further size-sorted 

along - 95 km of Namibian coast to accumulate in finer, high-grade beach placers (> 100 spht) 

where bedrock footwall promoted such high concentrations. 

The gravel-dominated palaeo-Orange River mouth is considered to be the ' heart ' of 

the Namibian mega-placer, controlling sediment and diamond supply to the littoral zone 

further north. Although coarse gravel is retained at the river mouth, the incompetence of this 

highly energetic setting to trap diamonds renders it sub-economic. This ineffectiveness at the 

fluvial/marine interface is thus fundamental in enriching the coastal tract farther down-drift 

and developing highly economic coastal placers along the Atlantic coast of south-western 

Africa. 
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CHAPTER I - INTRODUCTION 

CHAPTER 1 - INTRODUCTION 

'A place where pebbles are polished and diamonds are dimmed'- Robert Green Ingersoll (/833-1899) 

1.1 BACKGROUND 

Known diamond marine placers are rare and the only occurrences of economic 

importance occur in sub-Saharan Africa along the west coast of South Africa (over a distance 

of 370 km) and the Namibian coast (over a distance of 1,400 km in length). Together these 

placers have yielded exceptional production levels since their discovery in the early 1900s. 

Approximately 120 million carats have been mined from these deposits and it has been 

estimated that a combined diamond resource of approximately 30 million carats remain 

(Bluck el al. , 2005). More importantly, more than 95% of the diamonds mined are gem 

quality (Hallam, 1964). Given the appreciable production levels, the size of the placers and 

the quality of the diamonds, Bluck el at. (2005) have defined both placer deposits as mega­

placers. 

The Namibian mega-placer, situated in the most south-western corner of the country 

along the Atlantic coastline and immediately north of the Orange River (Figure l.l A), is 

Namibia's main diamond producer. Here the most economical deposits that continue to be the 

mainstay of Namibia's diamond industry are the Quaternary onshore gravel beaches of the 

Alexander Bay Formation (SACS, 1980). Testimony to their economic value lies in the fact 

that they have been mined for over 75 years, producing more than 75 million carats making 

this the world's richest marine diamond mega-placer (Schneider & Miller, 1992; Corbett, 

1996; Corbett & Burrell , 200 I; Corbett, 2002; Oosterveld, 2003; Spaggiari et al., 2006). 

The development of this mega-placer is attributed to a combination of processes. 

Among these, the Orange River is seen as the fluvial 'conveyor' . It supplied consistently vast 

quantities of predominantly coarse-grained sediment, together with diamonds to the Atlantic 

coast. At the terminal point of this ' conveyor' system, the outfall of diamond-bearing 

sediment accumulated at an interface representing the end of the fluvial delivery and the start 

of the marine dispersion processes (the marine 'conveyor'). It is at this interface that the role 

of the Atlantic Ocean was fundamental in developing the Namibian mega-placer. 
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The combined effect of a vigorous wind-wave system, northward-directed longshore 

current and a shallow buoyant shelf created a natural gigantic 'jig' to separate the Orange 

River outfall by grain size and re-distribute them to different depositional areas (Bluck et ai., 

2007). This energetic 'jig' ensured that the fine-grained sediments are removed, whilst only 

the gravel fraction is capable of remaining at, and building up, the coastline (Bluck et ai. , 

2007). The finest material is dispersed into the offshore as thick mudbelts and the sand 

fraction is moved onshore to accumulate in the Namib Sand Sea and as dune belts. The gravel 

fraction is retained along the coastline as a series of different beach types to form a 

continuous palaeo-littoral wedge tapering northwards for approximately 110 km from the 

Orange River mouth. This is the marine mega-placer. 

In the proximal setting of this littoral wedge at the interface of the fluvial and marine 

'conveyor ' systems, gravel barrier spits and barrier beaches predominate for approximately 

5 km (Spaggiari et ai., 2006). These are replaced in a down-drift direction (northwards) by 

linear beaches for approximately 70 km, that in turn, grade farther northwards into pocket 

beaches (Spaggiari et ai., 2006). The last typifies the distal end of the littoral wedge (Figure 

l.lB; Apollus, 1995; Spaggiari et ai., 1999; Bluck et ai. , 2001 ; Spaggiari el ai., 2002; 

Spaggiari e/ ai., 2006). 

The process of sediment segregation is highly significant for placer development as 

the coarser diamonds follow the gravel fraction and are therefore retained in gravel beaches 

(Bluck et ai., 2005). The largest gravels are confined to the interface, which in turn, yield the 

coarser diamonds. North of this interface, the diamond size decreases in a down-drift 

direction (Sutherland, 1985; Schneider & Miller, 1992) and is significantly smaller, as much 

as 75%, within pocket beach deposits that represent the down-drift part of the di spersal 

system. 

It is, however, only the linear and pocket beach deposits that have the highest 

concentrations of diamond and form the principal mining targets (Hallam, 1964; Apollus, 

1995; Jacob, 2001). These deposits are floored by marine-bevelled bedrock platforms with a 

variety of trapsites such as potholes and gullies, which enhance diamond concentration. In 

contrast, the gravel barrier spits and barrier beaches closest to the Orange River mouth rest on 

unconsolidated fluvial sediments that do not promote the development of trapsites. 

Significantly and unsurprisingly, these deposits have lower diamond concentrations and their 
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contribution to mining production is relatively small. It thus follows that the introduction and 

retention of diamonds in such river mouth settings is governed by depositional processes. 

This study focuses on the proximal setting of the palaeo-littoral wedge where the 

interaction between marine and fluvial processes has created a complex arrangement of 

barrier spit and barrier beach deposits within the Orange River valley. The sedimentological 

framework of these deposits and associated diamond mineralisation models are thus 

considered. The deposits within the study area are correlative to the 30 m Package (Plio­

Pleistocene; Pether, 1986) of the Alexander Bay Formation (SACS, 1980). Along the 

Namaqualand coast in South Africa and the Namibian coastline, palaeo-shoreline sediments 

occurring at a transgressive maximum of 30 m above msl and contain the biostratigraphic 

zone fossil Donax rogersi, are referred to as the 30 m Package (Pether, 1984). In Namibia, 

marine sediments of the 30 m Package are best preserved within the study area, whilst 

isolated occurrences are recorded farther north along the Namibian coastline at and 

immediately north of Walvis Bay (Rooikop gravels; Miller & Seely, 1976; SACS, 1980; 

Miller, 2008) and along the Skeleton Coast (Hallam, 1964; Miller, 2008; Figure 1.1 A) . 

1.2 LOCALITY 

Along part of its lower course, the Orange River forms a natural border between 

Namibia and South Africa before entering the Atlantic Ocean. The coastal tract immediately 

north of the Orange River mouth in Namibia, extending northwards for some 300 km to 

Ltideritz, falls within the Sperrgebiet (,forbidden territory ' ) - an area that was proclaimed in 

1908 after the discovery of diamonds within this region (Pallett, 1995; Figure I.IA). 

The study area is situated in the most southern end of the Sperrgebiet coastal tract 

within the mining licence (ML 43) held by Namdeb Diamond Corporation (Pty.) Ltd. This 

area, locally known as Mining Area 1 (MAl), is the main centre of Namdeb's mining 

operations (Figure 1.1 B). The mining targets near to the present Orange River mouth where 

the littoral deposits are at their widest, representing some 3 km of gravel beach accretion is 

investigated. This part of MA I is known locally as the ED Area (Figure l.l B), an informal 

acronym used by the mining company for ' Estuarine Delta' Area. 
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Although Terrace Bay, situated within the Skeleton Coast Park, some 1,000 km north 

of the Orange River (Figure I.IA), was not part of the study, the modern gravel beaches at 

Terrace Bay were visited to gain a better understanding of modern gravel beach formation, 

processes and structures. These modem beaches are formed under similar wave and tidal 

conditions envisaged for the palaeo-beaches in the study area (Spaggiari et al., 2006; Bluck, 

in press). 

Geologically, MA I contains an accumulation of Late Cainozoic sediments covering 

Precambrian and Mesozoic rocks (Figure 1.2). Chapter 2, Section 2.2, considers the 

geological framework in more detail. 

1.3 PRESENT COASTAL REGIME 

A brief discussion of the modern coastal regime is presented here as a prelude to gain 

an understanding of the coastal energy that has ostensibly remained unchanged since at least 

the Neogene (de Decker, 1988). The Atlantic coastline of south-western Africa is recognised 

as the most energetic in the world (Hay & Brock, 1992) where it is dominated by persistent 

high-energy waves (Davies, 1972) that are driven by strong southerly winds . The South 

Atlantic Anticyclone, an offshore high-pressure cell, is responsible for generating these 

onshore-directed winds (Rogers, 1977; Figure 1.3). 

In summer, the high pressure system occupies a more southerly position centred at 

about 300 S, but shifts some 60 northwards in the winter months due to the development of 

low-pressure cells in the Southern Ocean (Tchernia, 1980, pg. 104; Tyson & Preston-Whyte, 

2000). Consequently, strong anticyclonic southerly winds are experienced along the coastal 

tract during summer where the South Atlantic trade winds predominate (Tchernia, 1980), 

whilst a reduction in their magnitude is experienced in winter months (Rogers, 1977). 

The northward shift of the high-pressure cell allows periodic eastward-migrating 

circumpolar cyclones of the Southern Ocean to move closer to South Africa (Wood borne, 

1991). This creates north-westerly and westerly gale force winds that regularly induce stormy 

seas and high swells during winter months (Woodbome, 1991). It thus follows that long 

period swells generated by the circumpolar cyclones ('roaring forties') contribute to the wave 

energy regime in winter and generally constitute the major storm waves , whilst the shorter 
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wave periods generated by the southerly gales contribute most of the energy to the summer 

wave regime (Smith, 2002). 

The wave-dominated setting offshore of the Orange River is characterised by wave 

heights that fall mainly (90% of the waves) in the range of 0.75-3.25 m, averaging 1.75 m for 

winter and 1.5 m for summer (de Decker, 1988). The attendant wave periods are between II 

and 15 seconds for all seasons, with the longest occurring in winter where it averages 12.5 

seconds (Rogers, 1977; de Decker, 1987). Wave heights exceeding 5 m during periodic 

storms are not uncommon and have been recorded in all seasons (de Decker, 1988; Smith, 

2002, pg. 3). [n fact, wave heights of greater magnitude exceeding 9 m (Didenkulova et ai., 

2006, see pg. 1011) and at times 16 m (Jury et ai., 1986; Brundrit & Shannon, 1989) have 

been documented along the west coast of South Africa, particularly during winter storms. It is 

also alleged that the grounding of the diamond mining vessel, Barge 77 onto the rocks at 

Chameis Bay some 110 km north of the Orange River mouth in 1963 was due to an 

unsuspected 25 m wave (Williams, 1996, pg. 90). Although this eyewitness account was not 

scientifically recorded, such waves do make an appearance along the west coast of South 

Africa. Apart from those mentioned earlier, a wave height of 20 m was recorded at a popular 

surf spot, the' Dungeons' in Cape Town during 2004 (Pisces Environmental Services, 2008). 

Driven by distant storms (winter cyclones) in the 'roaring forties', which migrate west 

to east, these deep-water waves intensify as they head eastward from Cape Horn (Tierra del 

Fuego archipelago, offshore Chile) towards South Africa (Wavescape, 2004). More 

significantly, it has been demonstrated that deep-water waves have the greatest wave length 

and longest wave period and therefore travel faster than waves with shorter periods (Brown et 

ai., 1989), given that velocity (C) can be expressed as C = --JgLl2n, where g is the gravity 

constant of 9.81 mls and L is the wave length (Bascom, 1964). Thus, with wave base 

equivalent to half the wave length (see Brown et ai. , 1989), sea floor interference will 

seemingly be considerably deeper as wave base is lowered well beyond the depths normally 

reached during local summer storms or fair weather conditions. Closer to the shoreline, the 

waves begin to touch bottom as they propagate across the shallow shoreface where they 

becoming steeper and are refracted towards a more shore-normal direction. This is the 

shoaling zone (Reinson, 1984). Here the waves oversteepen as they continue to approach the 

shoreline and ultimately break up in the breaker zone (Niedoroda et ai., 1985). Offshore of 

the Orange River, the area encompassing the shoaling and breaker zone can be recognised by 
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current-induced bedforms from sonographs where it has been demonstrated that this area can 

be as much as 300 m wide at depths from 10-25 m below msl (de Decker, 1988). This 

indicates that the distance between the shoaling zone and beach face is considerable and 

hence sediment movement takes place over an extremely broad zone (Bluck, 2005, 2007). 

Seasonal differences in the present wave regime are also reflected in the direction of 

wave approach. The majority of waves approach from the south-west (Rogers, 1977; de 

Decker, 1988). During summer a southerly approach is predominant due to the strong 

summer southerly winds, whilst in winter a south-westerly to south-south-westerly approach 

is a reflection of the predominate swell originating in the low pressure belt of the Southern 

Ocean (Rogers, 1977; de Decker, 1988; Smith, 2002). Coupled with the persistent high wave 

energy, the predominance of south-westerly waves incident on the Atlantic coastline at the 

Orange River mouth results in a strong northward-directed longshore drift with an estimated 

volume of 1.4x106 ml/yr (Swart, 1984) that intensifies during winter months (de Decker, 

1988). It has also been demonstrated that waves originate from the north-western quadrant, 

but these are quantitatively insignificant (de Decker, 1988). However, they are highest during 

spring and winter, and during these periods the northward-directed longshore drift is absent or 

even reversed (Gurney et al., 1982 in de Decker, 1988). [n contrast to the extreme wave 

energy, the tidal range is only 1.8 m off the Orange River mouth, making this a micro-tidal 

coast (Davies, 1972). [n these wave-dominated settings, the tidal energy is overwhelmed by 

the persistent wave energy (Davis Jr & Hayes, 1984). Consequently, tidal effects on sediment 

dispersion along the present coastline and adjacent shelf are negligible and largely governed 

by wave-induced currents (de Decker, 1988). 

1.4 DEPOSITIONAL SUB-ENVIRONMENTS OF BARRIER BEACHES 

The aim of this section is to introduce the different sub-environments for modern 

beaches and their depositional processes, to serve as background to the terminology used for 

interpreting the various sub-facies recognised within the study area. The sub-environments, 

including the general beach morphology, sedimentary processes and structures are graphically 

summarised in Figures 1.4 & 1.5. From landward to seaward, the sub-environments that are 

discussed in this section are coastal lagoons, backshore, foreshore, shoreface and offshore. 

Although the terminology used in these figures is not universal, it is a generalised compilation 

from various sources (Reineck & Singh, 1975; Elliott, 1978, 1986; Harms et al., 1982; 
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Reinson, 1984; Davis Jr, 1985; Leeder, 1988; Reading & Collinson, 1996; Nichols, 1999; 

Bluck 1999; Boggs Jr, 2001; Carter, 2002). Note that this general compilation presents 

' classic ' examples of beach sub-environments, but these are in places not a representation of 

what was recorded in the study area. This divergence in correlation is briefly discussed in this 

section and expanded on in Chapter 3. In addition, given that this study focus primarily on 

gravel beaches, the terminology used for describing their sub-environments differs to that of 

sand beaches. Based on the Wentworth (1922) grain scale, gravel is hereinafter defined as a 

particle that is greater than 2 mm (-I phi). The terminology used in this study for gravel beach 

description is based on research that has focused mainly on modern settings in Europe 

(mainly the United Kingdom), America (mainly Canada) and New Zealand. This body of 

research, like those of Bluck (1967, 1999), Orford (1975), Carr (1983), Carter & Orford 

(1984), Williams & Caldwell (1988) and others, form the basis to understanding gravel beach 

sedimentation. 

1.4.1 Coastal Lagoon 

In general, the term ' lagoon ' is nonspecific and loosely used to describe a body of 

shallow water that is landward of a protective barrier and connected to the open sea with an 

outlet (Reineck & Singh, 1975; Kirk & Lauder, 2000; Davis Jr & Fitzgerald, 2004). Lagoons 

may develop in a variety of geological settings provided that there is some form of 

embayment from the open marine environment and a mechanism to isolate it, such as the 

growth of a barrier beach or barrier spit (Davis Jr & Fitzgerald, 2004). Given that a lagoon is 

impounded by some form of barrier structure and occurs landward of the backshore 

environment (see Section 1.4.2), it represents the back-barrier setting. 

Generally, back-barrier sediments are mixtures derived from multiple sources such as 

rivers or the sea (Nichols & Boon III, 1994). Tide-dominated back-barrier settings are sinks to 

marine sediments through flood-tidal processes at the tidal intlet, whilst fluvial sources 

dominate those that are river-dominated (Cooper, 2001). In addition to these sediment 

sources, marine sediment is also introduced during storms where waves transfer sediment 

over the barrier structure into the lagoon. Such washover sedimentation in both tide- and 

river-dominated settings is confined to the landward margins (backshore; see Section 1.4.2) of 

barrier structures. 
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Lagoons in micro-tidal settings are generally low-energy environments and are thus 

good sediment traps. They fill rapidly with marine and fluvial deposits, resulting in a 

progressive decrease in depth, volume and areal extent (Reineck & Singh, 1975; Nichols & 

Biggs, 1985). The infill process is accelerated on enclosure of the lagoon by growth of a 

barrier beach or spit, coupled with late stage development of tidal flats and marshes (Nichols 

& Biggs, 1985). Sedimentation in a lagoon, therefore, comprises mostly mud, silt and fine 

sand and is largely controlled by sediment influx and hydrographic conditions (Reineck & 

Singh, 1975). The sand fraction is confined to more energetic environments such as mid­

channels islands and tidal inlets where current ripples dominate (Reineck & Singh, 1975), 

whereas marshes, floodplains and deeper parts of the lagoon are low-energy environments 

favourable for the deposition of mud and silt. Generally these deposits are finely laminated, 

but their structures are commonly obliterated where bioturbation is extensive (Reineck & 

Singh, 1975; Elliott, 1978). Other back-barrier deposits include tidal channel and flood-tidal 

delta sediments that are sand dominated with lag gravels. Bi-directional planar and trough 

cross-stratification are diagnostic sedimentary structures. In addition, tidal-flat deposits that 

are developed landward of the barrier consist of mud and fine- to medium-grained ripple­

laminated, flaser- and lenticular-stratified sands (Boggs, 200 I) . 

The present Orange River back-barrier setting, however, has estuarine characteristics 

and is defined by Cooper (200 I, 2002) as a river-dominated estuary. He notes that the inlet 

(within a micro-tidal regime) is maintained by fluvial discharge. In addition, flood-tidal deltas 

are small or absent as a result of weak tidal currents and limited accommodation space in the 

estuary. One significant feature of river-dominated estuaries is that fluvial sediments extend 

to the landward margin of a barrier beach in the form of floodplains, mid-channel islands or 

subtidal deposits and therefore the back-barrier area is seen as an extension of the inflowing 

river (Cooper, 2002). Here sedimentation is dominated by fluvial processes (Cooper, 2001 , 

2002) with a small marine contribution from washovers and weak tidal incursions. In this 

study back-barrier deposits of palaeo-Orange River origin will be defined as estuarine-lagoon; 

a term also applied by Barnes (200 I) for estuarine settings in Britain that have been sealed off 

by a barrier deposit, but still receive small amounts of seawater through washovers. 

1.4.2 The backshore 

This extends from the highest berm landward into the hinterland. The backshore 

generally remains dry and therefore represents the supratidal zone. This zone is only 
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subjected to wave action under unusually high-water conditions that are associated with 

storms. The highest berm, representing the most elevated part of the beach, is usually built 

during these periods and thus is referred to as a storm berm (Harms et 01. , 1982; Hayes el 01., 

2010). However, a broad range of definitions are used to describe storm berms. These include 

berm crest (Reinson, 1984; Reading & Collinson, 1996; Boggs Jr, 2001), berm ridge (Otvos, 

2000), beach ridge (Orford, 1986; Meldah1, 1995; Otvos, 2000), beach crest (Lorang, 2002) 

and storm ridge (Davis Jr & Fitzgerald, 2004). Consequently, the definition and use of the 

aforementioned terms in the literature is confusing and at times the terminology is broadly 

interchanged (see Hesp et 01. , 2005; Hesp, 2006). For example, Otvos (2000) combines 

berms, beach ridges, foredunes and cheniers into a single type where beach ridges are of wave 

(berm ridge), wind (backshore foredune) or chenier in origin (see Hesp et ai. , 2005). 

For simplicity and using Hesp's (2006) definition to ensure consistency, beach ridge is 

applied in this study. Beach ridges (sensu stricto) are persistent swash and storm wave built 

ridges, forming typically at or above the normal spring high tide level (King, 1972 in Hesp, 

2006). Whereas berms are non-persistent ridges or terraces that are wave built at the limit of 

swash run-up (Hesp, 2006). Therefore, beach ridges are fingerprints of storm swash surges 

and are semi-permanent features that are on ly reworked by the next, more severe storm. In 

gravel beaches, they are typified by an accumulation of predominantly large disc- and blade­

shaped clasts which are well imbricated on the immediate seaward slope of the ridge, whereas 

on the immediate landward side the discoidal clasts are flat lying (Bluck, 1967; Orford, 1975; 

Williams & Caldwell, 1988; Bluck e/ 01. , 2001 ; Pascucci et 01. , 2009; Figure I.4B). The 

preferential accumulation of discs and blades at the beach ridge is a function of their 

hydrodynamic characteristics. Disc- and blade-shaped clasts can be easily lifted in the water 

column and remain elevated longer than any other shape due to their greater surface area and 

are thus entrained further landward during swash uprush. In addition, unlike rollers and 

spheres, discs and blades are also less pivotable and therefore difficult to move during 

backwash (Bluck, 1967; Hayes el 01., 2010). 

Sand-dominated beach ridges consist of a range of grain sizes from fine to coarse sand 

and gravelly sand (Reineck & Singh, 1975; Otvos, 2000). Sedimentary structures on either 

side of the ridge include landward and seaward dipping stratification (Figure 1.5). 
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In profile, the backshore has, therefore, a landward-sloping surface. This 

geomorphological feature in gravel beaches helps differentiate between a beach and barrier 

beach (Figures 1.4 & \.5). The presence of a rear landward slope is typical of the latter, 

whereas the absence thereof defines a beach (Orford et al., 2001). Sediments that form the 

landward-sloping surface represent storm deposition. These are wash over deposits (Figure 

1.5). Once a beach ridge has been breached or overtopped by waves during a storm surge, 

wash over sediments are moved landward into a topographically lower area, such as a lagoon 

(Carter & Orford, 1981; Bluck, 1999; Sedgwick & Davis Jr, 2003). Like their sandy 

counterparts (see Sedgwick & Davis Jr, 2003 ; Figure 1.5), landward-dipping stratification is a 

diagnostic feature of gravel washover deposits. Low-angle stratification, which is the 

predominant structure, typifies washover sheets, whilst steeper angles represent washover 

deltas. The last is a function of subaqueous deltaic deposition (Carter & Orford, 1981 ; Orford 

& Carter, 1982). In this study the washover deposits are considered part of the back-barrier 

setting, given that their distal portions interfinger with fine-grained lagoon sediments, 

1.4.3 The foreshore 

The foreshore environment, situated between the low and high tide levels, is the 

intertidal zone and may display a variety of configurations (Elliott, 1978; Davis Jr, 1985). The 

simplest of these is a steep beach face that extends seaward from the beach ridge (Elliott, 

1978; Kirk, 1980; Davis Jr, 1985; Figures 1.4A & 1.5). Generally, the intertidal zone is 

flooded and exposed during normal tidal cycles where swash and backwash consistently 

sweep the beach face (Reinson, 1984; Boggs Jr, 200 I) . In gravel beaches it comprises three 

main settings, notably the upper, middle and lower beach face . 

Generally, the upper beach face will include remnant features recording the last 

highest storm event (Davis Jr, 1985; Single & Hemmingsen, 2001). These are the beach 

ridges as discussed in the aforementioned section (Figure I.4B). They mark the boundary 

between the foreshore and backshore (Reinson, 1984). In gravel beaches seaward-imbricated 

discs occur immediately below the beach ridge forming the uppermost part of the foreshore. 

Below this boundary, in the middle part of the beach face (Figure I.4B), 

morphological change is greatest with swash berms and cusps as diagnostic features (Kirk, 

1980; Davis Jr, 1985; Bluck, 1999; Carter, 2002; Austin & Masselink, 2006). Swash berms 

will move landward across the beach face with successively higher swash excursions and are 
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ephemeral in nature compared to the more permanent beach ridges (Otvos, 2000; Austin & 

Masselink, 2006). Like swash berms, tiers of beach cusps can occur at different levels and 

these are indicative of reflected beaches where the beach face is steeply inclined (Carter & 

Orford, 1984; McKay & Terich, 1992; Sherman et ai. , 1993; Forbes et ai., 1995; Masselink & 

Pattiaratchi, 1998; Carter, 2002; Austin & Masselink, 2006). Ranging from a few centimetres 

to approximately 50-70 m in length and up to 2-3 m in height, beach cusps are rhythmic 

patterns characterised on surface by prominent horns that taper seaward, separated by broad 

landward curving bays (Carter, 2002; Coco et ai., 2003; Figure lAC). Their mode of 

formation has not been satisfactorily addressed. Rhythmic standing edge waves have been 

advocated as a process of cusp formation (Sherman et ai., 1993; Pye, 2001), whilst self­

organisation models are proposed as alternative explanations (Masselink & Pattiaratchi, 1998; 

Coco et ai., 2003 ; Austin & Masselink, 2006). 

On gravel beaches, the middle sector of the beach - given its highly dynamic nature -

IS subjected to aggressive sorting through a process of clast acceptance and rejection, 

resulting in effective clast size and shape sorting. Here a variety of shapes are sorted, but this 

part of the beach is commonly dominated by seaward-imbricated discs (Carter, 2002). Graded 

beds with steeply seaward-dipping foresets are products of swash berm and beach cusp 

deposition (Bluck, 1999). Noteworthy is that complete cusp structures are seldom preserved 

in the rock record due to erosion, making it difficult to differentiate them from swash berm 

structures (Bluck, 1999). 

The lower part of the beach, below the active 'sweep zone ' , has a gently inclined 

surface and may be stable for long periods compared to the highly dynamic, steep middle 

sector (Bluck, 1999; Pye, 2001 ; Figures 104 & \.5). This gently inclined area at the base of the 

beach may comprise erosional rock platforms, depositional sand aprons or accumulations of 

cobble and/or boulder lags (Forbes et ai. , 1995). Bluck (1999) has termed these gently 

inclined surfaces in gravel beaches as 'selection pavements ' (Figure lAB). These consist of 

gently inclined sheets of well-sorted gravel that has been sourced from the landward parts of 

the beach during erosion of swash berms and cusps, and seaward during swash excursions 

(Bluck, 1999; Bluck et ai. , 2001). In microtidal regions where the wave energy is 

significantly high with a small tidal range, as in the case of the study area, selection 

pavements are poorly developed (Bluck et ai. , 2001). Contiguous with selection pavements 

and forming the most seaward end of the beach face is an accumulation of large spherical 
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clasts that can reach boulder size (Bluck, 1967; Orford, 1975; Williams & Caldwell, 1988; 

Bluck, 1999). The predominance of spheres is a result of their greater mobility and thus can 

roll easily down the beach face for long distances to accumulate at the beach toe (Bluck el al., 

2001). This accumulation produces a gentle seaward-inclined, thin gravel sheet (clast thick) 

and is defined as the outer frame by Bluck (1967). 

Given their grain size, sand beaches in micro-tidal settings obviollsly yield different 

bedforms and structures. In most instances, many of the surface features are rarely preserved 

due to their impervious nature, coupled with high swash and backwash energy levels in the 

foreshore. The most notable sedimentary structures preserved in the rock record are parallel 

laminae, dipping gently seaward (Elliott, 1978; Boggs Jr, 2001 ; Figure 1.5). Here heavy 

mineral laminae consisting of minerals such as garnet, ilmenite, magnetite, zircon and others 

are commonly present where they alternate and are overlain by coarser-grained quartz-rich 

sand (Boggs Jr, 200 I). These heavy minerals represent a lag concentration where grain 

segregation is achieved under conditions of plane-bed sedimentation (Davis Jr, 1985). In 

contrast, low-angle, landward-dipping laminae represent antidune migration that has formed 

during backwash (Davis Jr, 1985; Boggs Jr, 200 I). 

Where foreshore bars are preserved, they are recognised by their steep landward­

dipping stratification (Elliott, 1978; Davis Jr, 1985; Boggs Jr, 200 I ; Figure 1.5). These bars 

originate from the shoreface and migrate landward during fair-weather conditions to weld 

onto the beach face, thereby inducing beach growth (Davis Jr, 1985). However, such 

foreshore bars are absent where shorelines are highly reflective, as in the case of gravel 

beaches (Reading & Collinson, 1996; Carter, 2002). 

1.4.4 The shoreface 

The shoreface is always submerged and thus represents the subtidal zone (Figures 1.4 

& 1.5). It extends from mean low water (MLW) to the lower limit where normal waves begin 

to affect the seabed; this is fair-weather wave base (Reading & Collinson, 1996). Hence, it 

corresponds to a region of shoaling where wave shape is altered to a more peaked crest, 

increased height (shoaling effect) and change in propagation toward a shore-normal direction 

(wave refraction; Niedoroda el al. , 1985). This occurs once wave base comes into contact 

with the seabed and the effect increases as waves propagate over the shoreface towards the 

foreshore . When fair-weather wave base is considered, the depth at which wave base begins 
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to touch the seabed is dependent on the wave climate in that coastal area and the gradient of 

the shoreface. Obviously, steeper gradients favour greater depths at which fair-weather wave 

base occurs, whilst the opposite holds true for more gentle gradients. However, it has been 

estimated that fair-weather base is generally shallower than 20 m, a depth where sand-sized 

material is not commonly moved (Elliott, 1978; Harms et al., 1982; Reinson , 1984; 

Niedoroda et al., 1985; Walker, 1985, pg. 256; Nichols, 1999). Fair-weather wave base for 

highly energetic coasts, as in the case of the study area (noted in Section 1.3), is considerably 

deeper. Here average wave conditions are capable of moving very coarse sand at depths of 30 

m (de Decker, 1988). It therefore follows that the movement of finer sand would occur at a 

greater depth. Consequently, shoreface processes and sediment characteristics in such 

dynamic settings are different to most ' classic ' shoreface examples gleaned from various 

literature sources. 

For simplicity, the shoreface is divided into the three broad zones as described by 

Boggs Jr (200 I), namely the upper, middle and lower (see Figure 1.5). 

The upper shoreface is the energetic surf zone (Boggs Jr, 2001). Here sediment size 

ranges from fine- to medium-grained sand with gravel also occurring (Boggs Jr, 200 I) . 

Shore-normal currents generated by waves are superimposed on shore-parallel wave-driven 

currents giving rise to complex sedimentary sequences exhibiting multi-directional structures. 

These are dominated by trough cross-stratification formed due to the migration of ripples and 

dunes, but low-angle planar-stratification can occur (Reinson, 1984; Boggs Jr, 2001) . 

Bioturbation is common, but not abundant (Boggs Jr, 2001). 

The middle shoreface is also a highly energetic area and encompasses the breaker 

zone where fine- to medium-grained sand, silt, shell material and gravel accumulate (Boggs 

Jr, 200 I). [n addition to rip currents, longshore-bar development is commonly associated with 

this part of the shoreface, with the latter predominating. (Boggs Jr, 200 I). Similar to the upper 

shoreface, sedimentary structures are complex, ranging from landward-dipping ripple cross­

lamination through seaward-dipping, low-angle planar-stratification to trough cross­

stratification (Boggs, Jr, 2001). Bioturbation is also common (Boggs Jr, 2001). 

The lower shoreface is seaward of the surf and breaker zone and is subjected to 

oscillatory wave currents during fair-weather. These are important in agitating the seabed, but 
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will generally not produce net sediment transport (Swift & Niedoroda, 1985). Sediments in 

this zone consist predominantly of fine sand interbedded with silt and mud. These exhibit 

variable structures, but are dominated by near horizontal lamination, landward migrating 

ripples and hummocky cross-stratification that may contain hydraulically light particles such 

as mica flakes and plant debris (Boggs Jr, 200 I). High levels of bioturbation tend to obliterate 

sedimentary structures (Boggs Jr, 2001). 

Effective sediment entrainment in this part of the shoreface only takes place during 

storms where wave base is significantly lowered to scour and modify the seabed deposits. 

Here the sediment is aggressively agitated into suspension and re-deposited farther seaward in 

the offshore-transition zone and/or beyond as the storm wanes (Reinson, 1984). Coarser 

sediment, ranging from coarse sand to gravel , can also be injected into the lower shoreface 

during storm periods to be deposited as thin storm lag sequences. Sourced from the foreshore 

and upper shoreface, the coarse sediment is moved seaward in strong offshore-directed rip­

channels (see Reineck & Singh, 1975; DeCelles, 1987; Leckie, 1988; Cheel & Leckie, 1992). 

Seaward, the lower shoreface grades into the deeper water environment of the 

offshore-transition zone where mud and si lt deposition dominates. This zone extends from 

fair-weather wave base to storm wave base and is contiguous with the offshore (Figure 1.4; 

Ell iott, 1986; Reading & Collinson, 1996). Deposition is characterised by low- and high­

energy conditions where suspension settling takes place during fair-weather, whilst seafloor 

agitation and coarse sediment deposition is governed by storm conditions assoc iated with 

oscillatory wave processes (Elliott, 1986; Reading & Collinson, 1996). Consequently fair­

weather mud deposits will alternate with storm-generated sands. These storm deposits are 

characterised by hummocky cross-stratification, which typically represent storm-dominated 

settings where wave base is lowered beyond fair-weather wave base (Reading & Collinson, 

1996; Bloggs Jr, 2001). The depth to which this occurs is variable for different coastal areas 

(Nichols, 1999). Similar to the lower shoreface, rip currents and storm-generated density 

currents are one of the mechanisms for introducing coarser sediment (sand to fine gravel) to 

the offshore-transition zone. These introduced sediments are reworked into hummocky cross­

stratification (Johnson & Baldwin, 1986; Reading & Collinson, 1996). 
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1.5 OBJECTIVES OF STUDY 

There is a substantial body of work on gravel beaches, but this stems mainly from 

European, American and Australasian studies. More significantly, these studies have focused 

primarily on understanding gravel beach structures, sedimentary process and beach behaviour 

in view of implementing and improving coastal management techniques. Here, gravel 

beaches playa significant role in the natural protection of coastlines. Thus the management of 

such coastlines is not only an essential requisite in maintaining a robust defence against sea 

flooding, it also ensures habitat conservation (Pye, 200 I; Orford, 200 I; Buscombe & 

Masselink, 2006). The beaches in sub-Saharan Africa are equally important, but there are also 

specific gravel beach deposits that are fundamental to the mining industry. These are the 

diamond-bearing beaches of southern Africa. 

In compaTison to the body of research on European, American and Australasian 

deposits, little work has been done on the diamond-bearing gravel beaches of sub-Saharan 

Africa and, more importantly, none on diamond-bearing gravel barrier beaches and barrier 

spits. Given that these barrier deposits of economical significance are only known, to date, 

from southern Namibia, this study is the first of its kind to examine the anatomy and diamond 

mineralisation of such deposits within a palaeo-river mouth setting (Figure 1.6A & B). With a 

dearth of gravel beach studies in southern Africa, most of the gravel beach data used in this 

study as comparative examples originate from countries outside of Africa. 

Mining operations within the study area have exposed these deposits both in mining 

faces and sample trench sections. This provided an opportunity to examine the internal 

structure and, in places, the forms of gravel beach accumulation at the interface. Thus, the 

objectives of the thesis are to: 

I) Describe the gravel accumulations deposited under highly energetic wave conditions and a 

low tidal range. Deposits built under these conditions, particularly in sub-Saharan Africa, 

are not well documented in the geological literature. 

2) Examine the stratigraphic architecture of the entire maTine sequence from beach to 

shoreface. Given that the energy conditions are known, it is of interest to determine the 

gradual change in structure and form of the deposits when one moves from the backshore 
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to the shoreface. The genesis of these deposits under such highly energetic conditions is 

interpreted. 

3) Examine the general stratigraphy of the deposits, paying particular attention to the effects 

of sea-level change during the 30 m Package transgressive event and variation in sediment 

supply. Noteworthy is that the beach deposits have accumulated within a palaeo-river 

mouth setting where accommodation space has allowed unrestricted beach growth and 

preservation during times of fluctuating sea-levels and sediment supply. 

4) Develop a diamond distribution model. Results from sampling campaigns undertaken by 

the mining company to test the diamond potential of the interface provide an 

unprecedented opportunity to appraise and interpret the diamond mineralisation patterns of 

each facies. This has not been done before given the rarity of such deposits. The number of 

diamonds retained and their size is documented. Consideration is also given to the various 

processes in which this might occur in a setting where classic fixed trapsites are absent. 

Moreover, the bulk of diamonds introduced mainly from the offshore during the Plio­

Pleistocene contrasts with conventional mechanism whereby river input governs diamond 

nourishment in placer deposits . [n view of this, the process of diamond introduction during 

transgressions and subsequent recycling will be described. 

5) Examine the fluvial and marine interface. That the study area represents the interface 

between fluvial ('supply') and marine ('dispersion ') processes, the importance of this 

interface is considered given that it is a sink to the fluvial discharge where coarse gravel 

has accumulated and a reservoir to the marine realm, particularly to the highly 

diamondiferous linear and pocket beaches farther down-drift. 

1.6 PREVIOUS WORK 

Since their discovery in 1928, and subsequent mining from 1935, the MA 1 onshore 

palaeo-beach deposits received considerable attention due to their economic significance. 

Paradoxically, apart from the confidential reports regarding their exploration, evaluation and 

exploitation, little has been published. For ease of appraisal, discussions on the previous work 

are tabulated in two parts, notably, the aspects of MAl gravel beaches in Table 1.1 and their 

diamond mineralisation in Table 1.2. Mention must be made that these past studies 

encompassed the entire MA 1 beaches. More recent studies on the study area will not be 

discussed here, but considered in the relevant sections, namely, Chapter 3 (facies association) 
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and Chapter 5 (diamond mineralisation). Publications on the study area by the author are 

presented in Appendix A. 

Table 1.1: Previolls work on gravel beaches 

Auther(s) Study 

Formulated a regional stratigraphic framework for MA 1 gravel beaches based 

Stocken (1962), Hallam on fossi l occurrences. Recognised a series of beach terraces stepping seaward 

(J 964) at progressively lower elevations from the oldest and highest in the east to the 

youngest and lowest in the west. 

Was the first to recognise unique sedimentological characteristics of the 

gravel beaches in MAL Noted that the gravel beds dip steeply seaward with 

Hallam (1964) different clast shapes confined to specific areas of the beach. Egg-shaped 

clasts (d iscs and blades) were found at the beach ridge, whilst a combination 

of well-rounded and flattened clasts accumulated seaward of the ridge. 

Provided the first brief description of the interface within the ED Area. 

Noted that the sequence consisted of complex marine and fluvial sediments 

that were intertwined. He concluded that the marine deposits represented a 

continuum of gravel beach environments from the most landward backshore 

Fowler (1976,1982) 
environment through the foreshore and shoreface settings to the most seaward 

offshore environment - each characterised by a distinctive set of structures. 

He also noted that the older gravel beaches were characterised by the 

occurrence of Donax rogersi - a fossil that was absent in the younger beach 

sequences. 

Investigated the archaeological potential of the onshore palaeo- beaches to 

augment the stratigraphic correlation. Significantly. Early Stone Age artefacts 

Corvinus (1983) 
of an Acheulian culture were recovered from the older beaches close to the 

Orange River mouth. They occurred within the surface calcrete that was 

capping the littoral succession. The beaches were therefore considered to be 

older than 0.8 Ma. 

Table 1.2: Previous work on diamond mineralisation in gravel beaches 

Auther(s) Study 

Showed that diamonds are likely to occur in two main areas; immediately 

seaward of the beach ridge and at the base ofthe beach slope (the beach toe) 

Hallam (1964) close to or in contact with the bedrock footwall. Hence, an irregular bedrock 

footwall comprising gullies and potholes was recognised as a favourable 

area for diamond concentration. 

Noted that pocket beach deposits formed at the most distal end ofMA 1 

yielded high diamond concentrations in beach sequences that were 

Apollus (1995) dominated by sand and shell. This is in contrast to the general view that 

sand dominated sequences are poorly mineralised, whi lst beaches with good 

gravel fabric are considered to have the best potential. 
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Demonstrated that diamond concentration within linear beaches developed 
on bedrock north of the ED Area was linked to the depth ofgulley incision 
into the bedrock footwall. The deepest incisions were confined to the 
seaward end of marine~cut platforms and thus areas of higher diamond 
concentration were recorded at the interface of bedrock platforms. 

Past studies considered the ED Area deposits as part of the linear beach stratigraphy 

and thus were seen as the southern continuation of linear beach deposits. Although this view 

is not erroneous, Fowler' s (1976) work on identifying the ED Area as a complex setting of 

marine and fluvial sediments was not investigated further. Consequently, a stratigraphic 

framework in the context of a palaeo-Orange River mouth setting where accommodation 

space affords the development and preservation of different beach types, particularly during 

sea-level fluctuations , was not fully examined. 

Aspects of the diamond mineralisation were also not taken to a level of better 

understanding. Whilst there is a clear appreciation of the bedrock influence on diamond 

distribution, there is a need to further investigate the conditions of diamond retention and 

distribution in the ED Area deposits where the influence of a competent footwall is absent. 

Hence, the depositional history of this dynamic interface and the controls on diamond 

distribution has not hitherto been fully appraised and is a major focus of the work presented 

here. 

1.7 METHODS 

This study stems from a Namdeb Diamond Corporation project to appraIse the 

economic potential of the ED Area in view of extending the life of mining operations. A 

programme of trenching, trial mining and diamond sampling was initiated during 1994, and 

on conclusion in 1998, over 300,000 carats were added to the company's diamond resource 

inventory. The beach deposits were therefore sequentially sectioned and well exposed; 

presenting an opportunity to examine the different depositional environments. 

Being the first comprehensive study of the ED Area, the main emphasis was placed 

primarily on fieldwork where the stratigraphy and depositional settings were considered. 

Consequently, laboratory work, gravel clast and diamond analyses (such as surface features) 

were kept to a minimum. Only trench sections that exhibited the full spectrum of beach 
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environments were examined in detail; these were key to understanding the sedimentological 

characteristics of the ED Area. 

Visits to the Terrace Bay gravel beaches along the Skeleton Coast helped to gain 

insight on the aspects of modern gravel beach formation and their structures. These cursory 

visits were part of Namdeb Diamond Corporation (Pty.) Ltd. field training excursions. Thus, 

the Terrace Bay deposits did not constitute a comprehensive study of modern processes. Such 

a study is beyond the scope of this thesis . 

1.7.1 Trench excavations 

Trenches of 1-2 km In length and approximately 1.5 m wide were excavated 

perpendicular to the present shoreline and strike of the palaeo-beach ridges. Besides the 

trench excavations, mine faces created during gravel extraction supplemented field data as it 

permitted a three-dimensional view of the marine sequences (see Appendix B, Section 1.1). 

Bulk samples, ranging in size from 200-1,000 tons, were collected from the excavated 

material that was stockpiled in windrows for diamond sampling. In places, it was impractical 

to sample individual facies separately and in many instances the samples comprised a mixture 

of depositional environments or sediments of different time frames. Nonetheless, discrete 

sampling results were also sourced from historical sampling data where the bulk sample size 

ranges from 20 tons to approximately 4,000 tons . 

1.7.2 Field measurements 

Palaeo-current measurements 

Palaeo-current azimuths were determined using two techniques designed for 

unconsolidated sand- and gravel-sized sediments. In sand-dominated strata, sections were cut 

into the face to obtain a reasonable three-dimensional view of the cross-strata. The foresets 

were measured using a home constructed inclinometer based on Dasgupta's (1995) design. 

Improving on earlier models, Dasgupta (1995) designed a simplistic but effective 

inclinometer to enhance the measurement capabilities, particularly where bedding planes 

were awkwardly exposed. The design and application of the inclinometer constructed by the 

author is presented in Appendix B, Section 1.2. 
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Although three-dimensional exposures were excavated for measuring trough cross­

stratification, erroneous readings can result if trough limbs are treated as planar foresets 

(DeCelles et al., 1983). Consequently, to ascertain the magnitude of error, some 

measurements were verified using stereographic projections. A similar technique to that of 

DeCelles et al. (1983) was used where opposing limbs of a trough structure were plotted 

stereographically using GEOrient © 2009 (version 9.4.4; Holcombe, 2009). The results of 

using this technique are illustrated in Appendix B, Section 1.2. 

Measurement of gravel foresets was more difficult as they collapsed easily if any 

excavation was attempted to gain a three-dimensional view. However, two techniques proved 

useful in obtaining measurements. The first focused primarily on recognising the same gravel 

foreset in both faces of the trench. Once corresponding points were established, two poles 

were wedged in place between the trench walls along the foreset, at a distance from each 

other, to create an imaginary plane. A wooden board was then placed on the poles and held 

firmly in position (Figure 1.7). This created a plane from which the attitude of the foreset 

could be established using a Brunton compass. The second technique was used only where 

sand could be seen interbedded with the gravel foresets. At the contact, the sand was removed 

to expose the gravel foreset plane on to which the sand was deposited. A wooden board was 

placed on the exposed gravel surface and measurements were determined with a Brunton 

compass. 

All palaeo-current results are presented using rose diagrams. A software, GEOrient © 

2009 (version 9.4.4; Holcombe, 2009) was used to generate the graphic presentations. The 

number of readings (n), the vector mean (Xv), the length of the resultant vector (R) and the 

vector magnitude (L%) for each sub-facies are tabulated. These are calculated using GEOrient 

© 2009 (version 9.4.4; Holcombe, 2009). Note that (Xv) is an expression of the average 

direction in degrees, (R) represents the length of the vectors describing the directional values 

(R = .fCIn sin X)2 + (In cos X)2) and (L%) is a measurement of dispersion as a percentage (L 

= Rln x 100) where values close to 100% represent a cluster of data around the vector mean, 

whilst lower values reflect a greater scatter (Lindholm, 1987; Graham, 1988). 

Trench and mine section mllpping 

Exposures were mapped in detail and the thickness of sedimentary units was measured 

with a tape, as were sedimentary structures. Elevation measurements of the surface 
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topography, marker units and, in places, lithological boundaries were determined by a 

qualified surveyor using a Leica digital theodolite. In addition, old records and mine plan 

sections dating from 1952 were sourced from the Mineral Resource Department archives in 

Oranjemund. Although this extensive dataset did not record all the sedimentological aspects, 

it was nevertheless used to supplement the field mapping. 

The terminology used for describing sedimentary structures are after Collinson & 

Thompson (1989), whilst symbols used for illustrating graphic logs and the format of 

presentation are based on Johnson (1992). 

Grain size description is based on the Udden-Wentworth grain scale, (Udden, 1914; 

Wentworth, 1922), whilst grain class terminology is according to Friedman & Saunders 

(1978; in Packham & Neal, 2001; see Appendix B, Section 1.2.4 for grain scale chart). Infield 

grain size estimation for sediments less than 4 mm (-2 phi) was achieved with the use of a 

grain-size comparator (classes of I phi) in conjunction with a lOX magnification hand lens. 

However, for gravel-sized material, a Vernier caliper was used mainly for clasts up to cobble 

size, whereas boulder-sized gravels were estimated using a tape measure. 

Clast shape discrimination 

Clast morphology was established USIng the largest clasts. Note that the term 

morphology, as per Blott & Pye's (2008) description, is a general expression of an object's 

shape and surface texture. Particle shapes have been described in various ways (see Blott & 

Pye, 2008; pg. 34), but descriptive terms such as sphere, disc, blade and rod is favoured in 

this study as it allows ease of visualisation of such geometric shapes. 

The three orthogonal axes of each clast, notably the long (a), intermediate (b) and 

short (c) as described by Krumbein (1941; cited in Pettijohn, 1975), were measured in 

centimetres using a Vernier caliper. Clast indices were plotted using a Microsoft © 2003 

Excel-based Folk diagram designed by Graham & Midgley (2000) sourced from the internet. 

While it has be shown that errors in measuring clast axes using a caliper can be as much as 

2.8% (Blott & Pye, 2008), a test plot of the raw data demonstrated that if a 2.8% 

underestimation is corrected, no appreciable difference is noted when the 'corrected indices' 

are plotted. Thus, it is viewed that the clast data is sufficiently accurate to provide an adequate 

measure of shapes. 
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The Folk form triangle modified by Blott & Pye (2008) was used in this study for 

shape discrimination. Considering that their eight classes represent different degrees of 

equancy (sphericity) and the descriptive terms make it difficult to envisage the geometric 

implications, these eight classes were grouped into four broad categories for this study so that 

an easy appreciation of particle shape is gained. These are spheres, discs, blades and rods. 

This grouping is elaborated on and illustrated in Appendix B, Section 1.2.5. 

Gravel clast roundness was visually estimated usmg the classification scheme of 

Powers (1982; in Graham, 1988). Mention must be made that the gravels within the study 

area are all well-rounded and thus no fllliher reference is made on their degree of roundness 

when describing sedimentological characteristics in Chapter 3. 

1.7.3 Palaeontological sampling 

Fossil molluscs were collected and submitted to the De Beers Marine Mineral 

Resource Laboratory in Cape Town for identification by Pether (2003). In addition, samples 

from selected depositional environments were taken to estab lish their foraminifera content 

and these were also submitted to the De Beers Marine Mineral Resource Laboratory in Cape 

Town for processing and identification by Dale & McMillan (1996, 2003). Note that the fossil 

molluscs could not be dated using strontium isotope ratios due to calcite overgrowth 

(calcretisation). Consequently, age relationship is based primarily on the association of fossil 

assemblages. The fossil assemblage for the study area is presented in Appendix C. 

1. 7.4 Diamond data 

Diamond data were derived from the different sampling phases that tested various 

sedimentary beach environments. This dataset also included results from past sampling 

campaigns during the I 950s and 1970s. The data from the last two were used extensively for 

determining the mineralisation patterns of beach deposits, given that the entire spectrum of 

beach environments were in situ at that time of sampling. Data from the later phases of 

sampling during the I 990s were mostly used for diamond size frequency distribution analyses 

(see Appendix B, Section 1.3). The data are included on a compact disc (CD) accompanying 

the abstract volume. 
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Sample treatmellt process 

Samples generated from the trench excavations were treated on the mine site through 

a dedicated Dense Medium Separation (DMS) plant equipped with an X-ray facility. The 

capacity of the DMS plant used is 30 tons per hour. All bulk samples were weighed at the 

head-feed bin with an Economy Process Automation weightometer before processing. To 

prevent sample contamination, both the DMS plant and X-ray unit were flushed after the 

completion of each sample. 

Final sorting of the X-ray concentrate was conducted at Namdeb's Geological 

Laboratory where the diamonds were sorted, counted, weighed and photographed. Thus, each 

sample pertaining to a specific depositional environment or a mixture thereof has a di screte 

result comprising the sample weight, total diamond weight and number of diamonds. Only the 

diamonds falling within a size range that is greater than 2 mm and less than 25 mm were 

recovered. The processes relating to DMS and X-ray separation are briefly described in 

Appendix B, Section 1.3. Also included is a sample flow diagram in Figure 85. 

Sample results - diamolld data 

All diamond results from the earlier and later phases of prospecting were used to gain 

an appreciation of the mineralisation patterns. With the later phases of sampling, physical 

logging of the sedimentary sequences from where the samples were extracted ensured that 

results correlated to sedimentary facies. Sampling results from the earlier phases were 

gleaned from the 1950s and 1970s geological cross-sections on which prospecting data for 

each different lithological unit were recorded , but these lacked detailed recordings of 

sedimentological characteristics. 

It must be noted that the objective of the diamond study was not to evaluate the 

resource using geostatistical computations, but rather to establish any geological control 

where distinct patterns were evident by simply applying the raw data in geographic space 

despite the variance in results and sample size. Pertinent to this study is the degree of 

diamond concentration (grade) and the average diamond size. The terminology and the basic 

stati stical methods applied to calculate diamond concentration (grade) and average diamond 

size are adapted from Oosterveld et al. (1987) and Rombouts (1995). 
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The raw data from the sampling campaigns, presented in geographic space, are 

displayed as broad contours that were visually estimated for average grade and average 

diamond size . The relative position of each sample, based on their co-ordinates (surveyed 

using a Leica digital theodolite), was plotted using ArcGIS © Version 9.1. The derivation of 

average grade and average diamond size for this study is discussed in Appendix B (Section 

1.3), whil st diamond results are tabulated in Section 1.3.3 and included on a compact disc 

(CD) accompanying the appendix volume. 

Diamond mineralisation trends are presented in either two-dimensional or three­

dimensional diagrams. The latter displayed better the mineralisation trends for three­

dimensional bodies such as the barrier beach (Facies C; see Chapter 3, Section 3.5 ), whilst 

two-dimensional representations suited sheet-like sedimentary bodies, such as the 

transgressive lag (Facies B; see Chapter 3, Section 3.4) and storm gravel sheets (Sub-facies 

D3 ; see Chapter 3, Section 3.6. 
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CHAPTER 2 - GEOLOGICAL SETTING 

The first part of this chapter summarises a regional perspective of the marine and 

continental processes that were active since the Late Cretaceous in deve loping the diamond 

palaeo-beach placers along the Atlantic coastline. The second part discusses briefly the 

geo logica l framework of MA I, with greater emphasis on the Quaternary marine deposits. 

Their stratigraphic relationship and distribution are also considered here. An illustrated 

summary of the stratigraphic framework for the Cainozoic deposits is presented in Figure 2.1 , 

whilst a summarised perspective of the regional geological setting is depicted in Figure 2.3. 

2.1 REGIONAL SETTING 

2.1.1 Diamond supply 

It is widely accepted that the diamonds along the Atlantic coast of Namibia have been 

transported principally by an ancestral Orange River from a southern African hinterland 

source restricted to the Kaapvaal Craton (Kaiser, 1926; Stocken, 1962, 1978; Hallam, 1964; 

van Wyk & Pienaar, 1986; Corbett, 1996; Ward & Bluck, 1997; de Wit, 1999; Jacob e/ ai. , 

1999; Ward e/ ai. , 2002; Bluck e/ ai., 2005; Jacob, 2005) . 

Post-Gondwana erosion during the Cretaceous rapidly stripped the interior of South 

Africa (Partridge & Maud, 1987; Brown e/ ai. , 1990; Partridge, 1998) and while the precise 

amount of erosion remains unresolved, estimates of 3,000-1 ,400 m (Brown e/ aI. , 1998; 

Brown el ai. , 2002), 2,700-1 ,000 m (Hanson el ai., 2009) and 7,000- 2,000 m (de Wit, 2007) 

have been suggested. Most of the diamond-bearing kimberlites within the Orange River 

drainage basin are between 80 Ma and 140 Ma (Smith et at., 1985; Gurney et aI., 1991; 

Brown et ai., 1998) and would have thus been extensively eroded during this strip-out phase 

releasing their diamonds into secondary deposits . These deposits, termed pre-assembled 

proximal placers by Bluck et ai. (2005), would have accumulated within or near to the 

drainage network of the Orange River as an intermediary source of diamonds to be tapped by 

the evolving Orange River at the right time (Bluck e/ ai. , 2005; this is discussed in Section 

2.1.2). 

However, the severe denudation declined rapidly by the end of the Cretaceous or 

Early Tertiary. This is evident from the reduced offshore deposition rates during the Tertiary 
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(Dingle el al. , 1983; Dingle 1993 cited in Miller, 2008, pg. 23-7; Partridge, 1998) and from 

apatite fission-track analyses of key geomorphological surfaces (Brown el al. , 2002; de Wit, 

2007). Also the occurrence of un-eroded Late Cretaceous olivine-melilitite/alkaline intrusions 

in Namaqualand and Bushmanland containing crater-lake deposits (Scholtz, 1985; Moore & 

Verwoerd, 1985; Smith, 1986; de Wit et al. , 1992) further support minimal lowering of the 

landscape during the Cainozoic. It has been estimated that less than 1,000 m of rock was 

removed during the Cainozoic (de Wit, 2007). Consequently, the supply of diamonds to these 

pre-assembled placers would have declined in concert with decreasing erosion of kimberlites. 

So when was the right time for the introduction of diamonds to the Atlantic coast of 

Namibia? The onshore marine deposits at Bogenfels and Buntfeldschuh some ISO km north 

of the present Orange River mouth are diamondiferous (see Figure 2.2 for locality; Kaiser, 

1926; Stocken, 1978; Ward & Bluck, 1997; Bluck et aI. , 2005 ; Jacob, 2005). These deposits 

comprise a unique clast assemblage dominated overwhelmingly by yellow chalcedony and 

agate, with lesser, but notable, amounts of jasper and quartz lithologies. This assemblage is 

similar to the Late Cretaceous Mahura Muthla gravels (de Wit, 1996; Partridge, 1998, pg. 

172; de Wit et al., 2009); a pre-assembled proximal placer located in the interior of South 

Africa. Whilst the marine deposits at Bogenfels are considered as Middle to Upper Eocene in 

age (Siesser, 1977; Siesser & Salmon, 1979; Pickford & Senut, 1999), the undated 

Buntfeldschuh deposits are suspected to be of a similar age based on their clast assemblage 

similar to that at Bogenfels. Mention must be made that diamondiferous onshore marine and 

fluvial deposits younger than Eocene age lack the predominance of yellow chalcedony and 

agate, but their presence is still evident. Therefore the Bogenfels and Buntfeldschuh deposits 

suggest that the earliest introduction of diamonds to the Atlantic coast was by at least Eocene 

times. 

Diamond supply to the Atlantic coast continued as the Orange River evolved 

throughout the Cainozoic, but a decreasing input through time, with a cessation by at least the 

Holocene, is apparent (van Wyk & Pienaar, 1986; Bluck et al., 2005). Mining operations 

along the lower Orange River valley have shown that different terrace suites demonstrate 

varying degrees of diamond concentration (measured in carats per 100 ton ; reported as cpht). 

This is summarised in Table 2.1. 
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Table 2.1: Variability in diamond concentration within Orange River terraces through time 
Terrace 

suite 
Age Diamond concentration 

Pre-Proto 
Not adequately dated. Assigned a Late 

Highest at 35 to 55 cpht 
Orange 

Oligocene age (Bluck el aI. , 2005; Jacob, 
(Jacob el aI. , 1999; Bluck el aI. , 2005). 

2005). 

Middle Miocene (Arris Drift Gravel Formation 
Lower at I to 10 cpht (van Wyk & 

Proto- sensu SACS, 1980; Corvinus & Hendey, 1978; 
Orange Fowler, 1976; Jacob el al., 1999; Pickford & 

Pienaar, 1986; Jacob ef al. , 1999; Bluck el 

Scnut, 1999, 2003 ; Jacob 2005). 
al.,2005). 

Meso-
Undated, but assigned a Pliocene age (Fowler, Poor at less than 0.5 cpht (van Wyk & 

Orange 
1976; Jacob el al. , 1999; Pickford & Senut, Pienaar, 1986; Jacob el al., 1999; Bluck ef 
1999; Jacob, 2005) al.,2005). 

Modern 
Holocene to Recent 

Barren. Not targeted for mining (Jacob, 
River 2005). 

Based on the above, it appears that there was an early flush of finer-grained diamonds 

to the Atlantic coast during the Middle Eocene, followed by an accelerated supply during Pre­

Miocene times (possibly Late Oligocene) and thereafter (from Middle Miocene) a 

diminishing input, but with coarser diamonds (see Bluck ef aI. , 2005). 

2.1.2 The Orange River conduit 

Offshore records show that by Late Cretaceous times an ancestral, free-meandering 

Orange River (Kalahari River sensu de Wit, 1993) entering the Atlantic Ocean fed a large 

fine-grained (mud and silt) delta (Dingle ef at. , 1983; Ward & Bluck, 1997; Aizawa ef at., 

2000; Bluck & Ward, 2000). The delta was well established as a major depocentre in the Late 

Cretaceous, located approximately offshore from its current position (Aizawa e/ at., 2000; 

Cartwright ef at. , 2008). [t therefore suggests that the Late Cretaceous Orange River - a 

suspended-load fluvial system (Cartwright e/ at. , 2008) - was not only positioned near to the 

course it follows today, but that such a distal fluvial system is also unlikely to have 

debouched coarse clastics, including diamonds into the Atlantic Ocean. However, by Middle 

Eocene times, predominantly siliceous gravels were being supplied to the coastal zone via a 

more energetic, bed-load dominated fluvial system. The marine gravels at Bogenfels and 

Buntfeldschuh, noted in Section 2.1.1 , are testament to this input of substantially coarser 

sediment. Agates measuring 10 cm in diameter have been recorded from these deposits. 

These agates, as noted in Section 2.1.1, are characteristic of a Vaal-Orange River clast 

assemblage derived from the interior of southern Africa (Ward & Bluck, 1997; Macdonald, 
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1999). The change in fluvial character from suspended to bed-load dominated at the 

continental margin is a response to a rejuvenation of the ancestral Orange River through 

regional sub-continental uplift. In the absence of more accurate records, a Late Cretaceousl 

Early Tertiary age is assigned broadly to this epeirogenic uplift (Dingle et ai., 1983; Aizawa 

et ai., 2000). 

In addition to the increase in fluvial energy, the Late CretaceouslEarly Tertiary uplift 

also invoked superimposed fluvial incision through the Phanerozoic cover and into 

Precambrian country rock, steeping channel gradients. During incision, the Orange River 

yielded an impressive and progressively coarser bed-load as shown by Ward & Bluck (1997) 

and Jacob (2005). 

Studies have also shown that by Early Tertiary times the gross arrangement of the 

Orange River drainage system had established itself more or less as it is today (Dingle & 

Hendey, 1984; de Wit, 1999). In fact, by Early Miocene times the Orange River was 

unequivocally bedrock confined and not far from its present course (van Wyk & Pienaar, 

1986; Fowler, 1976; Jacob et ai., 1999, Jacob 2005). 

In summary, it can be concluded that an ancestral Orange River was debouching 

sediment into the Atlantic Ocean not too far from its present position since the Late 

Cretaceous. The change of river character to a gravel-bearing system as a consequence of 

epeirogenic uplift in Late Cretaceous/Early Tertiary times is the most significant event in the 

evolution of the Orange River. This not only introduced diamonds tapped from pre-assembled 

proximal diamond-bearing deposits in the hinterland to the Atlantic coast, but also provided 

coarse gravels to the Orange River and coastal systems that were integral to trapping 

diamonds. 

2.1.3 The Atlantic sink 

Wave climate 

The highly energetic wave climate of today 's Atlantic coast, as discussed in Section 

1.3, has remained remarkably unchanged since the Neogene (de Decker, 1988). The strong 

southerly winds were certainly in existence during Middle Miocene times. In Namibia, 

aeolianites of this age, notably the Tsondab, Elizabeth Bay, Andoni, and Rooilepel Sandstone 
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Formations (Pickford & Senut, 1999; Miller, 2008) were emplaced under a southerly palaeo­

wind regime (Ward, 1988; Corbett, 1989; Ward & Corbett, 1990; Besler, 1996; Ward, 2000). 

It has also been argued that the wind regime has greater antiquity. Aeolianites with a 

southerly palaeo-wind signature are present in Cretaceous sediments some 130 km offshore 

from Oranjemund (Kudu borehole 9A-3 ; Wickens & McLachlan, 1990) and at Buntfeldschuh 

(some 150 km north of Oranjemund) where they are coeval with Middle Eocene marine 

sediments forming a regressive package (Corbett, 1989; Ward & Corbett, 1990). 

An additional significance of the Buntfeldschuh marine sediments is that the shoreface 

cross-strata exhibit palaeo-current flows to the offshore (west) and alongshore (north ; Corbett, 

1989). The first was interpreted as being due to rip currents that transported storm gravel 

sheets (seen in the same section) where clasts of 12 cm were recorded (Corbett, 1989), whilst 

the northward-directed palaeo-flows suggest longshore drift. If the Eocene Orange River was 

positioned in its present location during the Tertiary, as noted in Section 2.1.2 , gravel 

emplacement at Buntfeldschuh some 150 km to the north could have only been possible 

through powerful longshore drift transport. Noteworthy is the absence of any chalcedony and 

agate-bearing river input of Eocene age south of the Buntfeldschuh deposit. Alternatively, the 

channel of the Eocene Orange River could be deflected northward by the longshore drift 

dispersing sediment along the coast (see Bluck et at., 2007). A modern analogue is the 

Senegal River where the channels and attendant delta plain are deflected along the coast for a 

considerable distance (Bhattacharya & Giosan, 2003; Coleman & Huh, 2004). If this were the 

case, then a significant gradient is needed to ensure energetic river transport of coarse gravel 

up to 12 cm in diameter. This is unlikely for that distance in a coast parallel setting at constant 

sea-level. In view of the above, the Buntfeldschuh marine settings are no different to those 

seen at the present day and in Plio-Pleistocene sections within the study area. 

From the above discuss ion, it can be argued that the present Atlantic wave climate, 

notably a combination of a southerly quadrant wind, northward-directed longshore drift and 

high wave energy, has been in existence since the Middle Eocene. This combination of 

processes was critical in fractionating and redistributing the Orange River sedimentary 

outfall. 
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Sediment dispersal 

Since the Late Cretaceous/Early Tertiary uplift there has been little or no subsidence 

of the shelf and thus accommodation space for sediment input from the Orange River has 

been lacking (Aizawa et ai., 2000; Bluck el ai., 2007). The combination of a neutrally 

buoyant shelf and the energetic wave climate has consequently enabled wave base to engage 

the sediment outfall from the Orange River more aggressively since the Eocene. The thin 

Tertiary cover in the offshore (Dingle et af., 1983; Aizawa el af., 2000), is not only a 

testament to this (see Aizawa el ai. , 2000), but also suggests that shallowing of the shelf 

region through significant sediment build up has been prevented, despite continued input 

from the Orange River (Bluck el ai., 2007). Evidence of this is seen in the present offshore 

where extensive areas of exposed bedrock and gravel deposits at depths of 70 m and 120 m, 

respectively, have been recorded during exploratory dives with the JAGO mini-submersible 

offshore of the Orange River mouth and farther to the north (observations by the author, 

1997, dive nr. 532; J. Ward, pers. comm., 1999). It is therefore evident that the shelf region 

off the Orange River mouth is an area of sediment bypass through efficient redistribution as 

seen today (see Bluck et ai., 2007) . 

The present coastal redistribution system, active since at least the Eocene, has 

dispersed the coarser and finer sediment fractions from the Orange River outfall to separate 

regions of the continental shelf and shoreline (Figure 2.2; Bluck & Ward, 2000; Spaggiari et 

af., 2006; Bluck et af. , 2007). The mud is believed to move offshore where it accumulates as 

an extensive mud belt at the continental edge away from wave energy influence. According to 

offshore studies, the shoreward boundary of the mud belt varies, but averages approximately 

between 40-65 m below msl (de Decker, 1987). [t has also been proposed that the majority of 

suspended sediment, like the mud and silt fraction, is removed from the middle shelf 

southward by the south-directed de Decker current (in Birch et af., 1991) 

Driven by longshore drift, the sand which is mostly retained within the breaker zone, 

moves northwards along the coast in a belt that is usually not more than 3 km wide. Where 

the coastal configuration changes to embayments (' J' -shaped bays; Hallam, 1964; Corbett, 

2002) and the gravel fraction runs out, the sand is returned onshore to accumulate on beaches, 

particularly in areas of lower wave energy where waves are refracted around headlands 

(Figure 2.2). Under a strong southerly wind regime, the sand is removed from these bays and 

transported inland, in the form of barchan dunes, via well-defined valleys termed aeolian 
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transport corridors (Corbett, 1989) to accumulate in the main Namib Sand Sea under desert 

conditions (Rogers, 1977; Corbett, 1989, 1996; Ward et ai. , 1998; Corbett, 2002). 

Through the removal of the finer sediment, a southern ' head' of residual gravel is thus 

left behind to accrete as a series of narrow beaches, which in their various forms, have built 

up the coast for over ISO km north of the Orange River mouth (Hallam, 1964; Ward et ai., 

1998; Bluck et al. , 200 I; Spaggiari et al. , 2006; Figure 2.2). 

From past studies of the Pleistocene grave l beaches, a distinct northward change in 

beach type and gravel size is evident (Bluck et al. , 200 1,2005 ,2007; Spaggiari et al. , 2006). 

As noted in Section 1.1 , close to the Orange River mouth, boulder to large cobble-bearing 

gravel barrier spits predominate, whilst pebble-bearing pocket beaches form the most 

northern accretion (Apollus, 1995; Spaggiari et al., 1999, 2002, 2006; Bluck et al. , 200 I; 

Bluck et al., 2007). This northward change is thought to be a result of decreasing sediment 

supply under the influence of a vigorous longshore drift (Bluck et al. , 2001). A northward 

decrease in diamond size is also ev ident as a consequence of longshore drift sorting (Hallam, 

1964; Sutherland, 1982; Schneider & Miller, 1992). 

In summary, the debouched Orange River sediments have been fractionated and 

redi stributed since the Middle Eocene through a combination of a buoyant shelf, extreme 

wave energy, longshore drift and powerful southerly winds. This fractionation into gravel, 

sand and mud, ensures that the coarse material (>2 mm) forms the host framework into which 

pebble- and granule-sized diamonds accumulate through mechanical concentration in 

diamond-bearing beaches. 

Sea-level changes 

Sea-level changes had a profound influence on the supply and distribution of the 

coarse sediment, as well as the diamonds over the continental shelf. Old high-level shorelines 

and submerged terraces of Cainozoic age along the southern Namibian coast show that the 

sea-level has fluctuated considerably in the past. 

Relative sea-level estimates are difficult to measure due to the earth movmg 

constantly in response to various factors (Kendall & Lerche, 1988) and thus there is at times 

little correlation in the eustatic events when results are compared on a global scale. For 
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example, there is hardly any correlation between the Neogene sea-level curves inferred for 

South Africa and Western Australia (Pickford, 1998). Despite this, there is a strong agreement 

that global scale events have occurred. Of these, a major transgression was recorded in the 

Eocene (Siesser & Dingle, 1981; Dingle ef al., 1983; Dardis & Grindley, 1988; Pickford, 

1998). The Buntfeldschuh littoral deposit occurring at 180 m above msl is evidence for this. 

Also, there is good correlation for two major global regressions. The first, a protracted 

lowstand, occurred during the Oligocene (Vail & Hardenbol, 1979; Dingle et ai., 1983; 

Dingle & Hendey, 1984; Pickford, 1998) and whilst estimates on the amount of sea-level fall 

are not precise, 200 m is considered a best estimate. A number of deeply incised valleys have 

been recorded in the Sperrgebiet and it is thought that their incision is a response to the 

Oligocene regression. These are the Proto-Kaukasib, Proto-Langen tal, Proto-Glastal, 

Kerbehuk and Uubvlei valleys (Pickford & Senut, 1999). 

While multiple sea-level falls occurred globally throughout the Pleistocene, the last 

lowstand of significance occurred during the Last Glacial Maximum some 18,000 years ago 

where sea-level fall ranging from 120-150 m has been estimated (Guilcher, 1969; Dingle et 

aI., 1983; Dingle & Hendey, 1984). Off the Orange River mouth, a submerged palaeo-delta 

occurs at depths of some 120 m (JAGO dive observations by the author, 1997, dive nr. 532; J. 

Ward, pers. comm., 1997; see Gray 2002). This is corre lated to a possib le Pleistocene 

lowstand (Corbett & Burrell, 200 I). It thus follows that sea-level variation for the southern 

Namibian coast is significant in that it ranges from 180 m above to 200 m below msl. 

This would mean that the shelf has been occupied at different levels throughout the 

Cainozoic. Diamond-bearing sediment deposited at each of these levels are therefore 

available for reworking, particularly when previous levels are reoccupied as sea- level 

fluctuated. By, implication, the shelf is seen as a fertile area for diamond ' farming' during 

sea-level fluctuations. More significantly, the shelf remained an area of sediment bypass 

where dispersion of the mud (to an offshore mudbelt), sand (into the main Namib Sand Sea) 

and gravel (forming coastline beaches) was sustained (see Figure 2.2). Evidence for this is 

unequivocally provided by the numerous raised and submerged beaches developed at 

different elevations. [n addition, the recovery of aeolian ventifacts during offshore sampling 

campaigns in water depths exceeding 100 m (Corbett, 1996) and reports of wind fluting in 

Precambrian dolomites at depths of 70 m (JAGO dive observations; L. Apollus, pers. comm., 

1999) indicate an ancestral wind dispersal system similar to that of the present day. Therefore, 
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diamondiferous sediment deposited at the marine/fluvial interface during earlier sea-level 

stands would be subjected to the same dispersal process as today and the resultant gravel 

beaches, under the influence of longshore drift, would each have a northward decline in 

gravel clast and diamond size. In addition to the diamond contribution from the offshore 

where the shelf is 'farmed' , it is highly likely that higher-lying, older gravel beaches 

representing earlier highstands would have also contributed where sheetwash and ephemeral 

streams erode the beaches (see Figure 2.3 for secondary diamond pathways). 

From the above discussions, it can be concluded that the continental shelf has been 

raked by marine processes during periods of sea-level fluctuations since the Eocene. Hence, 

diamondiferous sediment introduced by the Orange River during that time will be ' farmed ' 

for its diamond and gravel content at different intervals over the shelf area to be incorporated 

into younger gravel beaches during either a transgression or regression. A complex interplay 

of shelf ' farming ' and erosion of higher-lying, older beaches would be seen as secondary, 

reworked sources for diamond supply. Thus, each gravel beach at a particular interval will 

retain a pre-sorted population of diamonds and gravel. The Plio-Pleistocene beaches within 

the study area, which is the focus of this study, are just one of many such beaches. 

2.2 GEOLOGICAL FRAMEWORK OF MINING AREA 1 (MAl) 

This section summaries briefly the geological framework of MAl only. The general 

distribution of the different geological units is shown in Figure 1.2. 

Broadly, the geology in MAl can be summarised as: 

I) Proterozoic rocks, principally of the Gariep Supergroup; 

2) Mesozoic dolerite dykes; and 

3) Cainozoic fluvial, marine and aeolian sediments. 

2.2.1 Proterozoic lithologies 

The oldest rocks within MA I belong to the Oranjemund Group of the Pan-African 

Gariep Belt (Frimmel, 1995, 2008; Jacob, 200 I). Essentially, the Gariep Belt is a record of 

tectonic stages linked to the opening and closure of an oceanic basin during Proterozoic times 

(Frimmel, 2008). Each of these stages is recorded by characteristic successions of 
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sedimentary, volcanic and plutonic rocks. The Oranjemund Group is a tectonic sub-unit of 

one such tectonic stage, the Marmora Terrain (Frimmel, 2008). 

The Oranjemund Group consist of mostly chlorite schist, minor carbonate, and 

abundant arenitic rocks. Volcanic and intrusive rocks are absent (Frimmel , 2008; Jacob, 

2001). These rocks form the ' bedrock benches ' on which the younger Cainozoic marine 

deposits rest. In many instances they are gullied and potholed by siliceous coarse gravels 

acting as an abrasive medium in the vigorous littoral zone (Jacob et ai., 2006). There are no 

exposed Proterozoic rocks within the ED Area, save for a small island of bedrock rising 

through unconsolidated fluvial sediments that have accumulated within the palaeo-Orange 

River channel during the Pliocene (Hallam, 1964; Fowler, 1976; see Figure 1.6). 

Consequently, the younger marine cover in the southern part of MA 1 steps southward off a 

bedrock footwall onto incompetent fluvial sediments that, although only planed at the same 

level as the juxtaposed bedrock platforms, lack the ubiquitous gullies and potholes that is 

characteristic of the bedrock-floored palaeo-linear beaches farther north. 

2.2.2 Mesozoic lithologies 

The only rocks of Mesozoic age are Karoo dolerite dykes striking predominantly in a 

north-west to south-east direction. These are the only magmatic rocks to be found within 

MA 1. Although undated, a Karoo age is tentatively inferred from their stratigraphic relation 

with the Proterozoic Oranjemund Formation they intrude. The only other dyke swarm they 

could represent is the Gannakouriep Suite, which is interpreted as a syntectonic intrusion 

during Gariep times (Tankard et ai., 1982). However, the Gannakouriep dykes are older than 

the Oranjemund Formation (Frimmel, 1995, 2008) and it therefore implies that the dolerite 

dykes in MA 1 are probably Karoo in age. A younger alternative could be Kudu volcanic 

equivalents of Lower Cretaceous age (Dingle et ai. , 1983) intersected in boreholes offshore 

the Orange River mouth (Kudu 9A-2 & 9A-3 ; see Wickens & McLachlan, 1990). 

Unfortunately, attempts to date the MA I dolerites have been thwarted by preferential 

weathering along these dykes. 

2.2.3 The Cainozoic sequence 

The cover is mainly an accumulation of Late Cainozoic aeolian, fluvial and marine 

sediments. The last are correlatives to the Alexander Bay Formation (SACS, 1980). In 

Namibia, this Formation is best represented within MAl that extends from the Orange River 
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mouth to Chameis (Figure 1.1). Other isolated occurrences of marine sediments correlating to 

the Alexander Bay Formation are found farther north at Walvis Bay and along the Skeleton 

Coast (Hallam, 1964; Miller & Seely, 1976; SACS, 1980; Pether, 1994; Miller, 2008). 

As this study focuses mainly on these marine sediments, the associated aeolian and 

minor fluvial deposits are not discussed. Nonetheless, the more prominent fluvia l settings are 

summarised. 

Pre-Pleistocene jluviul channels 

Fluvial deposits infilling bedrock-bounded channels that are either coast parallel or 

perpendicular represent the oldest Cainozoic sediments. Although undated, these sediments 

are overlain by the younger Plio-Pleistocene marine deposits, providing a minimum age for 

the fluvial aggradation. The most prominent of these channels is the palaeo-Orange River, 

which constitutes the footwall to the overlying marine sediments within the study area as 

noted in Section 2.2.1. Drilling results have shown that the fluvial succession can be as thick 

as 80 m comprising predominantly coarse sand with minor interbedded gravel. A feature that 

is diagnostic of these fluvial sediments is the high abundance of zeolite pebbles within both 

the sand and gravel components. Only the north bank of this channel has been delineated , 

whereas its opposite bank is believed to have been either eroded away by younger Orange 

River channels or occurs south of the present Orange River mouth across the international 

border in South Africa (Hallam, 1964). The fluvial sediments, although undated, are 

considered to be Pliocene in age (5-2 Ma; Jacob et al., 1999; Jacob, 2005). 

Other smaller channel features , notably the Uubvlei Clay channel and the Kerbehuk 

channel, occur some 20 km and 70 km, respectively, north of the study area. They have an 

infill of locally derived quartz rubble and silt with 'no indications of a clast assemblage that 

characterises an Orange River provenance (see Macdonald, 1999 for Orange River exotic 

suite) and are thus believed not to be associated with the Orange River drainage network. 

However, as with the palaeo-Orange River, these smaller channels have incised deeply (>50 

m) into the Proterozo ic basement and have been bevelled at the same level as their host 

bedrock by subsequent marine processes. As noted in Section 2. 1.3, the incision of these 

channels is thought to have taken place during the Oligocene regression, whilst the infill 

sediments are considered to be Early Miocene; deposited as a response to sea-level rise during 

the Early Miocene (Pickford & Senut, 1999). 
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Pre-Pleistocene gravel beaches 

Outcrops of older beaches, given the assumption that deposits occurring at higher 

elevations have greater antiquity, are sporadically found at 35-50 m above msl and occur as 

terrace remnants some 50 km north of the study area where they are preserved within bedrock 

depressions (Figure 1.2). These have not been found within the ED Area. Although they have 

not been adequately dated due to a lack offossil material, they are tentatively correlated to the 

50 m Package of Late Miocene/Early Pliocene age (based mainly on elevation) in 

Namaqualand (Pether, 1994; Pickford & Senut, 1999). 

A prominent vestigial break in slope, cut into highly weathered Proterozoic Gariep 

rocks, is located some 3 km inland (east) of the 50 m Package remnants (Figure 1.2). This 

geomorphic feature persists roughly for 25 km and parallels the present-day shoreline with its 

upper-scarp edge occurring some 100 m above msl. No marine sediments have been found on 

top or at the base of this feature. Consequently, the timing of its development is unknown. 

Although inconclusive, it is assumed that the geomorphic feature is a preserved cliff line cut 

during a transgression. Being stratigraphically higher than the 50 m Package remnants, it is 

tempting to correlate the cliff line to the 90 m Package of Early to Middle Miocene age in 

Namaqualand (Pether, 1986). 

Early Pleistocene gravel beaches 

The beach stratigraphy recognised by Stocken (1962) and Hallam (1964) comprises 

six beach sequences successively decreasing in elevation from the eastern part of MA 1 to the 

present coastline (Figure 2.4). The general consensus is that the easternmost three sequences 

can be clearly differentiated from their younger western group of terraces based on molluscan 

fauna. Thus, the terraces were grouped into two main suites - the older 'Upper Terrace' and 

younger 'Lower Terrace'. These were further subdivided and assigned an alphabetical code in 

order of increasing age and elevation. Beaches 'A ', 'B ' and 'C ' thus form part of the ' Lower 

Terrace' suite, with 'C ' being the oldest. Whereas beaches '0 ', 'E' and ' F' constitute the 

' Upper Terrace' , with ' F' being the oldest (Figure 2.4; Stocken, 1962; Hallam, 1964; Fowler, 

1976). Only the beach sequences relevant to this study, notably the ' Upper Terrace' suite, will 

be considered further in this Section. 
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Upper beach terraces ('D', 'E' and 'F') 

Despite the lack of faunal differences, the sub-division of the ' Upper Terrace' suite, to 

distinguish the '0', 'E' and 'F' beaches, was based on geomorphic features; these being 

elevation differences of beach ridges and wave-cut bedrock platforms (Fowler, 1976). 

However, these geomorphic linkages, notably the beach ridge height and bedrock platforms, 

become less distinctive farther south in the ED Area. This is primarily due to the absence of a 

bedrock footwall and the complex stacking arrangement of gravel beaches. Consequently the 

lateral relationship of the ED Area sequences with those to the north is still not fully 

understood. 

The most striking feature of the 'Upper Terrace' beaches is a bedrock cliff ('F' cliff) 

that backs the 'F' beach and thus marks the position of maximum transgression achieved 

during 'Upper Terrace' times (Murray et al., 1970; Figure 2.4). The 'F' cliff loses its 

continuity in the ED Area where unconsolidated fluvial sediments form the footwall and to 

the extreme north of MAl where pocket beach settings predominate. Hallam (1964) and 

Fowler (1976) demonstrated that the elevation of the cliff base diminishes in a northerly 

direction from 25 m in the south to roughly 8 m above msl over a distance of 90 km. This 

translates to a gradient of approximately 0.019%. Uplift and tilting has been advocated as the 

primary cause for this elevation discrepancy (Hallam, 1964; Fowler, 1976). 

As previously mentioned, the sub-division of the' Upper Terrace' beaches is difficult 

to determine due to the lack of faunal differences. A fossil that is common to all three older 

terraces and is distinctly absent in the younger 'Lower Terrace ' beaches (Hallam, 1964; 

Fowler, 1976), is Donax rogersi (Pether, 1986). South of the Orange River along the 

Namaqualand coast in South Africa, Donax rogersi is considered a key species in 

differentiating the 30 m Package - a marine sequence developed between 22 m and 30 m 

above msl - from the older 50 m (Donax haughtoni-bearing) and 90 m Packages (Isognomon 

gariesensis-bearing; Tankard, 1975; Pether, 1986, 1994, 2000; Gresse, 1988). Consequently, 

the ' Upper Terrace' beaches are correlatives of Pether' s (1986) 30 m Package as initially 

invoked by Murray et al. (1970). 

The age of the 30 m Package is not well constrained (Pether, 2000). Based primarily 

on sea-level curves, palaeo-climate data and other beaches of similar elevation along the 

Atlantic coast of Africa as correlatives, an Early Pleistocene age was advocated by earlier 
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workers (Hallam, 1964; Carrington & Kingsley, 1969; Pethel', 1986). However, recent 

biostratigraphic investigations of the Namaqualand littoral deposits by Pickford & Senut 

(1999) suggest a late Pliocene age (3.5-2.5 Ma) based on the presence of un-eroded remains 

of Equus in association with Donax rogersi mollusc fauna. This fossil mammal discovery 

indicates that the 30 m Package ('0 ' , 'E' and 'F' beaches) corresponds more closely to the 

Meso-Orange River deposits of presumably Pliocene age (5-2 Ma; Jacob el at., 1999). 

The succession of vertically stacked beach sequences, more specifically barrier 

beaches, within the study area differ to their ' Upper Terrace ' linear and pocket beach 

counterparts that are developed northwards as follows (see also Figure 2.5): 

1) The ' D' , 'E' and 'F' beaches within barrier settings are condensed sequences that are 

vertically stacked and not laterally contiguous as shown in Figure 2.5 , making it difficult to 

correlate beach sequences along the coast. In fact, the alphabetical code, notably ' 0 ', 'E' 

and 'F', is incorrectly applied to the study area. This is demonstrated in Chapter 4; 

2) As mentioned earlier, the stacked sequences are not developed on bedrock, they rest on 

unconsolidated fluvial sediments; 

3) The cumulative gravel thickness within the barrier settings reach 16 m, whilst an average 

gravel thickness of no more than 3 m is characteristic of the linear and pocket beaches; 

4) Given that there is no bedrock cliff, the accommodation space afforded by the palaeo­

Orange River mouth setting favoured the development of barrier beaches. These are 

typified by shoreface, foreshore, backshore (washovers and lagoonal) sub-environments. 

The beaches fringing the bedrock cliff have no accommodation space on their landward 

side and thus their geometry is typified by shoreface and foreshore sub-environments only; 

5) ~iamond mineralisation is significantly lower than that in the linear and pocket beaches. 

There are also differences in the sedimentological character and diamond 

mineralisation within the vertical succession of stacked barrier beaches. It has been recorded 

that the most seaward barrier beach representing the last phase of vertical stacking (Figure 

2.5) - now removed by mining - yielded the coarsest gravel (1. Ward, pers. comm., 2010), 

highest grade and largest diamond size within the entire vertical succession. The sampling 

data shows that the average grade was six times more, whilst the average diamond size was 

twice as large. 
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CHAPTER 3 - SEDIMENTARY FACIES 

3.1. INTRODUCTION 

The concept of sedimentary facies is a fundamental tool for the description and 

interpretation of ancient sedimentary rocks (Nichols, 1999). These are used to interpret the 

environments in which the sediments were deposited. Each sedimentary environment is 

characterised by physical, chemical and biological processes that generate a body of sediment 

which is distinguished by identifiable features such as the dimensions, sedimentary structures, 

grain sizes and types, colour and biogenic content (Nichols, 1999; Boggs 1r, 2001). Such a 

distinctive body of sediment is therefore referred to as a facies (Boggs 1r, 200 I). By studying 

groups of facies that occur together and are genetically or environmentally linked (commonly 

referred to as facies association), the interpretation of sedimentary environments is greatly 

improved (Boggs 1r, 2001). 

Sedimentary environments have been defined and classified in a number of ways. 

Generally there are those environments on a local scale responsible for a particular body of 

sediment or sequences of such sedimentary bodies and there is the broader realm relating to 

the nature and tectonics of the greater basin in which sedimentation has occurred (Pettijohn, 

1975). For example, a non-marine realm represents the broader environment where on a local 

scale fluvial environments are deposited. Obviously both are characterised by a particular 

geomorphic setting in which specific physical , chemical and biological processes operate 

(Reineck & Singh, 1975; Boggs 1r, 2001). A sedimentary environment, therefore, as per 

Reineck & Singh's ( 1975, pg. 4) definition, is 'a geomorphic unit in which deposition takes 

place' . The classification of sedimentary environments would include, in various ways, the 

broader primary realm, the major sedimentary environments and their sub-environments. For 

example, a delta is a major sedimentary environment comprising a number of transitional 

non-marine to marine sub-environments. These include delta plain, delta front and prodelta 

(after Boggs 1r, 2001); each are in turn recognised by a number of environments. For 

example, distributary channels, floodplains , swamps, tidal flats and oxbow lakes represent a 

delta plain sub-environment. 

Reading & Levell (1996) have shown that although the use of the word facies is 

primarily descriptive, it is applied in different ways to portray: 
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1) Products of a process under which sedimentation has occurred. For example ' turbidite 

facies ' for sediments produced by turbidity currents; 

2) An environment on a broad scale in which the sediments or a suite of mixed sediment 

types have thought to have formed such as 'shallow marine facies' or 'fluvial facies'; or 

3) An environment on a more local scale in which the sediments or a suite of mixed sediment 

types have thought to have formed, such as 'shoreface facies' for an inferred shoreface 

environment within a shallow marine setting. 

Therefore the terms 'facies' and 'environments' can be used in various ways, but their 

use in any combination is justified provided that the reader is aware of the sense in which the 

word is being used (Reading & Levell, 1996). The scale of sub-divisions, as noted by Walker 

(1984), is obviously dependent upon one ' s objectives of the study, but it should also have a 

degree of flexibility and generality (Pettijohn, 1975). 

Thus, for reasons of simplification, a facies classification scheme usmg examples 

from Boggs Jr (2001) with slight modifications to incorporate depositional time frames is 

used in this study. This will relate in some meaningful way to the stratigraphy of the study 

area (as described by Pettijohn, 1978). The classification (Table 3.1) shows that the major 

sedimentary environments are assigned an alphabetic code (Facies A, Facies B, etc.). While 

some of these environments, such as the transgressive gravel sheet, are easily identifiable 

from a single facies , others are recognised from an association of sub-environments. Here the 

term 'sub-facies ' is applied and each is given an informal alpha-numerical code (Sub-facies 

A 1, Sub-Facies A2, etc.) . 

Detailed mapping of the sedimentary sequences has shown that the marine succession, 

which consists primarily of gravel and sand, has a complex internal stratigraphic hierarchy of 

four different sedimentary facies referred to here as A, B, C and D. Note that this facies 

nomenclature is separate from, and not to be confused with, the older terminology used to 

describe the beaches 'A', 'B ', 'C' and '0', sensu Stocken (1962) and Hallam (1964). Each 

facies is, in turn, characterised by a distinct arrangement of sub-facies which are 

differentiated by their unique internal sedimentary structures. These are either vertically or 

laterally arranged as depicted in the block diagram of Figure 3.1. 
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Table 3.1: Classification of sedimentary environments and facies for the ED Area deposits 

Primary 

realm 
Major environment Sub-environment Main characteristics 

Medium to coarse sand interbedded with gravel 

Upper shoreface sheets. Sand is highly bioturbated; crude tabular 

(Sub-facies Dl) 
cross-stratification. Lenticular strata of 
interbedded pebble gravel and very coarse sand. 
Trough cross-stratification . 

Shallow-marine 
(Facies D) 

Upper/middle 
Coarse sand to granule strata with isolated lensoid 

shoreface 
(Sub-facies D2) 

gravel sheets. Trough cross-stratification. 

Lower shoreface Tabular cross-stratified fine- to medium-grained 
(Sub-facies D3) micaceous-rich sand. 

Gravel dominated. Extreme clast shape and size 
sorting with vertically stacked discs at most 

Foreshore 
landward end of deposit and horizontal sheet of 

(Sub-facies C l) 
large spheres forming most seaward margin. 
Wedged between the above two are steeply 
inclined, normal graded strata with foresets 

Barrier-beach (Facies dipping steeply seaward. Seaward-imbricated 

C) discs. 

Gently inclined, ungraded gravel strata; foresets 
Back-barrier dip landward. Poor clast shape and size sorting. 

Marine (Sub-facies C2) Clay rafts present. Foresets interfinger with finely 
laminated clay and silt that are horizontally 

interbedded. 

Transgressive lag Identified as a single 
Gravel sheet dipping slightly seaward. Dominated 

by spherical boulders. Sheet truncates a variety of 
(Facies B) facies 

sediment types. 

Foreshore Normal graded, inclined strata; foresets dip 
(Sub-facies AI) steeply seaward. High degree of clast shape and 

size sorting with discs imbricated seaward. 

Tidal inlet 
Herringbone cross-laminated sand with 

(Sub-facies A2) 
interbedded gravel sheets and stringers. Poor clast 
shape and size sorting. 

Barrier-spit 
(Facies A) Spit reculVe Normal graded, inclined strata; foresets dip 

(Sub-facies A3) landward with radial geometry. Moderate degree 
of clast shape and size sorting. 

Estuarine-lagoon Finely laminated clay and silt deposits. 

(Sub-facies A4) Horizontally interbedded. 
Desiccation cracks, root casts and plant fragments. 
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These four main sedimentary facies are discussed individually In their order of 

deposition from oldest to youngest and consideration is given to: 

I) General introduction with reference to stratigraphic position. Note that a loose copy of 

Figure 3.1 is included with locality maps as Appendix D in the map folder to facilitate 

correlation during reading of the thesis. 

2) Distribution and thickness. The discussions will focus mainly on key sections. Although 

the distribution and thickness of each facies is schematically illustrated in this chapter, a 

reconnaissance map showing basic stratigraphic sections for ease of referencing is 

included in the map folder as Appendix E. 

3) Lithology and sedimentary structures based on field observations. Their description and 

interpretation are considered. 

4) Age and correlation. Although the facies are Donax rogersi-bearing, a lack of faunal 

variation makes it difficult to ascertain the sequence of deposition. Consequently, age 

variation is based primarily on stratigraphic relations. 

Mention must be made of the informal stratigraphic beach nomenclature used by 

previous workers (Hallam, 1964; Stocken, 1962). Although, these are still informally used, 

they will not be appl ied in this chapter, as mentioned earlier. Also, given that the present 

wave climate has remained unchanged since the Neogene, as discussed in Chapter 2, it is 

proposed for this and other reasons to emerge later, that the configuration of the palaeo­

shoreline was not significantly different to that of today. 

3.2 GENERAL ASPECTS OF THE SEDIMENT COMPOSITION 

3.2.1 Gravel 

An ancestral Orange River, notably the Meso-Orange of Plio-Pleistocene age, was the 

main source of the ED Area marine gravel and thus clast characteristics within the study area 

such as rounding, sphericity and shape have, to some degree, been inherited. Noteworthy is 

that spheres, blades and discs are common components within Meso-Orange River sediments 

with the last two accumulating at bar heads, whil st spherical shapes form part of the bar tails 

(Jacob et aI. , 1999). Thus disc- and blade-shaped clasts are not necessarily indicative of shape 

modification by beach processes . 
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The range of gravel size is from granules to large boulders and these were largely 

derived from Precambrian rocks through which the river incised, generating lithologies that 

typify the Meso-Orange River (Jacob, 2005), Consequently, the marine grave ls within the 

study area as examined by Jacob (2005) have a composition of quartzite, banded ironstone, 

riebeckite, vein quartz, chert, granite, schist, felsic and mafic vo lcanic rocks, agate, feldspar 

and zeolite, Jacob (2005) demonstrated that the cobble to boulder size range is generally 

dominated by quartzite, with only quartzite found in the boulder fracti on, The remaining 

lithologies are confined to the smaller gravel fraction , more appreciably in the pebble size 

range, When clast roundness is compared, the gravels within the study area have higher 

values of rounding than those from the Meso-Orange River deposits (Jacob, 2005), suggesting 

that clast rounding was augmented in the littoral environment. 

3.2.2 Sand 

Similar to the gravel component, the marine sand was derived from the Meso-Orange 

River and is generally quartzo-feldspathic rich with lesser amounts of zeo lite, mica, lithic 

fragments and heavy minerals such as zircon, ilmenite, magnetite, garnet and rutile (Fowler, 

1982; Dale & McMillan, 1996), Clay is absent from all sand fractions. 

Sand coarseness is variable, ranging from fine to very coarse with the coarser fractions 

containing abundant quartz, fe ldspar, zeo lite grains that reach granule size, minor biotite and 

lithic fragments of quartzite and basa lt. Heavy minerals are rare in the coarse to very coarse 

sand fractions , as are glauconite and shell fragments. 

The quartzose finer sand (fine to medium fractions) as described by Dale & McMillan 

(1996) has lesser amounts of feldspar and zeolite, but contains higher amounts of heavy 

minerals and mica (biotite and muscovite). Flakes of mica can be sign ificantly coarser than 

the host sediment reaching 0.4 cm in length. In addition to these minerals, glauconite and 

chrysoberyl , as well as agate and jasper occur in minor quantities. Shell fragments of 

unknown origin also form a minor part of the finer sand fractions (Dale & McMillan, 1996), 
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3.3 FACIES A 

3.3.1 General 

Facies A forms the base of the entire marine sequence and is overlain by sediments of 

Facies B, C and D (Figures 3.2 & 3.3, Appendix D(4)). More significantly, at the most 

southern end of the study area (G9 sampling trench, Figure 3.2A & C), the marine package of 

Facies A is attached to a bedrock high of schistose composition. Here the sediments are 

truncated by a boulder bed at an elevation of some 10 m above msl (see Figure 3.3). This 

truncation surface is level with the top of the bedrock island suggesting that it and Facies A 

were part of the contemporary shoreline prior to the emplacement of the boulder bed. The 

type section for Facies A is the G25 trench (see Figure 3.2A for locality) and although the 

other sampling trenches (G 19 and GIS) provide good exposures, the geometry and 

relationship of distinct sub-facies can be best seen in this trench that has been retained as a 

witness section. 

3.3.2 Distribution and thickness 

The sediments of Facies A extend northwards from the bedrock high for some 2 km. It 

is thinnest - approximately 2.4 m - at the bedrock island and thickest (approximately 5 m) in 

the north. At the type section in G25 trench, the sediments extend down-dip (south-west to 

north-east) for a distance of approximately 400 m and maintain a consistent thickness of 5 m 

throughout the entire length of the exposure. 

3.3.3 Lithology and structure 

Facies A is dominated by coarse rudaceolls sediments where resistant clast types sllch 

as quartz and quartzites constitute the bulk of the gravel. These sediments may contain a 

matrix of either coarse sand or gravel that is finer than the coarser framework, bllt in most 

instances they are matrix free. FOllr lateral interconnected sub-facies, designated AI to A4, 

have been recognised at G25 (Figure 3.4). The south-western (seaward) part of the trench is 

dominated by cross-stratified gravel of Sub-facies A I with steep seaward-dipping foresets. 

Cross-stratified gravel of Sub-facies A3 is restricted to the most north-eastern (landward) part 

of the exposure and their foresets dip in the opposite direction, landward. Wedged between 

these two sub-facies are cross-laminated sands with interbedded gravel sheets of Sub-facies 

A2. Marking the landward termination of Facies A are extensive silts and clays of Sub-facies 

A4 (also summarised in Figure 3.2B). 
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Sub-jacies AI: Cross-stratified gravel 

This sub-facies occupies the most south-western part of the exposure where it is 

developed with remarkable consistency over a distance of 120 m and is predominantly gravel. 

These sediments are brown and in places black in colour; the latter is mainly due to a 

manganese coating on the gravel clasts with some accumulation in the voids between clasts. 

The manganese precipitation is a post-depositional product from ground water, preferentially 

developed in the more porous and permeable sediments. 

Stratum attributes 

Cross-stratified sets of approximately 1.8 m in thickness are stacked vertically in a 

S m thick package. Their boundaries are marked by near-horizontal truncation surfaces 

comprising predominantly large cobble blade-shaped gravel lags, which can also be traced a 

short distance up the toe of each individual foreset that are tangent to the set boundary (Figure 

3.SA). Note that where clasts larger than the background size form a residual layer that is no 

thicker than the gravel clast size, it is here defined as a lag. 

Textural attributes 

The gravels are well-rounded, clast-supported, large cobble to fine pebble in size. A 

range of shapes are present with discs and blades predominating. These dominant shapes 

show imbrication with their long axes dipping seaward. Clast size and shape sorting is evident 

in the gravel strata, as is extreme porosity where in most instances the voids between clasts 

remain visibly open due to the absence of infilling sand or smaller gravel particles. Although 

clast shape sorting is present, the degree thereof is not significantly high in comparison to that 

of the Facies C deposits where distinct zonation of shapes is evident. However, there is a 

considerable degree of clast size sorting in Facies Al gravels. Rounded clay rafts of pebble to 

large cobble size are found within the gravels. These rip-up clasts occur throughout the 

vertical section and are mainly reddish-pink in colour and sphere-shaped. 

Structural attributes 

The tabular cross-stratification in Sub-facies Al has the longest foresets within the 

entire study area. A single foreset can be traced down-dip over a distance of more than 7 m. 

The fore sets are tangential, exhibiting slight concave-up geometries with some merging at 

their distal ends to give wedge-shaped geometries. They dip at steep angles, up to 28°, 
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towards the south-west (on average 229°; Table 3.2). This dip direction is similar to the gravel 

beds of the same sub-facies seen in the G 19, G IS and G9 trenches, where they dip towards 

239°, 223° and 243° respectively (Figure 3.5B). The most conspicuous feature of the Sub­

facies A I gravels, besides the openwork framework, is the normal grading of foreset strata 

where a large cobble base grades upward into granule-sized sediment. The sediment in each 

of these graduations exhibit extreme sorting. These are laterally stacked to form a continuous 

succession of alternating normal graded foreset strata, each approximately 40 cm thick. 

Table 3.2: Palaeo-current data of Sub-facies AI 

n Xv R L(%) Structure Sediment 

II 229 10.93 99 Tabular cross-stratification Gravel at G25 

12 239 10.91 91 Tabular cross-stratification Gravel at G 19 

4 223 3.98 100 Tabular cross-stratification Gravel at G 15 

II 243 10.2 1 93 Tabular cross-stratification Gravel at G9 

- • -n number of readmgs, Xv vector mean (degrees), R length of resultant vector, L( %) vector magmtude 

Palaeontological attributes 

Fragments of the 30 m Package mollusc, Donax rogersi, were recovered. 

Sub-facies A2: Cross-laminated sand 

The principal sediments of Sub-facies A2 are brown, coarse cross-laminated sand and 

granule with interbedded gravel. In section, which is perpendicular to the present coastline, 

the Sub-facies A2 package is approximately 50 m in length. On the most seaward side (south­

west), these sediments are sharply truncated by gravel strata of Sub-facies A I, producing a 

steep erosion surface inclined seaward as much as 25° (see also image in Figure 3. 10). At the 

base of this erosion surface, the cross-stratified sand deposits of Sub-facies A2 pinch out in a 

seaward direction and interfinger with coarse to very coarse, planar cross-stratified subtidal 

sand that have fore sets dipping towards the north-east. Although the excavation was not deep 

enough to intersect the base of this sand, the exposure in the south-western part of the trench 

clearly shows that this subtidal sand forms a sheet onto whieh Sub-facies A I and A2 have 

been deposited. 

Stratum attributes 

The coarse-grained sand is characterised by opposing thick cross-laminae, each less 

than 0.5 em thick. Cross-lamination sets are approximately 15-20 cm thick with eosets 
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reaching 1.2 m (Figure 3.6A). Set bounding surfaces are inclined towards the north (coast 

parallel) and are accentuated by pebble lags lining these surfaces. The interfingering gravel 

occurs either as stringers of clasts or sheets of gravel that can be as much as 2-3 m thick. 

These have a parallel geometry and are gently inclined northwards having sharp contacts with 

the sand units. 

Textural attributes 

A bimodal sediment population is present comprising coarse to very coarse sand and 

fine pebble to large cobble gravel. The latter is a constituent of the interfingering gravel 

stringers and sheets. When the coarse sand is considered, an abundance of rounded to well­

rounded granules comprising lithologies of low specific gravity such as quartz and zeolite are 

in places aligned along opposing foresets, further accentuating the sedimentary structures. As 

regards the gravel sheets, they have a clast-supported framework with a matrix of sand and 

granule to fine pebbles. This sand matrix is zeolite-rich and is therefore, no different from the 

cross-stratified sand. Gravel sorting is poor where the degree of clast shape and size sorting is 

far lower than that of Sub-facies Al and A3. Clasts are well-rounded with discs and blades 

lacking imbrication. Manganese coating is absent due to the lower porosity and permeability 

of these sediments given that the gravel framework has a matrix fill of sand. 

Structural attributes 

The main characteristic feature of the coarse sand is the opposing cross-lamination, 

exhibiting bipolar orientation directed towards the south-west and north-east (Figure 3.6B). 

Foresets dip on average 20°. Surfaces bounding the cross-laminated sets dip, on average, 20° 

in a northerly direction (see Table 3.3). 

Table 3.3: Palaeo-current data of Sub-facies A2 

n Xv R L(%) Structure Sediment 

13 353 12.77 98 Bounding surfaces Cross-stratified sand 

-n - number of readmgs, Xv - vector mean (degrees), R !ength of resultant vector, L(%) - vector magmtude 

Palaeontological attributes 

A single foraminiferal specimen of marine affinity was recovered from the coarse, 

cross-stratified sand, but was not identified. 
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Sub-j'acies A3: Cross stratified gravel 

These are the coarse gravel deposits which occupy the entire north-eastern (landward) 

section of the exposure and consist exclusively of gravel that is developed over a distance of 

70 m. Like Sub-facies AI, these are in places coated with a manganese film giving them a 

black colour. The most seaward (south-western) end of these deposits interfinger and envelop 

sediments of Sub-facies A2. 

Stratum attributes 

Cross-stratification is in a direction opposite to that measured in Sub-facies AI; that is 

landward. The gravel is vertically stacked into a 5 m thick package, but unlike Sub-facies AI, 

cross-stratified set boundaries could not be determined. 

Textural attributes 

Sub-facies A3 is distinguished by its tabular cross-stratification and textural maturity 

where clast shape and size sorting is notable, but not to the same degree of sorting as seen in 

Sub-facies Al (Figure 3.7 A and cross-section in Figure 3.10). However, a similar clast­

supported, open-work framework is also present with well-rounded clasts. Where disc- and 

blade-shaped clasts are imbricated, they dip landward. Gravel size ranges from fine pebble to 

large cobble; the latter forms the base to each normal graded foreset stratum and grades 

upward to either granules or pebbles. Where the grading includes granule-sized sediment, an 

abundance of zeolite is confined to these finer sediment layers. Similarly, where the clast­

supported framework has a matrix of sand and granule- to pebble-sized sediment, zeolites are 

in abundance as part of the matrix fill. Such an occurrence of zeolites is totally absent in Sub­

facies AI. 

Structural attributes 

The tabular cross-stratification differs to that of Sub-facies A I in that the foresets are 

not only angular, but also the direction of dip is opposite and inconsistent. Here foresets dip 

landward and exhibit a radial growth pattern spreading from the north-east through to the 

south-east (see cross-section in Figure 3.4, 3.7B and Table 3.4). The foresets dip on average 

at 18°, but can reach 27° in places. Despite the textural maturity, normal grading of the foreset 

strata that are approximately 30-40 cm thick is not as prevalent and extreme as that seen in 

Sub-facies AI. 
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Table 3.4: Palaeo-current data of Sub-facies A3 

n Xv R L(%) Structure Sediment 

9 95 8.71 97 Tabular cross-stratification Gravel at G25 

6 148 5.46 91 Tabular cross-strat ification Gravel at G25 

4 48 3.98 99 Tabular cross-stratification Gravel at G 19 . n number of readmgs, Xv vector mean (degrees), R length of resultant vector, L( Yo) vector magnItude 

Soft sediment deformation structures have been observed where the gravel fore sets of 

Sub-facies A3 are slumped into a concave fold-like structure (Figure 3.8). The vertical 

orientation of the gravel clasts and opposing imbricate dips clearly demonstrate that this 

imbricate fabric is not primary, but induced by sediment slumping. The presence of disc­

dominated clasts further aided the slumping process where the gravel particles have a greater 

propensity to slide over each other. The normal grading in the foreset strata is, however, still 

maintained. The degree of flexure decreases towards the top of the gravel sequence; a feature 

expected of slumping. Although the mode of deformation is not clearly understood, an in situ 

section at the base of the trench showed that the gravel sequence overlies a clay deposit. It is 

assumed that displacement of the clay due to contemporaneous loading of the gravel possibly 

caused the deformation. 

Reddering (1993) noted soft sediment folding in the Cretaceous Robberg Formation 

where marine conglomerate rests on palaeo-channel deposits comprising shale and sand. He 

illustrated that the base of the gravel sequence occurs on a slope and the folding, therefore, 

was not only induced by loading, but also by drag as the gravel bed slid down slope. Field 

observations in the ED Area show that the deposits of Sub-facies A3 were emplaced on a 

horizontal surface and thus precludes down slope drag as a contributing factor. 

Palaeontological attributes 

No micro- or macro-fossils were recovered from the Sub-facies A3 gravels. 

Sub-facies A4: Laminated clay and silt 

Comprising clay and silt (Figure 3.9A), Sub-facies A4 is confined to the most north­

eastern palt of the 025 section. Drilling results show that the sediments are laterally persistent 

over distances of I km along strike (north-west to south-east direction) and can reach a 
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thickness of 4 m. The clay exhibits variable colours from reddish pink to green, whilst the 

silts are orange-yellow. 

Stratum attributes 

Alternating co sets of planar-para llel, finely laminated clay and silt to very fine sand 

predominate throughout the sequence. These cosets vary considerably in thickness for both 

the clay and silt, ranging from approximately I-50 cm. Their contacts are gradational. 

Although unlithified, the clay displays fissility, splitting into exceptionally thin plates due to 

compaction. 

Structural attributes 

The clay exhibits, in places, desiccation cracks and where interbedded with very fine 

sand, asymmetrical wave ripples are developed within the very fine sand layers (Figure 3.98). 

These bedforms have a gentle inclined stoss side of 150 followed by a steeper lee side dipping 

in the opposite direction (seaward) at 250
• Measurements of their geometry show that the 

crests are spaced 15 cm apart and the ripples have a length and height of 22 cm and 3 cm, 

respectively. This translates to a ripple index (LlH) of 7.3, which falls within the range 

between 6 and 8 for asymmetrical wave ripples (Reineck & Singh, 1975, pg. 25). The internal 

structure of these ripples exhibits fine tabular foreset laminae with tangential bases, dipping in 

a single direction at 150 towards the south-west. 

The green coloured clay lithology has a distinct absence of interbedded silt layers, 

desiccation cracks and biogenic structures. These clays are generally overlain by the red-pink 

clays. 

Palaeontological attributes 

Rare pedotubles, approximately I mm in length and 0.3 mm in diameter, occur within 

the red-pink coloured clays. These are highly friable and red-brown in colour possibly due to 

oxidation. Small plant remains were found by Hallam (1964) and Corvinus (1983) within 

similar clay laminae at G19, but these were not identified. In addition, burrows confined 

mainly to the clayey silt layers have al so been recorded from the same trench. They have a 

horizontal , branching geometry with an average diameter of 5 mm (Figure 3.9C). In contrast, 

the green-coloured clays are organic free and have no biogenic structures. 
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3.3.4 Interpretation of Facies A 

The relationship between the four main sub-facies and the geometry of the entire 

exposure in the G25 trench are consistent with gravel barrier spit accumulations described by 

Bluck et af. (200 I) and Spaggiari et af. (2006). Consequently, the recognition of gravel 

barrier spits, as opposed to barrier beach settings rests on the identification of the sub-facies 

as described in Section 3.3.3 and their lateral stratigraphic disposition. This lateral 

relationship is illustrated in the Figure 3.10 cross-section, as well as in block models in 

Figures 3.11 & 3.12. 

Sub-jacies AI: Cross-stratified gravel 

The gravel deposits of Sub-facies A I are characteristic of beach face sediments and 

thus reflect a foreshore setting (Reddering, 1993; Bluck, 1999; Bluck et at., 2001; Neal et at., 

200 I; lol et at. , 2002; Spaggiari et at. , 2006). In such settings the hydrodynamics of open 

coast swash and backwash facilitate gravel sorting whereby a process of clast acceptance and 

rejection (Bluck, 1999; Buscombe & Masselink, 2006) generate super-mature fabrics. The 

normal graded strata of Sub-facies A I are a product of such sorting. However, the lower 

degree of shape sorting is not unusual and has been recorded by Carter et at. (1990) at 

Fisherman's Beach, a modern gravel barrier spit in Nova Scotia. They note that cross-beach 

sorting patterns were not distinctive and attributed the phenomenon to either a high sediment 

supply to preclude such sorting or there had been extensive reworking of the barrier spit. The 

former is more applicable to the study area considering that the gravel barrier spit of Facies A 

developed within a palaeo-river mouth setting where sediment supply was considerably high . 

Its position near to the sediment outfall is supported by the presence of clay rafts within the 

gravel beds. Sourced from flood plain or estuarine-lagoon deposits, these clasts were ripped 

from their sediment hosts during river floods and debouched into the coastal setting. 

The foreshore processes under which Sub-facies Al accumulated and the associated 

bedforms are di scussed in more detail in Section 3.5 (Facies C) given that Sub-facies Al 

bedforms are identical to those recorded in Sub-facies C I. 

With a copious yield of gravel supplied to the foreshore by the Orange River, a 

sequence of laterally, seaward-stacked, steeply inclined accretionary foresets would have 

developed during seaward progradation of the beach face as described by Martini (1975), 

Massari & Parea (1988), Postma & Nemec (1990, their unit II) and Blair (1999, his facies C). 
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This would account for the lateral persistence of Sub-facies A lover a distance of 120 m 

where growth was roughly perpendicular to the palaeo-coastline . The last is evident from the 

palaeo-current measurements. The surface expression of this growth would be in the form of 

a beach-ridge plain where successive barrier spit ridges develop seaward during progradation 

(Dominguez et al., 1987; Orford et al., 2002). 

Sub-facies A2: Cross-laminated sand 

The Sub-facies A2 sand and granule are interpreted as herringbone (bipolar) cross­

laminated, shallow subtidal deposits . Its position landward of the Sub-facies A 1 gravel 

foreshore and the presence of herringbone cross-lamination precludes an open coast subtidal 

setting. 

Herringbone cross-lamination is widely reported in shallow subtida l and intertidal 

settings (Reineck & Singh, 1975; Casshyap & Aslam, 1992, pg. 983) and is commonly 

accepted as a criterion for the recognition of current reversals in tidal environments 

(Boothroyd, 1985 , pg. 472; Collinson & Thompson, 1989), including tidal inlets. Barwis & 

Makurath ( 1978) also noted that bipolar lamination in such sediments is consistent with 

barrier inlet settings. Tidal inlets are also a feature of wave-dominated coasts where swash 

platforms are predominantly developed in the inlet throat (Boothroyd, 1985). It is well 

documented that these inlets allow the passage of tidal water between the open sea and the 

protected lagoonal area, but this exchange of water does not necessarily require a vigorous 

tidal setting. Van Heteren & van de Plassche (1997) demonstrated that during the evolution of 

the Sandy Neck barrier spit (Massachusetts, U.S.A.) within a wave-dominated setting, the 

development of a tidal inlet channelled the displaced water - driven by high wave energy -

into the lagoon. 

A similar setting is proposed for the deposition of Sub-facies A2, where these subtidal 

sediments have accumulated at the spit head (see Bluck el al., 2001) under high wave energy 

conditions. This ensured sufficient displacement of coastal waters into the lagoon, as seen in 

the present Orange River mouth where strong waves drive coastal waters through an inlet into 

a back-barrier setting. The presence of a marine foraminiferal specimen recovered from the 

sand-dominated sediments of Sub-facies A2 supports such an exchange of coastal waters. 
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Similar to unit 2A of Nielsen e/ al. (1988), the deposits of Sub-facies A2 are thought 

to have been deposited as 3-D megaripples on a sub-aqueous platform. Hine (1979) 

demonstrated that such platform deposits are developed where the spit head curves away from 

the ocean into the inlet (referred to as a spit recurve). Here the breaker angle increases with a 

concomitant decrease in longshore drift power, inducing rapid sedimentation in an area of 

reduced wave energy. This energy deficit is due to the decreased wave height created by the 

strong wave refraction. The reduction in wave height can be significant, as much as 92% (see 

King & Mc Cullagh, 1971). At this point where wave energy dissipates, the more readily 

longshore entrained sediment, namely the sand fraction, enters into the tidal inlet (Carter et 

al., 1989) to accumulate as a broad, shallow subtidal platform. The accumulation of clast 

lithologies having a low specific gravity, such as zeolites, is a reflection of this energy 

dissipation where refracting waves have the inability to winnow out these clasts. 

[n many respects, sedimentary structures associated with 3-D megaripples are 

typically tabular or trough cross-stratified (Reineck & Singh, 1975; Boothroyd, 1985; 

Lindholm, 1987; Collinson & Thomson, 1989). However, it is not uncommon to find 

herringbone cross-laminations in such bedforms, as discussed by Nichols (1999, pg. 138) and 

reported by Boothroyd (1985, pg. 472) who observed these sedimentary structures in cuspate 

megaripples. More importantly, high sedimentation rates are required to preserve the cross­

lamination (Nichols, 1999). 

Palaeo-current measurements from the herringbone-dominated laminae of Sub-facies 

A2 indicate a north-east to south-west exchange of coastal water, which is similar to the inlet 

setting of today ' s Orange River mouth. More importantly, the palaeo-current measurements 

of the bounding surfaces between cross-laminated sets show a northward growth. This clearly 

suggests that these subtidal platform deposits prograded northward with a northerly (down­

drift) migrating spit head. 

The gravel sheets of Sub-facies A2 are thought to have derived from the spit head 

where slumping of the intertidal beach face would have introduced gravel into the inlet 

environment (Spaggiari el al., 2006) and armoured the platform surface prior to the next 

depositional even!. Given that wave energy is lowered at the spit head, sorting of the 

introduced gravel would be limited as described by Hiroki & Masuda (2000) for the spit 

platform of a Pleistocene gravelly spit deposit in Japan and thus accounts for the northerly dip 
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of the beds, which is in the direction of barrier spit elongation. Such gravel armouring has 

been described by Carter el al. (1990, pg. 126) at Fisherman's Beach in Nova Scotia. Here 

gravel-armoured platforms occupy the inlet portions where the gravel spit has been breached 

and segmented into three parts. 

Sub-facies A3: Cross-stratified gravel 

Although the gravel fore sets of Sub-facies A3 dip in a direction opposite to that of 

Sub-facies A I, the degree of clast shape and size sorting with a distinct lack of clay rafts and 

sand layers negate a washover fan setting (Figure 3.10). Similar to Sub-facies AI, the normal 

grading and textural maturity of the gravel strata suggest a beach face that is consistent with 

the foreshore. Sub-facies A3, therefore, represents an intertidal setting on the landward side of 

the gravel spit at the point where the terminal recurve arcs away from the coast into the 

protected back-barrier lagoon (see Bluck el al., 2001). 

This is at odds with a typical lagoon where the energy regime is significantly lower 

than that of a foreshore environment. However, in this context, the degree of sorting exhibited 

by Sub-facies A3, although not as extreme as that of Sub-facies A I, implies considerable 

wave refraction around the growing tip of the spit (see Bird, 1972; Bluck et al. , 200 I; 

Spaggiari el ai., 2006). Wave refraction sorting can only have been achieved if wave height 

and energy conditions were significant. Such conditions are not uncommon along the present 

Namibian coast and as noted in Section 1.3, wave heights exceeding 5.0 m in all seasons were 

reported by de Decker (1988). The pattern of inconsistent dip directions depicted in Figures 

3.4 & 3.7, which are so characteristic of Sub-facies A3, further supports the spherical radial 

growth of beds at the recurved end of the barrier spit (Bluck el al. , 200 I; Spaggiari et al., 

2006). 

There are two possible depositional models for Sub-facies A3, both of which would 

generate deposits having similar structures: 

I) reworking of washover sediments; or 

2) reworking of welded swash bars. 

I) Washover deposits transfer sediment from the foreshore into the lagoon (see also Section 

3.5 on Sub-facies C4) through breaching of the spit ridge during periods of storm. Here, 

the displaced sediments spread out landward of the barrier spit into the lagoonal 
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environment in the shape of small fans. Continued washover events, if the same breach 

point is explo ited, will sustain the sediment supply to the washover setting inducing fan 

growth. [f the washover fans are further subjected to high wave energy refracting around 

the spit head, it is likely that size sorting of the gravel-dominated sediment is highly active 

and the sand fraction is removed. The variation in dip direction of the gravel foresets are 

retained as a consequence of their original curved, fan-shaped disposition. 

2) [n contrast to washover sedimentation, swash bar welding has been identified as a 

mechanism for spit head progradation (Hine, 1979; Nielsen et al. , 1988; Carter et al., 

1990; Morales, 2001). Under wave refraction, it is thought that swash bars migrating 

alongshore or emerging from the shoreface will travel across the tidal- inlet (Sub-facies 

A2) to weld onto the spit head and merge with intertidal deposits in the back-barrier, 

displaying landward-dipping, tabular cross-stratification (Nielsen et al., 1988; Morales, 

2001) . Consequently, a considerable amount of gravel must pass around a sharp angle at 

the spit head as noted by King & Mc Cullagh (1971) to sustain growth of these ' recurved' 

intertidal deposits. Apart from wave refraction, high wave energy and sediment supply are 

therefore seen as fundamental controls for spit recurve growth as described by King & Mc 

Cullagh (1971) and Firth et al. (1995) . In addition to a longshore and shoreface source, the 

spit platform with its armoured gravel surface may have also been a sediment reservoir for 

the spit recurves as documented for the Buctouche Spit in New Brunswick, Canada 

(Ollerhead & Davidson-Arnott, 1995). Here, cycles of scavenging the armouring gravel 

followed by collapse of the spit head would have been repeated as waves fronts refracted 

into the inlet. 

Washover sediments have their provenance in the foreshore (see Section 3.5.3, Sub­

facies C2, cross-stratified gravel) and thus their average diamond size is similar to that in the 

foreshore (see Chapter 5 on diamond mineralisation and size trends). However, the average 

diamond size within Sub-facies A3 is significantly smaller, by as much as three to five times, 

than that in the foreshore . This disparity would favour swash bar welding (model (2) in the 

above) as a more likely depositional model for Sub-facies A3. 

When the direction of barrier spit growth is considered, based on palaeo-current data , it 

was towards the north . Refraction of waves originating from the dominant south-westerly 

quadrant would be expected to have lower energy on entering the inlet. Wave power would 
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dissipate on contact with the prograding spit platform preventing complete wave refraction 

around the spit head. Reworking of spit recurve gravels would thus be limited. However, 

examples of wave refraction along the present-day coast of Namibia demonstrate that this is 

not necessarily the case. Here, complete wave refraction has been observed around 

protuberances that are orientated in a northerly direction (see Figure 3.13C). Therefore, 

periods of high storm surges such as those noted in Chapter I, Section, 1.3, are likely to 

augment not only the wave refraction and associated energy levels, but also induce greater 

reworking of spit recurves. Equally, storm-driven waves originating from the north-west, 

although infrequent (1.6% in spring and 1.4% in winter, de Decker, 1987), may have exerted 

a greater impact with a propensity to maintain higher energy levels and wave heights (see 

Figure 3.13B). They would have also driven sediment from the shoreface landward into the 

inlet to build up the spit recurves whilst longshore drift was absent or reversed (see Chapter I, 

Section 1.3 on changes to longshore drift). 

Energy levels during wave refraction must have been inconsistent with higher levels 

allowing effective sorting of the recurve gravels followed by waning periods under which 

zeolite clasts accumulated. This is in contrast to the direct wave attack in open coast 

conditions where aggressive wave energy is consistently maintained and for this reason, the 

Sub-facies Al gravels are free of zeolite clasts. 

Sub-facies A4: Laminated clay and silt 

The finer sediments of Sub-facies A4 typify an estuarine-lagoon and are similar to 

those described by Blair (1999, his facies E), Bluck et al. (2001, their unit C) and Neal et al. 

(2001, their facies B-3). Coastal lagoons are most characteristic of microtidal regions (Barnes, 

200 I) and are partially or completely enclosed by a depositional barrier beach or barrier spit 

(Bird, 1972). These barriers have a greater preponderance to completely isolate impounded 

regions from the sea as opposed to their sandy counterparts where seasonal closure of 

estuaries and lagoons are encouraged by the accumulating sand (Barnes, 2001). At barrier 

spit/river mouth complexes, estuarine-lagoons are impounded by the evolving barrier spit and 

the only coastal water exchange is through an inlet at the spit head. Estuarine-lagoons can 

therefore be extensive and generally deeper than 2 m (Barnes, 200 I) ; a setting typifying the 

present Orange River back-barrier. The depositional environment of Sub-facies A4 would 

have thus been similar, given the lateral extent and thickness of the sediments. 

56 



CHAPTER 3 -SEDIMENTARY FACIES 

Features such as desiccation cracks and oxidation that typify the red clays of Sub­

facies A4 are unequivocally indicators of exposure and therefore negate a lower shoreface or 

offshore setting. The size of the wave ripples further support this. Generally, for equivalent 

grain sizes, the wave ripples from deeper water tend to be larger than those confined to 

shallower settings (Reineck & Singh, 1975). In addition, the biogenic structures are indicative 

of low-energy settings and their preservation in sediments that are landward of a gravel spit 

recurve (Sub-facies A3) further support an estuarine-lagoon. 

The present estuarine-lagoon at the Orange River mouth is defined as a river­

dominated estuary and as such, the fluvial sediment extends to the landward margin of the 

coastal barrier (Cooper, 2001 , 2002). The back-barrier area is, therefore, seen as an extension 

of the inflowing river which is attributed to high fluvial sediment supply from the hinterland 

(Cooper, 200 I). It thus follows that the predominant sedimentary facies are fluvial sediments 

such as floodplains, channels, inter-channel bars and salt marshes. These are vegetated to 

various degrees and although the estuarine-lagoon is river-dominated, evidence of estuarine 

fauna (trace fossil and fossil assemblages) may be present (Cooper, 2001). Given its fluvial 

dominance the estuarine-lagoon acts as a conduit for river sediment to the sea rather than a 

sink for marine sedimcnts (Cooper, 200 I). 

That the Orange River back-barrier is viewed as a modern analogue of Sub-faces A4, 

the asymmetrical ripples recorded in the Sub-facies A4 silt layers is thus a reflection of the 

dominant river flow, directed seaward towards the south-west, as it occurs today. Noteworthy, 

is that this direction is similar to that of the tidal inlet deposits of Sub-facies A2 where a 

north-east to south-west bimodal palaeo-flow was recorded. 

The red clay lithologies would have accumulated along the fringes of the spit 

environment as exposed elevated clay banks. Stabilisation of these areas was promoted by 

vegetation growth which is evident from the plant remains and root casts recovered from the 

red-pink clays. In turn, the vegetation acted as traps for clay during overbank deposition 

allowing the banks to accrete above normal flow levels. In contrast to the shallower back­

barrier fringes, the deeper part of the estuarine-lagoon was the main depocentre of the green 

clays during low river flow. Obviously, these would be scoured out during high-flow events 

(Cooper, 200 I) . 
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3.3.5 Summary and depositional setting of Facies A 

The sedimentological processes for the deposition of Facies A are discussed in this 

section. Figure 3.14 encapsulates the salient features of each sub-facies and a summarised 

interpretation thereof. 

Orford et ai. (200 I) noted that gravel dominated coasts require specific driving 

mechanisms for the development of gravel beaches. Amongst others, coarse sediment supply 

and the presence of energetic waves are crucial requirements to sustain the growth of coastal 

landforms and actively transport, as well as sort, the heterogeneous sediment into a spectrum 

of gravel beaches. The Namibian coast is no exception and the persistence of high-energy 

conditions throughout most of the year makes this wave-dominated coastline a most vigorous 

regime (de Decker, 1988; Hay & Brock, 1992). Thus, with a continued supply of sediment 

from the Orange River, albeit a diminishing contribution, it is no surprise that these 

conditions have modelled the sediment outfall of the Orange River into distinct coastal 

landforms. 

Facies A is a clear expression of this consequence in the form of gravel barrier spit 

accumulations where discrete depositional environments have evolved together. Spaggiari et 

ai. (1999, 2006) and Bluck et ai. (2001) have shown that the recognition of gravel barrier 

spits in the geological record depends on the presence of discrete environments. They include 

intertidal gravel sediments with seaward, as well as landward dipping foresets and subtidal 

sediments with bipolar cross-stratification (see Figures 3.11 & 3.12). The intertidal deposits 

with landward divergent dips interfinger with extensive lagoonal clays. These conditions are 

satisfied in Facies A and thus support the interpretation of gravel barrier spit accumulations. 

A modern equivalent of Facies A is depicted in Figure 3.11 illustrating the distribution of 

depositional environments. 

Gravel barrier spits have been recorded from Cretaceous (Reddering, 1993), as well as 

modern (Eddison et ai., 1983; Firth et at., 1995) settings and are the extreme case of drift­

aligned barriers (Davies 1972; Orford et ai. , 1991; Bluck et ai., 2001) that are fed from a 

discrete source under a set of conditions that can facilitate the transfer of sediment alongshore 

from source to sink (Orford et ai., 1991). These barrier forms are known to grow at extremely 

high rates. In his study of the Orford spit in England, Carr (1969) has shown that although 

the growth was irregular, rates of 183 mJa for the period 1804 to 1812, 69 mJa (1867 to 1880) 
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and 64 mJa (1962 to 1967) were recorded from early cartographic sources (see also Randall & 

Fuller, 200 I). Growth rates of this kind require a substantial supply of gravel and for this 

reason, the fact that Facies A occurs immediately north of the Orange River mouth and 

nearest to the sediment supply, they are regarded as the fastest growing barrier forms in the 

entire study area. A proposed model for the depositional style of the Facies A barrier- spit is 

illustrated in Figure 3.13. 

Where there is a copious supply of sediment, the barrier spit grows in the direction of 

longshore sediment transport (Bird, 1972) with a concomitant thickening and extension of the 

distal section through gravel accumulation, often in the form of recurved ridges (Orford el al., 

1991 ; Firth el al. , 1995; Anthony & Dolique, 2001). This is clearly seen in the geometry of 

the gravel and sand units of Facies A. The internal structures of the sub-facies demonstrate 

spit growth to the north (down-drift), west (seaward) and east (landward). 

Van Heteren & van de Plassche (1997) highlighted the importance of seaward migration 

during spit accretion, most likely through rapid welding of intertidal sediments to the ocean 

side of the barrier spit. These are the swash bars described by Hine (1979), Carter el al. 

(1990) and Orford el ai. (1991) that migrate alongshore and weld onto the beach face. These 

pulses of sediment, also termed ' nesses ' by Orford el at. (1991), may originate from increased 

river outfall such as flooding or an erosion event on the up-drift side of the barrier sp it. A 

' ness', as described by Orford el al. (1991, pg. 93), is a pulse of sediment produced by a 

discrete erosion event, intermittent offshore to onshore sediment exchange or spasmodic 

release of sediment drift from a barrier in erosion. It is thought that the intertidal deposits of 

Sub-facies A 1 prograded seaward in a similar fashion to swash bar welding. Down-drift, 

where the transport power is reduced at the point of barrier spit curvature and where wave 

refraction is considerable, the refracted bars will accumulate in a spit-like sink forming di stal 

recurves (Carter el ai., 1990; Forbes el al., 1995) giving ri se to intertidal gravel deposits on 

the landward side of the barrier spit with an internal structure comparable to that of Sub­

facies A3. Spit recurve growth was poss ibly similar to that of the Hurst Castle Spit in 

Hampshire, England (King & Mc Cullagh, 1971) and Buctouche Spit in New Brunswick, 

Canada (Ollerhead & Davidson-Arnott, 1995) where variable wave approach is refracted 

around the spit head with a particular direction having a greater effect on the recurve deposits. 

Wave refraction and reworking was enhanced by intense storm-driven waves where, under 

such conditions, sediment was also transported from the shoreface and spit platform into the 
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back-barrier setting. It thus follows that the spit recurve gravels of Sub-facies A3 are storm­

generated deposits and their growth, as well as textural maturity is dependent on the storm 

intensity and its duration, wave approach and degree of refraction, as well as sediment supply. 

At the leading edge of the spit head, the tidal inlet platform of Sub-facies A2 occupied 

a non-restrictive, open inlet setting through which waves and tidal currents were channelled. 

These platform sediments are built northwards ahead of the spit terminus, which is growing in 

the same direction. However, the bipolar cross-lamination of Sub-facies A2 also suggests that 

the subtidal body grew seaward and landward at a slower rate than that of the down-drift 

(northerly) growth. Consequently, the geometry of Sub-facies A3 has a northerly elongation. 

The barrier spit with its northerly growth accreted over these subtidal depos its partly 

incorporating them into its structure. This theme of deposition would generate a vertical 

sequence similar to that described by Nielsen et al. (1988) where tidal inlet platform 

sediments are overlain by top-set beds (Sub-facies A2), which are in turn overlain by coarse 

spit head gravel beaches (Sub-facies A3) . 

As barrier spit growth continues, large parts of the mainland are cut off from the sea, 

encouraging the formation of a lagoon where clay, silts and fine sand are deposited. This is 

clearly apparent in the Facies A barrier spit sequence where the gravel beaches of Sub-facies 

A3 interfinger landward with extensive estuarine-lagoon sediments (see Figures 3.11 & 3.12). 

3.3.6 Age and correlation 

Facies A rests upon and is therefore, younger than the fluvial footwall of meso-Orange 

age presumed to be 2-5 Ma (Jacob et al., 1999; Jacob, 2005). It also pre-dates the boulder lag 

of Facies B that truncates the upper part of the barrier spit sequence. In Section 3.4.6, it is 

demonstrated that the boulder lag is assigned an Earliest Pleistocene age, but due to the 

absence of diagnostic age fossils from Facies A, it is difficult to establish the depositional 

hiatus between Facies A and the truncating boulder lag of Facies B. Consequently, the best 

age determination that can be assumed for the barrier spit sequence is Latest Pliocene/Earliest 

Pleistocene. 
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3.4 FACIES B 

3.4.1 General 

Of all the sedimentary facies recorded, the unconsolidated boulder bed of Facies B is 

the most laterally persistent. Besides the bedrock high in the most southern part of the study 

area, the boulder bed also rests unconformably on a variety of marine to estuarine-lagoon 

sediment. It, thus, truncates the underlying marine sequence of Facies A and grades landward 

(north-eastward) into the stacked gravel sequence of Facies C. On the most seaward side 

(south-western) of the study area, the sand-dominated deposits of Facies D overlie the boulder 

bed. (see Figure 3.15 B & C, AppendixD(4». 

3.4.2 Distribution and thickness 

Facies B is restricted to the most western part of the study area and is a laterally 

extensive, sub-horizontal gravel sheet, traceable along strike and down-dip for 4.5 km and 

1.8 km, respectively (Figure 3.15). Dipping slightly seaward (south-west), the boulder sheet 

rises from an elevation of approximately 2 m above msl in the south-west (seaward) to 10m 

above msl to the north-east (landward), truncating a footwall of pre-existing unconsolidated 

marine and estuarine-lagoon sediments, as well as bedrock (Figure 3.16). Note that the most 

seaward end of the boulder lag has not been established given that mining has removed part 

of the deposit. From the exposures, the average thickness of the boulder bed (1.0 m) remains 

remarkably consistent throughout the study area. 

3.4.3 Lithology and structure 

Apart from its areal extent, the most striking feature of Facies B is the predominance 

of boulders confined to a single stratum that persists throughout the entire length and width of 

the stratum. 

Stratum attributes 

The stratum dips slightly seaward with a gradient of 0.004 (grade = 0.04%) and is 

horizontal along strike showing - in contrast to the 'F' bedrock-cl iff (see Chapter 2, Section 

2.2) - no inclination towards the north. Stratum thickness is approximately one metre and 

exhibits little change in either a down-dip (seaward) or along strike direction. Its basal contact 

is sharp, truncating pre-existing sediments of variable origin and bedrock. Although not 

erosive, the upper surface is equally sharp with the overlying Facies D sand. In places where 
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the basal surface is in contact with estuarine-lagoon clay of Facies A, sediment loading is 

evident from the protrusion ofboulcler gravel into and distorting the underlying clay. 

Textural attributes 

Facies B gravel is poorly-sorted comprising a coarse framework of well-rounded, 

small to large spherical boulders set in a matrix of well-rounded small pebbles and medium to 

very coarse sand. Zeolite granules also form part of the matrix fill. Boulder surfaces are 

scarred with percussion rings. The length of these crescentic indentations, i.e. the length 

between their ends, can be as much as 4 cm. 

Boulder size is variable, ranging from 0.3-1.5 m in length (a-axis). The occurrence of 

large boulders greater than a metre is relatively low, whilst small- to medium-sized boulders 

generally predominate. Clasts are dominated by highly resistant lithologies such as quartzite, 

vein quartz and chert; the first being most abundant. More conspicuous, but less common, are 

conglomerate boulders containing marine fossils . These are less rounded than the boulder 

clasts of quartzite, vein quartz and chert. The sub-rounded to rounded conglomerate boulders 

consist of well-rounded granule to cobble gravel set within a sand matrix and are cemented by 

highly ferruginous calcite. They represent older consolidated marine units reworked into the 

sediment of Facies B (see Section 3.4.6 for age relationship). Compositionally, two varieties 

of conglomerate boulders are evident; those with an abundance of zeolite clasts and those that 

are zeolite poor. Besides these compositional differences, the macro- and micro-fossil 

variation is also evident (see Section 3.4.6). 

Apollus (1993) studied the distribution of the boulders along strike (south-east to 

north-west; parallel to present coastline) within the study area to gain an appreciation of the 

geological controls that may have governed diamond concentration. He noted that the average 

boulder size forming the coarse framework decreased slightly to the north over a relatively 

short distance of some 4.5 km. The larger clasts (maximum length of 1.5 m) were found to the 

south in close proximity to the present Orange River (trenches G9 to 04, see Figure 3.15). In 

contrast to the decrease in clast size to the north, there appears to be no apparent change in the 

boulder size in a south-west to north-east direction (along dip), which is perpendicular to the 

present coastl ine. 
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In addition to the quartz-rich lithologies, sub-rounded to rounded red and green clay 

boulders are also present. These are confined to the most landward edge of the boulder sheet 

and boulders range in size from 0.3-0.5 m. 

Structural attributes 

Sedimentary structures are scarce and due to the predominance of spheres, obvious 

clast orientation is lacking (Figure 3.16). Consequently, a sense of transport direction cannot 

be established from the gravels. Sediment loading is, however, evident where the boulders 

overlie estuarine-lagoon clay deposits. The gravel protuberance distorts the clay laminae, 

depressing the layers downward. 

Palaeontological attributes 

Isolated fragments of marine shells, notably Donax rogersi, have been recovered from 

the matrix. In addition, the conglomerate boulders that form part of the coarse framework 

yield a number of well-preserved foraminifera and fragments of molluscan shells (Dale & 

McMillan, 2003; Pether, 2003), the last comprising an assemblage of bivalves and gastropod 

casts. In places, clusters of disarticulated bivalves were found, but generally the shell 

fragments are sparsely disseminated throughout the conglomerate. 

Both the micro- and macro-fossil assemblages indicate that all of the species lived in a 

shallow marine environment, notably the intertidal and subtidal settings (Dale & McMillan, 

2003; Pether, 2003). A rocky shoreline habitat is advocated for some foraminifera species 

such as Lobatula lobatula and Pararotalia nipponica where they were attached to a substrate 

in life and washed off into adjacent beach environments once deceased (Dale & McMillan, 

2003). A list of the fossil assemblages for both the zeolite-rich and poor conglomerate 

boulders is presented in Appendix C, whilst Figure 3.17 illustrates their age relationship. 

3.4.4 Interpretation of Facies B 

Although, the features described in Section 3.3.3 are consistent with a transgressive 

lag similar to those described by Clifton (1981), DeCelles (1987), Massari & Parea (1988) 

and Dickinson & Woolfe (1997), two possible interpretations are considered for the boulder­

gravel sheet: 

1) storm generated lag sheet; and 

2) transgressive lag. 
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I) Boulder-bearing gravel sheets generated by severe storms have been recorded in the rock 

record by Pether (1994). He argued that the cobble to boulder gravel (his unit 2) basal to 

the 50 m Package sequences in Namaqualand ('A' block section exposures) is typical of 

proximal lower shoreface, storm-deposited gravels (tempestite deposition) rather than 

transgressive lags. Tempestite deposits in the geological record are a signature of storm 

processes where sediment is mobilised from the shoreline into the immediate offshore (see 

Myrow & Southard, 1991) and often exhibit a scoured base with the particle size 

decreasing in the direction of the current, that is offshore (Nichols, 1999). Pether (1994) 

based his interpretation on the presence of lower shoreface cross-stratified sand of storm 

origin, overlying the gravel sheet. In addition, where gravel imbrication was observed, he 

noted that the clasts dipped towards the palaeo-shoreline and thus seaward transport was 

advocated for the emplacement of his 'unit 2' basal gravel facies. 

Further evidence that boulders can be transported into the offshore during severe storms is 

afforded by Gruszynski et al. (1993; in Mathers & Zalasiewicz, 1996) who reported that 

boulders of I m can be transported sea wards for 0.5 km by rip currents. Hartley & Jolley 

(1999) described similar boulder-sized gravel deposits enclosed in rip-channel features that 

cut into cross-stratified shoreface sediments of Pliocene to mid-Pleistocene age. As with 

most rip-channels, the areal extent of these features is limited, widths of 40-70 m and 

thicknesses up to 2.9 m were recorded. 

If storm-generated gravel sheets are considered, the source of the gravels is a gravel­

dominated foreshore setting where a mixture of clast shapes would be moved offshore into 

the shoreface (see also interpretation of Sub-facies 03). This, however, is in contrast to the 

textural maturity of Facies B where spherical clasts dominate the coarse framework and 

infilling particles. More significantly, storm-generated beds that are rip-channel derived 

are coeval with the sediment they incise and exhibit a chaotic arrangement of gravel and 

sand as described by Hartley & Jolley (1999). 

2) Transgressive lags are the preserved record of a landward migrating shoreline under a sea­

level rise (Reinson, 1984, pg. 131) and are associated with a ravinement surface that can be 

traced as a laterally extensive, single erosional feature (DeCelles, 1987, pg. 253; 

Nummedal & Swift, 1987, pg. 245; Lopez-Blanco et al. , 2000, pg. 50). In coarse-grained 

depositional environments, these ravinement surfaces are armoured by a thin layer of 
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coarse gravel (Postma, 1995), also termed a lag, which can be, in most instances a single 

clast thick. Similar transgressive lags have been described by Clifton (1981, his facies A), 

DeCelles (1987, his facies 1), Massari & Parea (1988) and Dickinson & Woolfe (1997; the 

Boulder Bank platform gravels). They reported boulder beds no thicker than 0.5 m and 

clast sizes ranging from a few centimetres to over 2 m, with the coarsest clasts 

concentrated at or near the base, thus reflecting some degree of normal grading. 

Besides the dominance of spherical clasts, the principal characteristic of Facies B is its 

lateral persistence along strike and down-dip. This can be traced for several kilometres 

(Figure 3.lSA). In addition, the ravinement surface on which the boulders rest 

demonstrates net erosion of pre-existing deposits as the shoreline migrated landward. 

Hence, the truncation of older estuarine-lagoon (see Section 3.3.3 for estuarine-lagoon) 

and gravel barrier spit deposits provide the most fundamental evidence that Facies B is a 

transgressive lag rather than an accumulation of storm deposits (Figure 3.l8A). In fact, the 

boulder-armoured ravinement surface separates these shallow water deposits from the 

overlying deeper shoreface deposits of Facies 0 (see Section 3.6.4 for interpretation of 

Facies D), which is a diagnostic feature of ravinement surfaces (Catuneanu, 2002; 

Cattaneo & Steel , 2003) 

River flooding is regarded as the main mechanism of introducing the Facies B 

boulders into the Atlantic Ocean. It has been demonstrated by Bluck & Ward (2000) and 

Jacob (2005) that the Plio-Pleistocene Orange River (Meso-Orange) was capable of 

delivering large boulders to the coast during that time. Boulder roundness and percussion 

scarring was therefore inherited from these vigorous fluvial events. Once deposited, 

reworking of these outfall sediments and boulder entrainment by wave energy occurred, more 

particularly during storm periods. Although not quantified, there are several lines of evidence 

that boulder movement was accomplished. These are: 

I) The fact that the boulders decrease in size down-drift (in a northerly direction) as noted by 

Apollus (1993) suggests longshore sorting. 

2) The absence of encrusting organisms on the boulders shows that not only were the 

boulders mobile, but also the smaller gravel population that infills the boulder framework. 

The movement of these smaller clasts over the boulders would preclude the growth of 

encrusting organisms such as barnacles and polycheates (Dickinson & Woolfe, 1997). 
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3) Wave-generated boulder deposits of Neogene age along the Atlantic Coast of South Africa 

are not uncommon and have been documented by Gresse (1988; Alexander Bay 

Formation), Roberts & Brink (2002; possible Varswater Formation) and of Quaternary age 

by Hendey & Vol man (1986). Boulder-sized clasts have also been observed by the author 

along the Skeleton Coast in Namibia where they accumulate at the most seaward edge of 

gravel beaches (Figure 3.18B). In addition to this observation, alongshore sorting is also 

evident in boulder beach occurrences between Gordons Bay and Rooiels Bay, South 

Africa. Although the clasts have derived through reworking of alluvial fan deposits, 

boulder sorting is clearly apparent where large boulders of approximately 0.9 m (average 

size = (a+b+c)/3) decrease in size alongshore to an average of 0.3 m ((a+b+c)/3) over a 

short distance of 120 m (Figure 3.l8C). 

The presence of large boulders along a shoreline, which were derived from a river 

source, is an obvious expression of the threshold wave energy that can move such clasts to a 

shoreline position. This was pointed out by Hartstein & Dickinson (2006) for boulder clasts in 

the Nelson Boulder Bank deposits, New Zealand. 

Considering all of the above, it suggests that the boulder component, once injected 

into the Atlantic Ocean during high-energy fluvial events, would have been driven towards 

the foreshore over time by vigorous wave energy to finally weld onto and form part of a 

gravel shoreline. It is, however, during a transgression that the boulders are separated from 

the shoreline to accumulate in the offshore as a gravel platform. As the shoreline advances 

landward and being too large to be transpOtted on a rising sea-level (Clifton, 1981), the 

boulders are left behind in the shoreface as a wide trail of oversized spheres (Massari & 

Parea, 1988; L6pez-Blanco et al. , 2000). The Facies B boulders are, therefore, equivalent to 

Bluck's (1967) outer frame (coarse sphere-rich gravel sheet of Sub-facies CI in Section 3.5) 

and have their origin in the most seaward part of a gravel foreshore setting, which contains 

the largest spherical clasts where shape and size sorting is ubiquitous. Consequently, such 

clast shape and size sorting is unlikely to be the result of rapid sedimentation into the offshore 

as in the case of rip currents. 

3.4.5 Summary and depositional setting of Facies B 

A conceptual model for the deposition of Facies B is presented in Figure 3.18, whilst 

the general characteristics of Facies B are summarised in Figure 3.19. 
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In sections where sediment variability reflects a mix of non-marine to manne­

transitional deposits, as in the case of the study area, subaerial and subaqueous sequences are 

separated by either a landward single ravinement surface or by multiple erosive surfaces, both 

of which are armoured by gravel lags (Postma, 1995; L6pez-Blanco et ai., 2000). The boulder 

lag of Facies B illustrates this relationship and is a clear record of a barrier shoreline 

advancing under a rising sea-level. The barrier migrated landward in a 'rollover' fashion, a 

process of constant barrier reworking whereby the material is recycled from the foreshore 

over the beach ridge into the backshore and returned to the foreshore as the shoreline moves 

landward (Carter & Orford, 1980; Orford et ai., 1991). Clasts that are too large to be moved 

in the recycling process, as in the case of the outer frame boulders, are left behind as a lag 

trailing the migrating barrier. Sea-level rise was slow enough to facilitate aggressive sorting at 

the leading edge of transgression, but the wave and current energy at the sea floor decreased 

as water depth increased (see Nummedal & Swift, 1987; Figure 3.18A). Consequently, the 

finer sediment within wave base was aggressively winnowed by shoaling waves and driven 

onshore, whilst the boulder clasts of Facies B - too large to be transported - were abandoned 

on the ravinement surface to be drowned in situ (see also Clifton, 1981). De Decker (1988) 

demonstrated that small cobbles and medium pebbles can be transported during storms at 

depths of 15 m and 30 m, respectively. Thus sediment movement over static boulders at these 

depths was likely to have prohibited the growth of encrusting organisms. 

Variability in boulder lithology, particularly the change to clay, reflects variation in 

the underlying sediments over which the barrier shoreline migrated. Both the red and green 

clays originated from a back-barrier setting where clay rafts were ripped from an estuarine­

lagoon and incorporated into the 'rollover' process. Given their lower specific gravity when 

compared to the quartz-rich lithologies, the clay rafts would have been entrained further 

landward during the transgression. The estuarine-lagoon clay over which the shoreline 

migrated was not consolidated and allowed the boulders to distort the underlying clay that 

was hydroplastic in nature. The source of the quartz-rich lithologies was, however, the 

Orange River. The introduction of these clasts into the littoral was during fluvial events where 

flow competence was at a considerable level to inject boulders into the surf zone. The 

boulders were driven shoreward and along shore during storms when wave and longshore 

drift energy levels were significantly raised. This not only facilitated some degree of size 

sorting, but it also added a boulder component to the shoreline forming the outer frame of a 

gravel foreshore setting. 
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The boulder roundness, to some degree, also reflects different source areas . Orange 

River derived boulders are well-rounded; an inherited texture from river abrasion during 

transport over great distances. In contrast to the well-rounded boulders, the clay and 

conglomerate boulders that are locally derived from estuarine-lagoon settings and older 

calcified beaches occurring at higher elevations (see Section 3.4.6), show less rounding and 

tend to be sub-rounded to rounded. 

3.4.6 Age and correlation 

The boulder lag post-dates the accumulation of Facies A as evidenced from its 

stratigraphic position where it truncates barrier spit sediments. Also, the two fossiliferous 

conglomerate boulders have yielded different ages based on their foraminifera and macro 

fauna assemblages (Dale & McMillan, 2003; Pether, 2003; Figure 3.17). The zeolite poor 

conglomerates are assigned a Late Miocene/Early Pliocene age, correlative to the 50 m 

Package (Pether, 1986), whilst a Plio-Pleistocene age, corresponding to 30 m Package 

(Pether, 1986) has been assigned to the zeolite-rich conglomerate boulders. 

Dale & McMillan (2003) further point out that the foraminifera from the Late 

Pliocene conglomerate boulders are indicative of an intertidal setting, suggesting an older 

calcified grave l beach source. As discussed in Chapter 2, older beaches along the Namibian 

and Namaqualand Coast are generally found at successively higher elevations (Hallam, 1964; 

Pether, 1986; Gresse, 1988) and the Pliocene age deposits - the 50 m Package (Pether, 1986) 

- have the maximum transgressive unit some 50 m above present sea-level. It is, therefore, 

envisaged that these Pliocene conglomerate boulders were introduced into the littoral during 

Facies B times through sheetwash action or ephemeral streams reworking an older raised 

shoreline. Compared to the littoral and Orange River environments, lower energy levels are 

associated with ephemeral streams and thus such reworking would account for the lower 

degree of boulder rounding. Whereas, the 30 m Package conglomerate boulders, although 

older than the enclosing Facies B sediments by virtue of its stratigraphic relationship, fall 

within the same time frame; that is within 3.5-2.5 Ma that typifies 30 m Package deposits. 

In summary, the deposition of Facies B is no older than Late Pliocene/Early 

Pleistocene and correlates to the 30 m Package (Pether, 1986). 
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3.5 FACIES C 

3.5.1 General 

The gravel-rich deposits of Facies C are the primary targets for mining operations and 

collectively constitute the most eastern part of the marine package within the study area. The 

most striking feature is the preservation of the almost original geomorphological surface by 

fossil pedogenic calcrete where distinct topographic ridges, seen in section, are parallel to the 

present coastline in a south-east to north-west direction. From the trench exposures, two main 

sub-facies have been recognised and their sedimentary units are combined in various ways 

that typify Facies C. Although, trench sections may exhibit varying proportions of each 

sedimentary unit, the type section for Facies C is the G29 trench. 

3.5.2 Distribution and thickness 

Along strike (parallel to present coastline; south-east to north-west), Facies C extends 

over a distance of some 3.2 km, with the thickest part of the sequence confined north of the 

G 14 sample trench; it thins abruptly southward of G 14. Down-dip (perpendicular to present 

coastline) it is developed over a distance of approximately one kilometre where it grades 

westward (seaward) into the deposits of Facies D (Figure 3.20, Appendix D(4)). From the 

type section at G29, it is apparent that the sub-facies of Facies C are either stacked into an II 

m thick marine package where they are vertically duplicated or, in places, arranged laterally 

to form a complete gravel sequence (Figure 3.21 , Appendix D(4)). 

3.5.3 Lithology and structure 

Gravel , sand and clay constitute the bulk of Facies C, with gravel being dominant. 

From the type section, two main sub-facies, designated CI and C2 have been recognised. 

These consist of various sedimentary units, notably: 

I) Completely preserved coarse gravel sheet, rich in spherical shapes of Sub-facies Cl; 

2) Partially preserved cross-stratified gravel and laminated sand of Sub-facies CI ; 

3) Poorly preserved coarse gravel sheet with abundant disc- and blade-shaped clasts of Sub 

facies CI; 

4) Completely preserved cross-stratified sand and gravel of Sub-facies C2; and 

5) Completely preserved laminated clay and silt deposits of Sub-facies C2. 
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Sub-/acies Cl 

Sedimentary units with distinct textural and structural differences make up Sub-facies 

C I in various combinations. These are either arranged vertically or laterally, but the units are 

more commonly vertically stacked. In most instances not all of the sedimentary units are 

preserved and thus their lateral and vertical arrangement can be described as follows (see also 

Figure 3.22): 

I) Laterally, the coarse sphere-rich gravel sheet is replaced landward by cross-stratified 

gravel and laminated sand. These are in turn replaced by the coarse gravel sheet rich in 

discs and blades; 

2) Vertically, the coarse sphere-rich gravel sheet is overlain by cross-stratified gravel and 

laminated sand, which is in turn replaced upward by the coarse disc- and blade-rich gravel 

sheet, if the last is preserved. However, where the last is absent, the coarse sphere-rich 

gravel sheet is overlain by a combination of cross-stratified gravel and laminated sand. 

This stacking arrangement, which is the more common geometry seen in section, is 

repeated throughout the II m section. 

Similar to Facies A, the gravels are in places stained black by a manganese coating, 

but are commonly grey-brown in colour. The gravels are unconsolidated, but the sediments in 

the uppermost part of the 11 m marine package that forms the geomorphic surface is 

cemented by calcium carbonate as a result of pedogenic processes. Although dominated by 

gravel, sand units do occur. These are, however, briefly considered given their poor diamond­

potential and are thus viewed as non-economic deposits. 

Coarse sphere-rich gravel sheet 

Stratum attributes 

These form the most seaward part of laterally arranged sedimentary units or at the 

base where they are vertically stacked (Figures 3.208 & 3.22). The sub-horizontal strata dip 

gently seaward at 2° and are distinct in that they are relatively thin, reaching a thickness of 

approximately 0.7 m. The gravels are coarse, up to large boulder size and predominantly 

sphere-shaped. The upper surface of the strata has a sharp contact with overlying sediments, 

whilst the lower surface truncates the underlying sediments. 
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Textural attributes 

The strata are characterised by a bimodal population of clast size. Large cobble to 

large boulder (0.5 m in length) clasts, predominantly sphere-shaped, constitute the original 

framework, whereas finer gravel with a range of clast sizes and shapes infill the coarser 

framework (Figure 3.23A & B). The gravels are matrix-supported with the coarser framework 

displaying considerable shape sorting maturity, whilst the overall character of the sediment 

with its infilling gravel matrix has an appearance of a poorly sorted deposit. Sediment grading 

is absent. Shape measurements of the largest framework clasts show a high proportion of rods 

and spheres (Figure 3.230). In addition, the surfaces of these large clasts are scarred with 

percussion rings which, in places, are 4 cm in length. Clast orientation is not only absent due 

to the predominance of spheres, but also the infill disc- and blade-shaped clasts show no 

preferential orientation. They are either vertical or imbricated seaward and landward. Similar 

to the Facies B boulders, the larger gravels forming the coarse framework consist mainly of 

quartzite and quartz lithologies. 

Structural attributes 

The gravel strata are structureless. 

Palaeontological attributes 

No fossils were recovered from these sediments. 

Cross-stratified gravel and laminated sand 

Stratum attributes 

Landward of or overlying the sub-horizontal strata are cross-stratified sets of 

approximately 1-1.2 m thick that are vertically stacked throughout the II m thick marine 

package (see also Figures 3.20B & 3.22). Set boundaries are well defined by sub-horizontal 

strata comprising coarse spherical gravel sheets that truncate the upper surfaces of the cross­

stratified sets. 

Textural attributes 

The textural attributes of the gravel is remarkably distinct and besides the sand 

deposits, there are two gravel types; those that are clast-supported with distinctive structures 

and fabrics, and the matrix-supported gravels where sand has infiltrated the intergrain spaces. 
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Both gravel types have well-rounded clasts and range in size from granule to small cobble. 

The fabrics exhibited by the clast-supported gravels distinguish these sediments from the 

other Facies C deposits. These are: 

I) An openwork framework where the voids between the clasts remain visibly open (Figure 

3.24A & B). The larger pore spaces are consistently associated with the coarser 

framework. A carpet of smaller clasts (small pebble to granule size) overlying this 

framework partly penetrates the upper portion and becomes tightly wedged between the 

larger gravel clasts. This forms a barrier to further infiltration by either sand, finer gravel 

or diamonds into the coarser framework; 

2) An abundance of imbricated discs and blade-shaped clasts which dip seaward, on average, 

towards the west-south-west at steep angles; 

3) A notable absence of zeolite clasts in coarser gravels, but occur more prominently In 

matrix-supported gravels. 

It is also not uncommon to find clay clasts within the sand and gravel strata. These 

usually occur randomly throughout the sequence or are aligned along the foresets as in the 

case of gravel-dominated deposits. Although disc-shaped clasts have been observed, the clay 

clasts are invariably equant, generally reddish-pink in colour (with minor green clay 

occurring) and usually measure from 5-30 cm in length. 

In contrast to the highly porous gravel strata, the matrix-supported gravel shows less 

order and poorer sorting where sand constitutes the matrix infill. These strata often exhibit a 

lateral (down-dip) seaward transition into laminated beach sand. Heavy mineral laminae often 

occur in these sand units comprising garnet, magnetite and minor ilmenite grains. The 

laminae are sub-horizontal, dipping slightly seaward towards the west-south-west. 

Structural attributes 

Similar to Sub-facies AI, well-defined tabular cross-stratification is a characteristic 

feature of these gravels. Tangential foresets dip steeply seaward towards the south-west and 

west-south-west at angles ranging from 15°_25° (Table 3.5; Figure 3.24C). Foreset strata of 

approximately 60 cm show normal grading. Here a basal layer of cobbles grade through a 

coarse pebble layer to a small-pebble/granule upper layer. The last, locally referred to as a 

blinding fabric, represents the final accumulation of a gravel sheet before the emplacement of 

the next coarse basal layer (see Figure 3.24A). Each foreset demonstrates a high degree of 
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clast-size and clast-shape sorting. The basal cobble layers, dominated by spheres or blades 

(Figure 3.24B), are overlain by coarse pebble layers which have a mixture of discs and 

spheres; the latter shapes also predominate in the uppermost blinding fabric. In places, clasts 

significantly larger than the well-sorted background size occur as 'floating' oversized clasts. 

These are not confined to strata of specific size fractions, but occur randomly in all strata. 

In addition, soft deformation features are best represented in the G29 section. These 

are fold-like structures, similar to those seen in Sub-facies A3, where disc and blade clasts are 

imbricated in opposite directions, accentuating the opposing fold limbs. 

Table 3.5: Palaeo-current data of Sub-facies Cl 

n Xv R L(%) Structure Sediment 

2 240 l.95 98 Tabular cross-stratification Gravel at GI9 

2 208 l.97 98 Tabular cross-stratification Gravel at G25 

6 252 5.54 92 Tabular cross-stratification Gravel at G29 

5 261 4.73 95 Near-horizontal laminae Sand at G29 
, n number of readmgs, Xv vector mean (degrees), R length of resultant vector, L(Yo) vector magmtude 

Palaeontological attributes 

Mollusc fragments of Donax rogers; have been recovered from the gravel strata, as 

were small fragments of unidentified shell from the sub-horizontal laminated sand in size 

fractions < I mm. 

Coarse disc-rich gravel sheet 

Stratum attributes 

The cross-stratified gravel is replaced landward by horizontal strata comprising coarse 

disc- and blade-shaped gravel. Where preserved, the latter forms the most landward and 

uppermost unit of laterally arranged and vertically stacked sedimentary units of Sub-facies 

CI, respectively. Generally, these strata are not preserved and are usually removed by the 

coarse spherical gravel sheets (Figures 3.20B & 3.22). Strata thickness, where preserved, 

varies and can be as thick as one metre (Figure 3.2SA). 
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Textural attributes 

These strata consist largely of well-sorted, clast-supported pebble to small cobble 

discs and blades that are not orientated in any particular direction; they generally lie flat, at 

times are vertical or have opposing dips where the clasts are imbricated landward or seaward 

(Figure 3.25B). Smaller isolated gravel clasts forming the gravel matrix are lodged tightly 

within the coarser framework, but more commonly the gravels have an openwork framework. 

Reverse grading is evident from the upward increase in gravel size from pebble to small 

cobble. A high degree of blade- and disc-shape sorting (Figure 3.25D) and the lack of 

stratification is the most distinguishing feature of these deposits, which is absent in the other 

gravel deposits of Facies C. 

Structural attributes 

The strata are structure less and unstratified. 

Palaeontological attributes 

No fossil material was recovered from these deposits. 

Sub-facies C2 

Like Sub-facies Cl , the deposits of Sub-facies C2 comprising gravel, sand, clay and 

silt are either arranged horizontally or are vertically stacked (Figure 3.21). Within a vertical 

sequence these sediments are more commonly wedged between those of Sub-facies C I (see 

Figure 3.26). The lateral continuity of Sub-facies C2 deposits can be as much as 100 m and 

the textural character is consistently maintained over this distance. 

Cross-stratified gravel and sand 

Stratum attributes 

Cross-stratified sets are approximately 1.5 m thick with either sharp or gradational 

lower contacts . Where the gravels overlie silt and clay deposits, the lower contact surfaces are 

sharp, whilst gradational contacts in lateral sequences occur more commonly at the contact 

with cross-stratified gravel deposits of Sub-facies C l. The upper contacts are sharp and 

defined by a truncation surface generated by the coarse sphere-rich gravel sheets of Sub­

facies Cl. 
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Textural attributes 

Gravel size ranges from granule to small cobble and is genera lly well-rounded, 

displaying poor shape and size sorting. Disc and blades are the predominant shapes with 

cobble-sized gravel forming the base of each fore set strata. Here the cobbles are clast­

supported and well-sorted, whilst the overlying gravels are finer, matrix-supported and poorly 

sorted. Normal grading is thus evident by this upward decrease in gravel size. Coarse sand to 

small pebbles with a distinct absence of zeolite clasts form the matrix fill in the matrix­

supported gravels. Disc- and blade-shaped clasts are imbricated landward; a direction 

opposite to the imbrication measured from the Sub-facies C I cross-stratified gravel. Cohesive 

clay rafts that exhibit little to no rounding are also present and these can be 0.8 m in length, 

often occurring as oversize rafts. The gravel deposits are replaced landward by coarse cross­

stratified sand with foreset strata that dip towards a similar direction. This change from gravel 

to sand is gradational with inter-dispersed pebble stringers occurring throughout the sand 

deposits. 

Structural attributes 

The tabular cross-stratification differs to that observed in Sub-facies C I in that the 

foresets dip in the opposite direction; that is, landward and at lower angles of 10°-20° (Figure 

3.26A). Field measurements show that the tangential foresets with concave geometries are 

approximately four metre in length and have radial dips directed towards the north-west 

through to the north-east, therefore implying that they are fan-shaped (Table 3.6; Figure 

3.26C). Foresets in gravel often grade, more particularly at the distal ends, into very fine sand 

or silt. This gradation into sand or silt is prevalent in the upper part of the foreset strata, 

giving an appearance of normal grading from cobble grave l upward through to sand or silt. 

These last two fine sediments interfinger landward with horizontal strata of laminated silt and 

clay deposits. [n places, the foresets, in fine sand, have a convex geometry at their distal ends 

where they bend downward towards and interfinger with the horizontal clay and silt 

sediments. 
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Table 3.6: Palaeo-current data of Sub-facies C2 

n Xv R L(%) Structure Sediment 

7 342 6.73 96 Planar cross-stratification Gravel at G 19 

3 3 1 2.94 98 Planar cross-stratification Gravel at G39.5 

24 30 22.95 96 Planar cross-stratification Sand at G25 

n :: number of rcadmgs, Xv - vector mean (degrees), R - length of resultant vector, L(%) - vector magmtude 

Palaeontological attributes 

No fossil material was recovered from the gravel or sand. However, the red-coloured clay 

rafts, in places, yielded fragmentary leaf and twig mash of unknown origin (Dale & 

McMillan, 1996). 

Laminated clay and silt 

Stratum attributes 

Laminae sets of interbedded clay, silt and fine sand extend along strike (parallel to the 

present coastline) and down-dip (perpendicular to the present coastline) for approximately 

I km and 100 m, respectively. These maintain a sub-horizontal geometry over these distances, 

dipping gently landward. Coset thickness is seldom one metre; it is usually on average 0.5-

0.8 m. Set boundaries are gradational, whilst coset boundaries (upper and lower) in contact 

with gravel and sand are sharp. 

Textural attributes 

These deposits differ considerably to all the others of Facies C in that they comprise 

predominantly fine sediments. In addition to fine sand, the key sediment types are 

interbedded clay and silt. Their textural attributes are, however, no different to those observed 

in Sub-facies A4. Consequently the interbedded clay and silt deposits of Sub-facies CI will 

be briefly considered in this section; a more detailed description is offered for Sub-facies A4 

in Section 3.3.3. The clay and silt sediments of Sub-facies C2 are finely, parallel-laminated 

and commonly red to pink in colour, whilst the fine sand has an orange-brown colour with 

fine parallel laminations. 
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Structural attributes 

In places, symmetrical wave ripples are preserved within the fine sand layers that are 

interbedded with clay and silt. Both the stoss and lee sides of these bedforms have similar 

angles of approximately 15°. The approximate height and length of a ripple is 3 cm and 15 

cm, respectively, giving a ripple index (L/H) of 5 and are thus comparatively smaller in size 

to those ripples in Sub-facies A4. The internal geometry exhibits fine tabular foreset laminae 

that are tangential-based. These dip seaward in a single direction at low angles of 4°-12°. 

In addition to the wave ripples, load structures have been observed where the cross­

stratified gravels of Sub-facies C2 directly overly the clay and silt deposits. The unequal 

loading oflarger clasts, in this case a large cohesive clay raft, illustrated in Figure 3.27(A) has 

distolted the underlying clay beds creating flame structures that have extended upward into 

the overlying silt layer. This indicates penecontemporaneous deposition of the cross-stratified 

gravel prior to the consolidation of clay sediments . More significantly, the ponding of flame 

structures, as depicted in Figure 3.27(B2), to ' mushroom' out beneath the overlying upper 

clay unit, clearly suggests that the clay strata were saturated with water to be sufficiently 

hydroplastic prior to the emplacement of the overlying cross-stratified gravels. 

3.5.4 Interpretation 

The architecture of Facies C and the internal structures of the sub-facies (see Figures 

3.21 and 3.28) are comparable to the foreshore (intertidal) and backshore (supratidal) settings 

described from modern and ancient gravel barrier beaches by Bluck (1967, 1999), Hobday & 

Banks (1971), Orford (1977), Carter & Orford (1984), Nemec & Steel (1984), Massari & 

Parea (1988), Williams & Caldwell (1988), Orford et al. (1991), Postma & Nemec (1990) , 

Reddering (1993) and Hayes et al. (2010). Such deposits are the most complex in a gravel 

barrier beach sequence, having a diverse range of both texture and structure. However, Bluck 

(1967,1999) , Orford (1975), Caldwell & Williams (1985) and Williams & Caldwell (1988) 

have shown that these deposits exhibit remarkable clast shape segregation into distinct zones, 

producing unique sedimentary structures that characterise the various foreshore settings. 

Figure 3.28 provides a schematic representation of such settings in a gravel barrier beach 

environment. 

The modern gravel beaches, composed entirely of gravel, at Terrace Bay along the 

Skeleton Coast of Namibia provide excellent analogues of Facies C, exhibiting similar 
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structural and textural features at the surface. As with most modern gravel beaches, a distinct 

down-beach zonation of the various settings within the foreshore is recognisable at Terrace 

Bay. Given this comparability to the study area, the gravel barrier beaches within the ED 

Area are compatible to Jennings & Shulmeister's (2002) ' type I pure gravel' of their 

classification scheme of gravel beaches. 

Sub-facies CI 

Coarse sphere-rich gravel sheet 

These gravels, which are composed mainly of cobble and boulder spheres, are 

consistent with the deposits representing the most-seaward margin of the foreshore (intertidal) 

and are thus equivalent to Bluck' s (1967) outer frame, representing the base or toe of a gravel 

barrier-beach sequence (Figure 3.28A). During swash incursions, spherical clasts are thrown a 

shorter distance on to a beach face due to their higher settling velocity and roll down the slope 

with ease to accumulate at the most seaward margin (Bluck, 1967; Bluck et al. , 2001). These 

are thus the largest, most mobile clasts within a beach sequence. As they are coarser than the 

surface over which they move during the backwash stage, they are able to bridge the open 

pore space of the finer gravel framework and travel farther down beach than any other clast 

type. Hence, the existing gravel fabric over which they move encourages a sorting process 

whereby large misfit clasts are rejected, a process referred to as ' overpassing ' (Buscombe & 

Masselink, 2006). Coupled with gravity, the steep beach face wou ld have facilitated the 

mobilisation of these coarse spherical clasts to roll down slope, particularly when the 

backwash effect is limited as it percolates rapidly through the permeable slope of the beach 

face. 

Kirk (1975) has shown that on mixed sand and gravel beaches, backwash flow has 

lower velocities than their swash counterparts - an indication of the degree of water 

percolation through the sediment. Consequently on beaches, such as those at Terrace Bay on 

the Skeleton Coast in Namibia, that are coarser and comprise a greater component of gravel 

than the beaches described by Kirk (1975), the percolation rate and difference in flow 

velocities between swash and backwash would consequently be greater and of a magnitude 

predicted for the Facies C beaches. Such swash asymmetry on gravel beaches has been 

demonstrated by Masselink & Li (200 I), Austin & Masselink (2006) and Buscombe & 

Masselink (2006). 
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The larger spherica l clasts constituting the main framework would have accumulated 

at the beach toe prior to the arrival of the finer gravel infil!. These would therefore act as 

receptors to clasts rejected from gravel fabrics forming elsewhere farther up the beach face 

(see Bluck, 1967). This implies deposition of a well shape- and size-sorted primary fabric 

before infiltration of finer gravel assemblages. The final accumulation of sediment is thus a 

cumulative record of grain size sorting through a process of rejection and filtering as 

discussed by Buscombe & Masselink (2006). Such bimodal fabrics have been described by 

Haslett & Curr (200 I) from Quaternary beaches in France and also observed in the modern 

gravel beaches along the Skeleton Coast in Namibia. 

With beach face slopes greater than 14° (see cross-stratified gravel interpretation) - a 

minimum angle that is necessary for boulders and cobbles to roll down slope (McLean & 

Kirk, 1969 in Dickinson & Wool fe , 1997) - the outer frame clasts would have accumulated 

preferentially on the seaward platforms with lower slopes of 2°. It has been argued in Section 

3.4.4 that the outer frame is the precursor to the transgressive boulders of Facies B and the 

northerly decrease (down-drift) in boulder size seen in that facies points to longshore sorting 

within a restricted zone. It also suggests that swash incursions could conceivably push 

boulders up the beach face, more competently during storm periods where wave heights 

exceed 5 m. Such storm conditions with wave heights of 5 m and wave periods of 20 seconds 

do occur presently off the study area, approximately I % of the time as documented by de 

Decker (1988). Boulders of an approximate mass of two tons, equating to an average clast 

size of one metre ((a+b+c)/3) for quartzite, can be moved during such storms, but the 

boulders must be in shallow water conditions where it is subjected to direct wave attack (G. 

Diedericks, pers. comm., 20 I 0; G. Smith, pers. comm., 20 I 0) . 

Boulder movement on a gravel beach is not unusual and has been documented in 

Australia. A study at Kiama, south of Sydney, by Oak (1984), where boulder movement was 

monitored for a period of two years, revealed that upslope movement of such clasts was 

achieved only during storms, as one would expect. For example, she notes that where a 

significant wave height of 4.3 m (equating to breaker height of 5.6 m) and wave period of 14 

seconds was measured, a boulder of 2.2 tons (equating to an average size of 1.1 m for a 

quartzite clast in the study area) was pushed upslope. Following on Oak's (1984) study, 

Lorang (2000) came to a similar conclusion based on field observations and using statistical 

computations that incorporated a range of parameters. He concluded that boulder movement 
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was accomplished by increased wave power as a result of increasing wave period. Given that 

present-day storm waves of 5 m high (and more) with attendant wave periods of20 seconds 

occur off the study area, it is reasonable to infer that the outer frame boulders of Sub-facies 

C I would have been mobilised onto the beach face. 

Being at the most seaward margin of the beach and the coarsest material, the outer 

frame clasts are consistently raked by wave energy. They are the first to receive wave or 

swash uprush where energy is highest, whereas on the backwash, the outer frame clasts are 

subjected to the maximum return of water lost through percolation. On highly permeable 

beaches, the uprush will at some point - usually coinciding with the ' dry' middle to upper part 

of the beach face - percolate through the coarse sediment (Butt & Russell, 2000). The 

percolated water will eventually exit seaward at the beach toe. Obviously this exit point wi ll 

move up and down the beach face in concert with rising water levels, either during storms or 

tidal differences (Butt & Russell, 2000). However, unlike the middle and upper part of the 

beach, water loss as a function of percolation is far less in the lower part, leading to slopes 

with lower angles (Butt & Russell , 2000). Consequently, the outer frame deposits represent a 

winnowed lag where grave l accumulation rarely takes place. 

Cross-stratified gravel and laminated sand 

The sedimentary structures of these deposits arc consistent with the middle sector of 

the foreshore environment, which has been described in detail from modern gravel beaches by 

Bluck (1967, 1999), Orford (1986), Postma & Nemec (1990), Sherman et al. (1993) and 

Austin & Masselink (2006). Dominated by swash berm, cusp and selection pavement 

features, this is the section landward of the sphere-rich outer frame deposits and contains the 

majority of sedimentary structures where the largest morphological changes occur (Figure 

3.28B). 

The sedimentary characteristics of the cross-stratified deposits of Sub-facies C I are 

comparable with those of swash berms and cusps, representing Bluck ' s (1999) imbricate 

zone. Kirk (1980) describes this zone as the 'engine-room' of the foreshore in gravel beaches 

and it is the site of vigorous swash and backwash energy that generates extreme clast shape 

and size sorting in either spheres/rods or disc/blades (Bluck et al., 2001). Here gravel is more 

mobile than any other part of the foreshore and the process of clast selection and rejection is 
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highly active under constant wave attack. It is therefore not surprising that clast lithologies 

with low specific densities such as zeolites, are absent within this part of the barrier beach. 

Gravel is either sourced from the erosion of the upper beach face or directly from 

swash-derived sediments thrown onto the beach. Various processes of gravel clast 

mobilisation have been advocated such as saltation, traction bed-load and sheetflow 

(Buscombe & Masselink, 2006). While a combination of these may occur, saltation is seen as 

an important process aside from clasts simply being 'rolled ' upslope during swash uprush. 

Here a population of swash-derived gravel is ejected onto the beach face through violent 

particle collision (Orford et at., 1991; Isla & Bujalesky, 1993; Lorang, 2002). This process of 

saltation associated with plunging breakers (see Orford, 1977, pg. 383) was commonly 

observed on the modern gravel beaches at Terrace Bay (see Figure 1.1 for locality) along the 

Skeleton Coast of Namibia. 

Plunging breakers are thought to be the dominant wave-breaking process on steep 

gravel beaches. Here wave impingement 'jets ' water into the beach face, increasing sediment 

mobility during swash incursions (Carter, 2002; Pedrozo-Acuna et at. , 2008). It has been 

shown that the strength of the beach face is related primarily to the geometric arrangement of 

interlocking grains and their intergranular friction. Therefore when waves are not present, the 

pore water pressure between the gravel particles (below the surface) equals the hydrostatic 

pressure (e.g. Pedrozo-Acuna e/ at. , 2008). This effect, however, is reduced when a sudden 

rise of pore water pressure is 'jetted ' into the sediment during wave impingement, causing the 

effective stresses that bind the particles to decrease and a resultant weakening of the sediment 

under increasing magnitude of wave impact. The particles consequently become 'supported' 

by water and are transported up beach by a turbulent bore that moves ahead of the collapsed 

wave-front as swash uprush (Pedrozo-AcUlla et at., 2008). 

Swash uprush and backwash are therefore obviously integral to mobilising and sorting 

gravel, with swash incursions having greater competence to transport more sediment than 

backwash as shown from field experiments by Austin & Masselink (2006). However, given 

that gravel beaches are highly permeable due to their openwork framework - a function of 

sediment size (Butt & Russell, 2000; Pye, 2001; Everts et at., 2002; Austin & Masselink, 

2006; Buscombe & Masselink, 2006, 2008) - swash competency decreases landward, 

generally during the latter stages of uprush when the velocity is no longer sufficient to retain 
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sediment in transport (Buscombe & Masselink, 2006). This inefficiency coincides with the 

infiltration or percolation of the swash incursion, resulting in material being stranded on the 

beach face (Buscombe & Masselink, 2006). On steep gravel beaches, as those within the 

study area, stranded spherical clasts roll down slope towards the beach toe and although 

percolation losses have reduced backwash flow over the beach face , some fine material would 

have been downcombed by a thin layer of backwash. 

During this limited backwash flow, clasts are moved over a stationary carpet of 

gravel. If the mobile clasts are smaller than those in the gravel carpet, they are likely to lock 

into the pore space of the stationary gravel and remain wedged. Where clasts are significantly 

finer than the pore space, these have a greater propensity to filter through the sediment pile 

back into the energetic surf zone; a process known as kinetic sieving (Buscombe & 

Masselink, 2006; Figure 3.29A). However, clasts larger than those in the gravel carpet will 

bridge the pore space (referred to as ' overpassing'; Buscombe & Masselink, 2006) to be 

rejected as misfit clasts and return to the beach toe (outer frame; see Figure 3.29A). Therefore 

as the pore space of the original framework is filled with inter-locking clasts, the pore space 

of this infill phase is, in turn, filled with finer clasts and by progression normal grading is 

developed that culminates in a blinding fabric (Figure 3.29A, B & C). This process of 

extreme clast segregation was also observed by Rasmussen (2000; his facies B 1) in an Eocene 

gravel beach from the Sant Lioreny del Munt fan-delta complex in Spain. He described 

normal grading where layers of pea-sized spheres (comparable to the blinding fabric) 

alternate with layers of pebble or cobble disc-shaped clasts. 

However, the displacement of misfit clasts may not always be achieved. In some 

instances, where isolated clasts are significantly larger than the background size as seen in the 

study area (Figure 3.290), they will sink into the finer gravel mass and become immobile 

(Orford et al., 1991). With continued turbulence around the larger clasts they become buried 

by the mass of finer gravel, but the surface will continue to grow with little or no change in 

the modal clast size, provided that the supply of finer gravel is sustained (Bluck, 1999; Figure 

3.290 & E). 

Unlike their modern counterparts, the distinction between accretionary cusps and 

berms in the study area is difficult, since complete structures are not always preserved. In 

many instances, only the steeply seaward-dipping foresets are seen in section; a feature that is 
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diagnostic of the imbricate zone and common to both cusps and berms, but are nevertheless 

key in determining the direction of beach growth. 

The laminated sands with heavy mineral laminae are interpreted as intertidal beach 

sand and correspond to the beach facies described from the Palaeozoic (Cheng, 1982, his 

facies 6), Mesozoic (Davies et ai. , 1971), Late Pleistocene (Nishikawa & Ito, 2000, their 

facies FA6) and modern beach deposits (Clifton, 1969; Reineck & Singh, 1975). 

Besides the heavy mineral constituent seen in section, clay balls also occur as isolated 

oversized clasts. These are not only restricted to the beach sands (Figure 3.30A), but are also 

found within the gravel sequences as noted in Section 3.5.3 . Clay clasts within a littoral 

environment are not uncommon. Eroded balls and boulder-sized clasts of indurated clay 

containing lacustrine plant remains have been recorded from a gravel beach face at Cansore 

Point in south-east Ireland, particularly after onshore storms (Carter & Orford, 1980; Orford 

& Carter, 1982). Clay balls have also been observed on the sand-dominated barrier beach 

(personal observation, 2001) immediately north of the present-day Orange River mouth where 

they occur on the beach face as isolated, well-rounded pebble to cobble clasts - either disc- or 

equant-shaped (Figure 3.30B). The mud banks exposed in the estuarine-lagoon behind the 

modern sand-dominated barrier are the source areas for the clay. During floods or increased 

flow of the Orange River, clay is ripped from the banks and washed into the Atlantic Ocean 

where it is returned to the foreshore and fashioned into clasts under highly energetic swash 

and backwash. The clast preservation in the beach environment is further afforded by a 

coating of sand, armouring them against further attrition. The presence, therefore, of clay 

clasts in the cross-stratified gravels and laminated sands of Sub-facies CI , implies that Facies 

C was proximal to a river mouth where clay was derived from a local back-barrier source 

during a period of river flooding or possibly through coastal erosion. It thus follows that their 

preservation in the rock record suggests an increased supply of sediment to the barrier beach 

environment where high accretion rates are facilitated through rapid sedimentation. 

Invariably, the sandy matrix-supported gravels are associated with sand beaches and in 

laterally sequences, the gradational change from matrix-supported gravel to sand or vice versa 

suggests that both components were contemporaneously deposited. This deposition took place 

either during a phase of increasing sand supply with a progressive decline in gravel to 

produce a gradational change from matrix-supported gravel to sand, or during an increasing 
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gravel supply with an associated decline in sand to give the reverse sequence. However, 

where gravel beaches in lateral sequences truncate their sandy counterparts, although clast­

supported, the gravel beds closest to the contact have a sand matrix. This suggests an 

introduction of sand into an openwork gravel framework rather than contemporaneous 

deposition of sand and gravel. By charging the gravel framework with sand, the stability of a 

gravel beach is greatly reduced as a consequence of diminishing hydraulic conductivity 

(swash and backwash infiltration) due to decreasing permeability (Everts et al. , 2002). The 

beach is thus easily eroded during the backwash stage where water percolation is 

considerably impeded and backwash tlow over the beach face is consequently increased. It is 

therefore likely that the build up of these types of beaches occurred often during Facies C 

times, but few have been preserved compared with the openwork framework beaches. 

Coarse disc-rich gravel sheet 

Field observations of the modern gravel beach at Terrace Bay along the Skeleton 

Coast in Namibia show that the most landward part of the foreshore is represented by a 

prominent beach ridge demarcating the limit of swash run-up during storm periods (Figure 

3.28C). Furthermore, the accumulation of gravel at this ridge is dominated by large tlat-lying, 

disc- or blade-shaped clasts; a feature that has also been recorded from other modern gravel 

beaches by Bluck (1967), Hobday & Banks (1971), Loureiro & Granja (2001), Single & 

Hemmingsen (2001) and Orford et al. (2002). Such a gravel assemblage of Sub-facies CI is 

distinctly similar to the beach ridge accumulation at Terrace Bay and therefore represents 

Bluck 's (1967) large disc zone. 

The beach ridge is an area where the least amount of reworking takes place since it is 

the most landward accumulation of gravel and is linked to storm-generated swash processes. 

Successive higher waves will modify the beach profile and move the ridge further landward. 

Therefore ridge elevation is equal to the maximum height of swash run-up. Storms are 

advocated as the main mechanism for beach ridge building; a process known as overtopping 

(see Orford, 1977; Orford & Carter, 1982; Carter, 2002). During storms, discoidal and blade 

clasts are transported further than any other particle shape onto and beyond the beach face as 

result of their larger surface area that allows greater suspension (Bluck, 1967). Coupled with 

the reduction in backwash strength at the beach ridge due to high percolation rates through 

the permeable gravel, the clasts are left stranded to accumulate, provided that sediment supply 

is sustained (Bird, 1972; Orford, 1977; Orford & Carter, 1982; Carter, 2002). This mechanism 
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of ridge nourishment differs to overwashing; the latter is an extension of overtopping that 

reduces ridge height and moves sediment well over the beach ridge into a back-barrier setting 

during washover events (Carter & Orford, 1980, 1981; Orford & Carter, 1982; Carter, 2002; 

Sedgwick & Davis Jr, 2003). 

Storm intensification is manifested at the beach ridge through overwashing, but also 

by an increase in gravel size at the ridge. The latter leads to reverse grading where a 

progressive increase in gravel size is a result of increasing transport competence as the storm 

intensifies. Thus, the largest disc- and blade-shaped clasts are delivered to the beach ridge at 

the peak of the storm. Such reverse grading has also been observed by Wells (1996) in the 

Santa Beach Ridge Complex, Peru, and the change of gravel size is interpreted as a function 

of changing energy levels. 

Although, plunging breakers are considered as the dominant wave type for clast 

mobilisation (Carter, 2002; Pedrozo-Acuna et ai., 2008) on a steep gravel beach face, Orford 

(1977) argued that spilling breakers are the dominant mode during storms, which are essential 

for overtopping and beach ridge construction. He proposed that breaker types evolve during 

storm periods and the resultant breaker variations on a gravel barrier beach are achieved in 

association with breaker height and changing beach profiles. Thus, according to Orford 

(1977), plunging breakers wi ll be replaced by spilling forms at upper beach levels. However, 

when conditions are conducive to downcombing, clast mobi lity during this breakdown phase 

is greatest at the beach face, rather than at the beach ridge given that the clasts are stranded at 

the highest elevation on highly permeable sediments that are relatively flat lying. Here, 

instead of returning over the gravel surface, the backwash percolates rapidly through the 

openwork framework and, in its passage, entrains finer gravel particles seaward. The size and 

shape of the smaller clasts entrained is dependent on the geometry of the gravel pore space. 

Thus, the large disc zone can be regarded as a lag deposit due to a sieving action induced by a 

combination of pore size and shape created by the gravel fabric and incessant backwash flow 

(Bluck, 1967, 1999). 

85 



CHAPTER) - SEDIM ENTARY FACIES 

SUb-facies C2 

Cross-stratified gravel and sand 

These deposits are similar to the washover fans described by Carter & Orford (1980, 

1981), Orford & Carter (1982), Gresse (1988), Massari & Parea (1988), Orford et af. (1991) , 

Wells (1996), Blair (1999, his facies D) and Bluck et af. (200 I, their sub-facies B6). They are 

the products of washover during storms where sediment is transferred from the foreshore 

landward into a topographically lower area such as a back-barrier to form washover fans 

(Figure 3.28D). It thus follows that the washover gravels have their provenance in the beach 

ridge, supplying a particular shape such as discs and blades to produce downslope fan 

imbrication (Carter & Orford, 1981). With individual foresets representing a thin layer of 

overwash material produced by a surge of water across the barrier - as observed in modern 

washovers at Oranjemund (personal observation, 200 I) - variations in hydraulic conditions 

throughout washover events will be reflected in the foreset strata (see Sedgwick & Davis Jr, 

2003). Consequently, a progressive decline in washover flow velocity is expected to produce 

normal grading. This is seen at the G29 trench where the coarse basal gravel lag, sourced 

directly from the beach ridge, represents peaked energy levels, as does the presence of large 

clay rafts of lagoon origin. Plant remains found in such rafts support such an origin. As 

washover energy levels progressively decline during the final surge stages, finer sandy gravel 

followed by sand are deposited. Such normal grading is not an unusual textural feature in 

washover deposits and has been recorded elsewhere (e.g. Andrews, 1970 in Sedgwick & 

Davis Jr, 2003). 

The low-angle cross-stratification represents proximal to mid-fan reaches, whilst the 

distal parts are characterised by [oresct interfingering with clay and silt deposits of lagoon 

origin (e.g. Barwis & Hayes, 1984, pg. 908). The convex geometry of the foreset terminus at 

the point of interfingering, possibly represent small deltaic lobes. 

In contrast to washover on a gravel barrier beach, Gresse (1988) recorded washover 

sedimentation landward of a bedrock-barrier in Pleistocene marine deposits south of the study 

area, along the Namaqualand coast in South Africa. He notes an accumulation of cobble- to 

boulder-sized gravels behind bedrock highs, with foresets interfingering with back-barrier 

sand and clay. The last is no different to that observed within the study area at G29. 
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The degree and frequency of washover is dependent on, inter alia, antecedent beach 

face geometry (Carter et ai., 1989) and an absence of tidal passes or inlets (Carter & Orford, 

1984). In many respects, the former is paramount in directing the sediment-charged swash 

flows into the back-barrier via breach points along the beach ridge (Carter & Orford, 1980). 

The breaching, amongst others, has been ascribed as a function of local wave focusing; a 

process possibly controlled by beach cusps that act as templates for directing and amplifying 

swash run-up (Orford ef ai. , 1991). Once the beach ridge has been breached, the washover 

sediments enter the back-barrier setting as a fan-shaped body to generate foresets with radial 

orientations and, more significantly, there is no return of this material to the foreshore setting. 

Consequently, there will be an absence of vigorous fan reworking to produce well-sorted 

fabrics. The only reworking that would take place is along the distal fringes of the washover 

fan where the deposition may be sub-aqueous (Carter & Orford, 1981). Here these marginal 

sediments , mainly fine-grained , are reworked by less-energetic, wind-generated waves in a 

back -barrier setting. 

Laminated clay and silt deposits 

Lithologically, these finer sediments are no different to those of Sub-facies A4 and 

thus typifY a back-barrier setting. However, the limited areal extent and thickness that typifies 

Sub-facies C2 suggests a setting different to the estuarine-lagoon of Sub-facies A4. The clay 

and silt of Sub-facies C2 was likely to have been deposited in water that was significantly 

shallower, poss ibly a pond-like feature , considering that sediment thickness is less than one 

metre. The small, interfingering deltaic lobes of the washover fans also reflect the shallow 

nature of the pond-like setting. 

A small enclosed body of water behind the present sand barrier beach at the Orange 

River mouth in Namibia (Figure 3.31) is a modern analogue that best illustrates this 

depositional setting. Here, a small pond of water extends north to south for about 400 m and 

is some 70 m wide. It is wedged between the modern sand barrier beach and an older 

Holocene sand barrier sequence. Water depth is less than one metre and there is no direct 

exchange with coastal waters; the pond is fed by estuarine-lagoon water entering through a 

restricted opening and during washover events. 

Red clays are developed along the fringes of the lagoon and in places are partly 

vegetated. Tidal exchange ensures that the area is flooded during high tide periods, whilst on 
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the low tides the clay banks are exposed and their surfaces become dessicated. Apart from 

roots, a lack of animal biogenic activity is notable in the red clay; a feature which is also 

evident in the Sub-facies C2 silt and clay sediments. Washover incursions into the narrow 

enclosure not only agitate the sediment to induce re-suspension, but also introduce sand into 

the enclosure. These are moulded into ripple bedforms during tidal variances and wind 

influence. It is therefore envisaged that the depositional setting of Sub-facies C2 clay and silt 

was a shallow pond-like body between an inactive and evolving gravel beach barrier having 

li ttle or no direct interaction with coastal waters. 

3.5.5 Summary and depositional setting of Facies C 

The spatial re lationship between the different sub-facies together with their internal 

structures, demonstrate a foreshore and backshore (back-barrier) origin of a barrier beach (see 

Figure 3.32). The salient features of Facies C are summarised in Figure 3.33 . 

Using the present-day gravel beaches at Terrace Bay as an analogue, it is apparent that 

these modern beaches have a distinct profile characterised by a composite foreshore slope. 

This slope extends from a prominent beach ridge seaward to the low tide mark and is made up 

of a steep upper part, followed by a middle and gently-inclined lower part. The beach ridge 

(modern equivalent of Sub-facies C I coarse disc- and blade-rich gravel sheet) marks the most 

landward margin and highest point on the beach where it forms a topographic ridge. This the 

most upper and stable part of the foreshore sequence; its preservation is dictated by the limit 

of extreme swash run-up induced by storm conditions, which is in turn dependent on the 

magnitude of the storms. Consequently, growth at the beach ridge is at its greatest during 

storm periods as noted by Everts et ai. (2002) and Orford (1977) and is therefore a semi­

permanent feature. 

Immediately seaward of the beach ridge, the seaward-dipping slope is the beach face 

(modern equivalent of Sub-facies C1 cross-stratified gravel) and represents the most dynamic 

part of the foreshore where a high degree of sorting takes place through a process of size­

related clast acceptance or rejection on a steep slope (see also Isla, 1993; Orford e/ ai. , 2002, 

Buscombe & Masselink, 2006). This is the area where the sediment is frequently re-mobilised 

under normal and storm conditions, but the magnitude of change is dependent on tidal 

variations, as well as wind and wave conditions (Pye, 200 I). This part of the foreshore is 

characterised by the predominance of constructional features such as swash berms and cusps 
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(Sub-facies C2), which are bedforms typical of reflective beaches (Short, 1979; Carter & 

Orford, 1984; Masselink & Pattiaratchi, 1998; McKay & Terich, 1992, pg. 824; Carter, 2002; 

Buscombe & Masselink, 2006). 

It has been shown that steeper slopes increase wave reflection, which increases the 

potential for cusp development (liman & Guza, 1982; Sherman, 1991; Sherman el at., 1993). 

Here, incident wave energy will be retlected from the shoreline and the nearshore will 

become excited by second- or third-order waves in the form of standing edge waves. These 

propagate normal to the shoreline and create periodic tlow patterns responsible for cusp 

formation (Ilman & Guza, 1982; Sherman, 1991; Sherman el at. , 1993). Although this is the 

general view, others for example Masselink & Pattiaratchi (1998) , Coco el at. (2003) and 

Austin & Masselink (2006) advocate the self-organisation model for the development of these 

rhythmic features where standing edge waves are not necessarily a prerequisite. They argue 

that beach cusps are initiated by positive feedback between swash tlows and morphology; the 

developing beach morphology affects the swash flow and the swash tlow feeds back on 

sediment transport and change in morphology. 

The steep gradient of the beach face is maintained due to the high permeability of the 

gravel; a function of particle size (increasing slopes are related to increasing grain size) and 

sorting (Masselink & Li , 2001; Jennings & Shulmeister, 2002). This governs swash 

infiltration or hydraulic conductivity and consequently the beach face gradient increases with 

increasing infiltration, which in turn, reduces the intluence of backwash to return sediment to 

the littoral. The beach face , therefore, resists erosion. However, the stability of the beach face 

is greatly reduced if the gravel fabric is charged with sand, which decreases sediment 

permeability (Everts el at., 2002). 

The most seaward margin of the modern Terrace Bay foreshore is an accumulation of 

the most mobile clasts. This is the relatively stable outer frame (modern equivalent of Sub­

facies C 1 coarse sphere-rich gravel sheet), which consists predominantly of spherical clasts. 

Here they remain stationary for long periods allowing their pore space to be filled with 

smaller clasts derived from the beach face or offshore, but sediment build up is short lived 

due to the consistent winnowing by the more energetic swash and backwash events leading to 

the development of an armouring lag. 
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In contrast to the foreshore deposits, the backshore deposits of Sub-facies C2 

represent deposition landward of the beach ridge. The wash over deposits are responsible for 

the transfer of gravel from the beach face landward into a back-barrier setting during storms 

that cause the beach ridge to fail under extreme wave conditions. Thus, similar to the beach 

ridge, washovers are storm deposits and represent the extension of overtopping. Repeated 

gravel accumulation at the beach ridge due to overtopping, followed by subsequent failures of 

the ridge, allow the washover fans to build up and extend into the back-barrier where the 

distal parts of the fans interfinger with clay and silt. Penecontemporaneous deformation 

features seen in section also serve as evidence for loading of washover gravel onto 

unconsolidated back-barrier sediments that are hydroplastic, as evident from the continuous 

distortion of clay laminae exhibiting no fracturing. In addition to the washover loading, soft 

sediment deformation is also notable in the foreshore gravels where a barrier beach sequence 

has accumulated onto pre-existing back-barrier sediments. 

3.5.6 Age and correlation 

Considering the high energy conditions during the deposition of Facies C, particularly 

the gravel-dominated foreshore environment, only shell fragments of Donax rogersi have 

been recovered from the Sub-facies CI cross-stratified gravels. As shown in Section 2.2.3, 

this 30 m Package zone fossil has been tentatively assigned a Late Pliocene/ Early Pleistocene 

age (Pether, 1986). This would suggest that there was no significant hiatus in the deposition 

of Facies Band C as discussed in Section 4.4. In fact, their deposition may be 

penecontemaperanous (see also Figure 3. 17 for age relationship with other facies) 

3.6 FACIES D 

3.6.1 General 

Unlike the other facies consisting mainly of gravel, Facies 0 is predominantly a sand 

sequence with minor gravel interbeds. These sediments are confined to the most western 

(seaward) part of the study area and grade laterally eastward (landward) into the sediments of 

Facies C (Figure 3.34A, Appendix 0(4)). This gradual transition was not always discernable 

due to the collapse of trench exposures, but its lateral relationship with Facies C sediments 

was also recorded in past geological face logs during the earlier bulk sampling campaigns. 

The G39.S mine face , orientated roughly perpendicular (north-east to south-west) to the 

present coastline, was used as a key section from which the sedimentological characteristics 
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of Facies 0 were established. Here, the exposure clearly exhibits a vertically stacked marine 

package. 

3.6.2 Distribution and thickness 

Facies 0 extends along strike (south· east to north·west) for some 4.5 km and down­

dip (north-east to south-west) over a distance of 1.2 km. On the basis of current exposures and 

past geological logs, the sequence was approximately 8 m at its thickest between sample 

trenches G45 and G 19 (a distance of approximately 2.5 km). However, south of trench G 19 to 

G4, Facies 0 thins rapidly to approximately one metre or less over this 2 km distance (Figure 

3.34). 

3.6.3 Lithology and structure 

At the G39.5 key section, the vertically stacked marine package comprises three 

distinct sub·facies (Figure 3.35). These are: 

I) Basal tabular cross-stratified sands of Sub-facies 01; 

2) Trough cross-stratified sands with minor gravel lenses of Sub-facies 02; and 

3) Upper, highly bioturbated, tabular cross-stratified sands with interbedded gravel sheets of 

Sub-facies 03. 

Apart from surface pedogenic calcrete that cements the sediments at surface and 

incipient calcretisation of some gravel, the sediments of Facies D are largely unconsolidated. 

More significantly, the entire spectrum of the Facies D sediment types observed at the G39.5 

section and elsewhere is devoid of silt and mud, as layers or a matrix fill. 

Sub-facies Dl: Tabular cross-stratified sand 

Stratum attributes 

These sediments have tabular cross-lamination in sets no thicker than 0.3 m. 

Laminations are defined by an abundance of mica flakes. Set boundaries are marked by 

curved, undulating erosional contacts that scour the underlying sediments. These surfaces, 

although erosive, have a gently inclined geometry. The thickness of Sub-facies 01 shows a 

slight thickening (laterally) towards the south-west (seaward), but this is not significant and 

strata thickness remains relatively thin throughout the section, seldom reaching one metre. 
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Textural attributes 

This sub-facies, consists wholly of unconsolidated fine- to medium-grained sand and 

immediately overlies the boulder bed of Facies B. A characteristic feature of the sand is the 

distinct yellow-brown colour and an abundance of mica flakes, which is macroscopically 

visible in outcrop. The mica flakes, reaching approximately 0.4 cm in size, are concentrated 

along laminations. In a similar fashion, fine pebbles comprising mostly zeolite clasts (0.9 cm 

in length) with a lesser component of quartz-rich clasts (2 cm in length) are, in places, aligned 

a long low-angle fore sets with their longest axes (a-axis) parallel with the forest laminations, 

and also fill shallow depressions that scour underlying cross-sets (Figure 3.36A). Within 

scours, the pebbles are clast-supported and closely packed, but clast orientation is lacking. 

The abundance of these pebbly foresets is greatest towards the lower contact boundaries and 

decrease upward away from boundary surfaces. 

Structural attributes 

The cross-lamination 111 Sub-facies D l is characterised by inclined fore sets at low 

angles that are tangential at the base and dip at 5°-12° with an average direction towards the 

north-east (Figure 3.36B; Table 3.7). Scours are shallow, up to 3 cm deep and deepen in the 

direction of fore set dip. Scour lengths are approximately 10-15 cm (Figure 3.36A). 

Table 3.7 : Palaeo-current data of Sub-facies D 1 

n Xv R L(%) Structure Sediment 

38 44 34.22 90 Tabular cross-lamination Fine sand 

- , n - number ofreadmgs, Xv vector mean (degrees), R length of resultant vector, L( Vol vector magnitude 

Palaeontological attributes 

No fossils have been recovered from the Sub-facies D 1 sediments, but a moderate 

degree of bioturbation is present, occurring throughout the vertical section. 

Sub-facies D2: Trough cross-stratified salld with millor gravellellses 

Stratum attributes 

Sub-facies D2 thins laterally seaward towards the south-west from 1-3 m over a 

distance of 150 m and truncate the underlying sediments of Sub-facies D I. The truncation 

surface is distinctly erosive with scouring in places. At some localities, the scour depressions 
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are filled with small pebbles which, in turn, grade upward into either coarse sand or granules. 

Granule strata only make an appearance towards the most seaward (south-western) end of the 

section where they are approximately 0.5 m thick (Figure 3.35). The transition from granule 

into sand or vice versa is gradational. Foreset laminae in both sand and granule are defined by 

differences in alternating sediment size. In contrast to these sediments, isolated gravel lenses 

occur as ' floating ' bodies that have erosive lower contacts, whilst their upper surfaces are 

undulating and have sharp contacts. These lenses are only confined to the central portion of 

the section and thus have limited distribution (Figure 3.35). Lengths range from 2- 2.5 m with 

varying thicknesses of 0.2-0.4 m. In places, these lensoid gravel bodies show a landward 

thickening towards the north-east and thus have crude wedge-shaped geometries. 

Textural attributes 

The sediment colour differs to that of Sub-facies 01 in that it is grey-brown in colour 

with coarse to very coarse sand - averaging in the coarse range - and granule dominating. 

Minor gravel is present, but is confined to lensoid-shaped bodies. Here the gravel is poorly 

sorted and clast-supported with a matrix fill of granule and coarse sand. Clasts are pebble size 

(maximum size is 3 em), rounded to well-rounded and predominantly spherical in shape, 

exhibiting no specific orientation with a hint of normal grading. Generally, these gravel lenses 

are moderately cemented by calcium carbonate. Similar to these gravels, the scour filling 

gravels are equally fine and pebble-sized (maximum size recorded is 3 em), but are matrix­

supported with a sand matrix fill. Clast orientation and grading is absent. 

Structural attributes 

The coarse to very coarse sand is trough cross-stratified with foresets inclined at 10°-

28°. In section the troughs are near symmetrical, approximately 1-1.2 m in length and 0.2 m 

deep, with foreset laminae tangential to the base of the trough. Foresets have variable dip 

directions, but are largely confined to the nOlth-west and north-north-east quadrants, with 

their average towards the north-north-west (Figure 3.37C, Table 3.8). The gravel-filled scours 

at the contact with and eroding Sub-facies 0 I are shallow with depths of 7 cm and their 

lengths are approximately 45 cm (Figure 3.37B). 

The granule beds also exhibit trough cross-stratification with foresets inclined 12°_30°, 

dipping predominantly in a north-north-west direction (Table 3.8; Figure 3.370). Similar to 

those found in the coarse sand, the troughs measure 0.7-1.0 m long and roughly 0.2 m deep, 
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floored with fine pebbles that can be traced upward along the foreset laminae. In contrast to 

the sand and granule sediments, a hint of cross-stratification is noticeable in the lensoid gravel 

beds and although only three palaeo-current readings were measured from an isolated 

exposure, foresets dip at 10°_20° towards the north-east (Figure 3.38 A to C; Table 3.8). 

Table 3.8: Palaeo-current data of Sub-facies 02 

n Xv R L(%) Structure Sediment 

18 349 16.52 92 Trough cross-stratification Coarse sand 

6 340 5.6 93 Trough cross-stratification Granule 

3 26 2.9 1 97 Tabular cross-stratification Gravel 

- • n number ofreadmgs, Xv - vector mean (degrees), R length of resultant vector, L{ Vo) vector magnitude 

Palaeontological attributes 

Fossils or biogenic structures are absent. 

Sub -facies D3: Cross-stratified sand with interbedded gravel sheets 

Comprising couplets of grey-brown coloured, cross-stratified sand interbedded with 

sub-horizontal lenticular gravel strata, Sub-facies 03 represents the uppermost part of the 

Facies 0 sequence (Figure 3.35). The gravel strata alternate vertically with the sand units, 

which they truncate with sharp, erosive contacts. This relationship, coupled with the 

abundance of gravel differentiates Sub-facies 03 from the other two sub-facies. In thi s 

vertical alternation, a change in the sediment character is notably different from the base to 

the upper part of the sediment pile. 

Stratum attributes 

Gravel strata with interbedded sand, which thin slightly seaward to the south-west 

from 0.8-1 m, form the base of Sub-facies 03 and truncate the underlying sediments of Sub­

facies 02 with sharp, erosive contacts . The interbedding sand at the most north-eastern 

(landward) part of the exposure is approximately 0.45 m thick, whilst at the south-western 

part (seaward), thins to 0.20 m. In contrast, the gravel strata thicken in the same direction. 

The uppermost portion of Sub-facies 03 is characterised by well-defined gravel sheet 

couplets interbedded with sand (Figure 3.35). These gravel sheets dip gently seaward and are 

developed uninterrupted over a distance of 200 m. Although mining has removed much of the 
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exposure, the gravels appear to grade landward (north-east) into the barrier beach deposits of 

Facies C. Some of the gravel sheets thin from 1.5 m at the north-eastern (landward) end to 

approximately 0.2 m at the south-western (seaward end). In addition, this attenuation of the 

strata thickness can also be seen in a north-westerly direction (parallel to present coastline), 

thinning from some 1.5 m in the south to OJ m in the north. Thus, the gravel sheets are seen 

as series of westerly and northerly thinning wedges. Their lower boundary surfaces truncate 

the underlying interbedding sand, whilst their upper contacts are sharp; defined by a change 

in sediment size and not by an erosion surface. 

The entire Sub-facies 03 sequence thickens towards the south-west (seaward) from 

approximately 3-4 m. 

Textural attributes 

The basal portion of the sequence is dominated by coarse to very coarse sand, whilst 

the upper most section is characterised by medium to coarse sand. In contrast, the gravels in 

both the basal and upper part of the sequence have similar textures. Here, gravel size ranges 

from granule to cobble (largest recorded is 20 cm) and show a decrease in average clast size 

((a+b+c)/3), which is more obvious in the upper gravel couplets, from 12 cm in the north-east 

(landward) to 5 cm in the south-western (seaward) part of the exposure. Note, however, that 

the landward measurements do not represent the most north-eastern part of the sub-facies 

where it grades into Facies C. Collapse of the trench face and mining of sections has made it 

impossible to gain an appreciation of the average gravel size at the most north-eastern end. 

The gravels in both the basal and upper parts of the exposure are rounded to well-rounded, 

poorly sorted and matrix-supported with coarse sand to granule forming the matrix fill. There 

is no preferential shape sorting in any direction; a mix of clast shapes occurs throughout the 

gravel strata over a distance of some 130 m (see Figure 3J9E for clast shapes). In places, 

imbrication is noticeable in disc- and blade-shaped clasts, but grading in the sediments is 

lacking. 

Structural attributes 

Both the gravel and coarse to very coarse sand in the basal part of the exposure are 

characterised by trough cross-stratification (Figure 3.39). The former rarely exhibits crude 

trough cross-stratification with foresets dipping at 160 _25 0 towards the west-south-west and 

north-west, whilst trough cross-stratification is well-defined in the sand lenses with foresets 
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dipping at 100 _25 0 towards the west-south-west and north-west (Figure 3.390, Table 3.9), a 

direction simi lar to that of the gravel. With lengths of 0.50 m and heights of 0.15 m, the 

troughs are smaller than those observed in the underlying sand deposits of Sub-facies 02. In 

places, fine pebbles and granules line the base of the troughs. 

These trough cross-stratified sediments are replaced upwards in the section by planar 

cross-stratification which typifies the upper portion of the section. Although highly 

bioturbated, crude foresets are evident with a dip orientation towards the north-west at 15 0
_ 

200 (Figure 3.39C, Table 3.9). Stratification is rare in the gravel sheet couplets that occupy 

the upper part of the 039.5 section, but in some places, a hint of cross-stratification can be 

recognised with the fore sets dipping at 180 _200 in a south-west direction (Table 3.9). In 

addition, imbricated clasts with their long axes dipping landward at angles of 300
, towards the 

north-east (average direction), suggest a palaeo-flow towards the south-west (Table 3.9). 

Table 3.9: Palaeo-current data of Sub-facies 03 

n Xv R L(%) Structure Sediment 

8 265 7.08 89 Trough cross-stratificat ion Gravel (basal section) 

14 306 10.85 78 Trough cross-stratification Coarse sand (basal sect ion) 

8 314 7.94 99 Planar cross-stratification Coarse sand (upper sect ion) 

2 233 1.93 97 Planar cross-stratification Gravel (upper section) 

10 24 1 9.49 95 Flow direction from clast imbrication Gravel (upper section) 

-n - number ofreadmgs, Xv - vector mean (degrees), R - length of resultant vector, L(%) - vector magnitude 

Palaeontological attributes 

Only the sand deposits of the upper part of the exposure have yielded fragments of 

fragments of molluscan shell. These deposits are also highly bioturbated and despite the 

preservation of crude cross-stratification, much of the sedimentary structures have been 

obliterated. 

3.6.4 Interpretation of Facies D 

Many of the features of Facies 0 observed in the 039.5 trench section are consistent 

with shoreface deposition within a wave-dominated setting and are similar to those described 

by Vos & Hobday (1977), Dupre (1984), Leithold & Bourgeois (1984), DeCelles (1987), 

Massari & Parea (1988), Simpson & Eriksson (1990), Yagishita (1994) and Hartley & Jolley 

( 1999). 

96 



CHAPTER 3 - SEDIMENTARY FACIES 

Sub-facies DI 

The sand-dominated deposits of Sub-facies DI , which are interpreted as shoreface 

sediments, similar to those described by Vos & Hobday (1977, their facies I), Clifton (1981), 

Dupre (1984), Bose & Das (1986, their facies B) and DeCelles (1987) reflect two products of 

transportation and deposition; one for a medium-grained sand forming the bulk of the sub­

facies and the other, low-density granules to small pebbles that are concentrated along foreset 

laminae or lining scoured surfaces. 

The morphology of the cross-stratified beds, notably the cross-set thickness (>0.1 m) 

and geometry, indicate that the cross-stratification was likely to have been produced by the 

migration of 2-D dunes (Lindholm, 1987; Collinson & Thomson, 1989; Nichols, 1999) that 

were shoreward driven as evidenced from the palaeo-current measurements. The foreset­

aligned pebbles would reflect higher velocity flow regimes, which is in agreement with 

Dupre's (1984) interpretation for lower shoreface sediments that contain scattered pebbles, 

but lack ripple-drift stratification. The latter is distinctly absent in Sub-facies D I. 

It is envisaged that scouring of the sediment and movement of small pebbles would 

have occurred as bottom energy conditions intensified during storm events. Under such 

conditions, the bottom currents are initially non-depositional - more likely to be erosional -

and deposition would have only commenced during a time of diminishing velocity (My row & 

Southard, 1991). Consequently, progressive waning conditions generate winnowed pebble­

lined scours, which are subsequently filled with finer sediment. The suspended sediment that 

was agitated by the passage of storm-induced waves, would have settled out with the mica 

particles accumulating on the rippled surface. 

Bose & Das (1986) have also reported fore set aligned pebbles in fine- to medium­

grained cross-stratified sand (their facies B) from the Cretaceous Nimar Formation in India. 

They conclude that the sand and pebbles did not move simultaneously, but were entrained 

under separate hydrodynamic conditions. Accordingly, the pebbles were moved under higher 

energy flows during storms, whilst the sand was agitated into suspension and removed. As 

flow intensity declined, pebble movement halted, but sand deposition and ripple migration 

continued. The resultant is a gradational change from gravelly sand (pebble-aligned foresets) 

into sand only, which is characteristic of Sub-facies D I. Therefore, the energy regime during 

Sub-facies D 1 times was decelerating and each cross-set separated by an erosional contact 
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displaying a progressive upward change from gravelly to sand cross-strata is a product of 

numerous spasmodic high-energy pulses as described by Bose & Das (1986). 

Medium- to coarse-grained dunes, which are possible modern equivalents of Sub­

facies Dl, have been recorded from the modern inner shelf off the Orange River at depths of 

15-30 m below sea-level (de Decker, 1988). However, subaqueous dunes have been observed 

at greater depths during reconnaissance dives with the JAGO mini-submersible. These were 

observed at depths up to 60 m off the coast of LUderitz, Namibia, situated approximately 300 

km north ofthe present Orange River mouth and 5 km west of the present coastline (1. Ward, 

pers. comm., 1999; Figure 3.40; Halifax dive site, 1999). By aligning the mini-submersible 

parallel to the ripple crests, an appreciation of the strike was obtained using the mini­

submersible's compass. Corrected readings show that the ripple crests strike sub-parallel with 

the present coastline and possibly migrate shoreward towards the north-east to north-north­

east, a direction similar to the palaeo-current measurements of Sub-facies D 1. This is also in 

agreement with the side-scan sonar image off that area depicted in Figure 3.40C. 

De Decker (1988) has shown that present-day average wave conditions where the 

median (50% exceedance) significant wave height for winter is 1.75 m and maximum wave 

period is 12.5 seconds, which is skewed towards the higher energy spectrum, can transport 

very coarse sand (0.15 cm) and gravel (1.5 cm) at water depths of 30 m and 15 m, 

respectively. By inference, subaqueous dunes in medium-grained sand can be expected to 

form at depths deeper than 30 m during such wave conditions. 

The Airy or linear-wave theory has been used by de Decker (1988) to establish wave 

conditions that are capable to transport sediment at depths of 15 m, 20 m and 30 m offshore 

the study area. The linear-wave theory is seen to treat waves as sinusoidal forms and regarded 

as a simple application to provide acceptable approximations of measured orbital diameters 

and near-bottom maximum velocities for real waves in shallow water (Le Mehaute et at., 

1969; in Clifton & Dingler, 1984). Following on this, wave conditions for depths of 40 m, 

50 m and 60 m were calculated using the horizontal orbital velocity (Ud) equation to gain an 

appreciation of what sediment size would be moved at these depths. The horizontal orbital 

velocity equation is expressed as follows: 
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Ud = nH 
Tsinh (2nd) 

L 

(I) 

Where H is the wave height, T is the wave period (in seconds), d is the water depth 

and L is the wave length. The wave length (L) can be determined from the following 

equation: 

L = gr Tan H 2nd 
2n L 

Where g is a gravity constant of9.8 rnls2 and can be simplified to: 

L = gT2 

2n 

L = T-.Jgd 

for deep to intermediate water 

and for shallow water 

(2) 

(3) 

(4) 

Using the median (i.e. 50% exceedance) significant wave height (H) of 1.75 m for 

winter which, as mentioned earlier, has the highest wave period (T) of 12.5 seconds, to 

represent average wave conditions that are more energetic during winter, the wave orbital 

velocities for the various depths are given in Table 3.10. 

Table 3.10: Horizontal orbital velocities (Ud) at depths greater than 30 m during normal wave 

conditions 

Ud(m/s) Ud (m/s) Ud (m/s) Ud (m/s) 
H (m) T (secs) 

30 m depth " 40 m depth SO m depth 60 m depth 

1.75 12.5 0.52 0.3 6 0.26 0.20 

• Note that the average wave conditions (50 Yo exceedance) for wmter meludes T values between 12.5 seconds and 15 seconds 

(de Decker, 1987) . .. From de Decker (1987). 

Komar & Miller (1975) established various wave parameters required to transport 

quartz-density sand of variable diameter and produced a set of curves from which orbital 

velocity values can be determined for a given grain size. Considering the Ud values shown in 
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Table 3.10, the grain diameter is determined from the curves assuming that the sediments 

occurring at such depths are quartz-rich (Figure 3041). As previously noted, de Decker (1988) 

demonstrated that very coarse sand can be transported at depths of 30 m during average wave 

conditions. The assumed grain sizes that will be transported at greater depths, notably 40 m, 

50 m and 60 mare 0.85 mm (coarse-grained), 0.35 mm (medium-grained) and 0.17 mm (fine­

grained), respectively. This would suggest that medium-grained sediment can be engaged 

under average conditions to a depth of 50 m, whilst fine-grained sediment corresponds to a 

depth of 60 m. Noteworthy is that present wave base in the Atlantic Ocean off the study area 

is assumed to be in the region of 40 m with mud and fine silt accumulating beyond this depth 

(de Decker, 1987; Smith, 2006). Wave base is thus deeper than the assumed average depth of 

20 m for most coastal systems (see Section 104.3). 

The depth at which fine sand can be transported as per Table 3.10 coincides with 

modern subaqueous dunes observed during JAGG dive surveys at depths of 60 m (Jacob, 

1999). The geometry of these bedforms was estimated using the submersible where a laser­

mounted apparatus illuminated points that were exactly one metre apart. Ripple heights were 

difficult to determine, whilst crest spacing was better established and recorded to be 

approximately 0.5-1 m apart (JAGG dive nr. 592; Jacob, 1999). It was also observed that the 

crests are symmetrical. Using the diagram of Komar & Miller (1974; in Clifton, 1976) for 

grain movement initiation, the resultant plot for fine-grained sand demonstrates that present 

average wave conditions can initiate a ripple bed at a 60 m depth for more than 50% of the 

time (Figure 3042). Note, however, that the average wave periods for a 50% exceedance 

includes a range from 12-5 seconds and thus average conditions are skewed towards the 

higher wave periods that are associated with higher energy levels. This implies that ripple 

formation and possibly migration occurs when the wave energy is higher and ripples remain 

static when conditions are calmer. This is borne out by the ripple crest symmetry and the fact 

that they are stationary as recorded during JAGG dive nr. 592. In addition to this, mud drapes 

within ripple troughs were documented (JAGG dive nr. 592; Jacob, 1999) and therefore add 

credence to the view that ripples are only formed during higher-energy levels, whilst a shift 

towards calmer conditions allowed the mud to settle out. 

The depositional theme of Sub-facies D I, as interpreted from the sedimentary record, 

approximates that of the modern subaqueous dunes at 60 m depths where a combination of 

higher and lower energy events occurred. The resultant plot for medium-grained sand in 
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Komar & Miller's (1974; in Clifton, 1976) diagram for gram movement initiation as 

illustrated in Figure 3.43, also confirms that the Sub-facies Dl dunes can be formed (more 

than 50% of the time) at depths of 50 m. [n addition, the presence of detrital mica supports 

calmer conditions, which would have settled out from suspension in accordance to energy 

levels. However, Sub-facies D 1 is devoid of silt and mud suggesting that although conditions 

were favourable for mica deposition, they were not for mud and clay. 

Samples taken by de Decker (1987) from the modern sea-bed offshore and south of 

the study area up to depths of 20 m, which is within the breaker zone, showed a similar 

relationship in that a high percentage of mica was present, but the percentage of mud was 

significantly less. A similar trend was also documented by Dias e/ al. (1984) from the wave­

dominated coast of northern Portugal where they noted a high abundance of mica in nearshore 

fine to coarse-grained sand. Obviously, the fact that mica occurs in Sub-facies D 1 where clay 

and silt is lacking, is a reflection of contrasting hydraulic equivalence. Due to its flaky 

appearance, which will affect its settling characteristics, sand-sized mica has consequently 

assumed to b'e hydraulic equivalent to clay and silt (Doyle e/ al., 1983). However, based on 

results derived from settling experiments, Doyle e/ al. (1983) were able to demonstrate that 

contrary to previous views, mica in the coarse-silt to fine-sand size is not in hydraulic 

equivalence with mud, but is instead hydraulic equivalent to silt and fine quartz spheres. Note 

that their experiments did not include mica flakes that were granule to pebble-sized. 

Therefore, by inference and the fact that mica flakes within the study area is considerably 

coarser (up to small pebble size), it is reasonable to concluded that energy conditions were 

suitable for settling out mica, but were too energetic for mud and silt deposition. 

In view of the foregoing discussions, it is envisaged that the sediments of Sub-facies 

D 1 is a preserved record of storm-induced sedimentation in a palaeo-depositional setting 

comparable to that of today at depths associated with a lower shoreface/inner shelf 

environment that is deeper than 30 m, but possibly shallower than 50 m (Figure 3.44). More 

importantly, the abundance of mica flakes within the sediment indicates that Sub-facies D 1 

was positioned not too far from the palaeo-Orange River outfall. [n the present day offshore, 

de Decker (1987) demonstrated that the percentage of mica in sediments is highest at the 

Orange River outfall/mouth, with a steady decrease southwards along the Namaqualand Coast 

of South Africa. This relationship of mica abundance and river mouth proximity was also 

noted by Dias et al. (1984) from shelf sediments in northern Portugal. They noted that the 

101 



CHAPTER J- SEDIMENTARY FACIES 

coarser the mica fraction, the more proximal the setting is to a river mouth. As mentioned 

before in Section 3.6.3, very coarse mica, up to small pebble size is a characteristic feature of 

Sub-facies D I and thus serves as an indication of the close proximity to the palaeo-river 

mouth. 

Sub-jacies D2 

The coarser Sub-facies D2 sequence is interpreted as middle shoreface sediments 

where the abundance of trough cross-stratification suggests deposition by 3-D dunes within a 

high-energy environment driven by unidirectional currents (Leithold & Bourgeois, 1984; 

DeCelles , 1987; Pethel', 1994; Figure 3.44). It is envisaged that they were medium-sized 

bedforms based on their geometry which correspond to that recorded by Collins & Thompson 

(1986, pg. 78). 

The palaeo-current measurements indicate that the ripple migration was obliquely 

shoreward, driven by wave currents as opposed to orbital flows under which Sub-facies D I 

was deposited. Massari & Parea (1988) have shown that the migration of 3-D dunes can be 

achieved through powerful longshore flows, possibly active under storm conditions or during 

the waning stages to generate longshore-directed cosets of large-scale trough cross­

stratification. Intuitively, it seems obvious that such sedimentary structures are consistent 

with deposition in longshore troughs (Dupre 1984; Leithold & Bourgeois, 1984; DeCelles, 

1987; Els & Mayer, 1992), but the palaeo-current direction of Sub-facies D2 (oblique to 

shoreline) is at odds with such an interpretation as coast-parallel palaeo-directions would be 

expected, assuming that the coastal configuration and wave climate was similar to that of 

today. 

Pethel' (1994) also pointed out from his interpretation of sections along the 

Namaqualand coast in South Africa that the large composite bedforms such as bars, have 

migrated oblique to the shoreline under oblique wave approach, generating an abundance of 

trough cross-stratification due to the shifting of bars with changing wave conditions. The 

coarse-grained sediments of Sub-facies D2 are thus likely to represent a similar depositional 

style where the sediments were emplaced into the upper shoreface and fashioned into bars. 

These migrated obliquely onshore under normal wave conditions, corresponding to depths 

where very-coarse sand is transported at approximately 30 m and shallower, based on de 

Decker' s (1988) study of the present-day inner shelf. Increasing flow energy is evident from 
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pebble-filled scour features at the base of cross-sets and the presence of cross-stratified 

granules; a testament of storm driven events. Similar to Sub-facies DI , the transport of 

granules and fine pebbles with a concomitant scouring of underlying sediments is therefore 

storm-related, whilst the progressive winnowing of pebble lags at the base of scours and 

attendant deposition of coarse to very coarse grained ripples takes place during storm decay. 

Consequently, the deposits reflect similar pulses of higher energy events followed by waning 

periods. With scours deeper and larger than those recorded in Sub-facies DI, energy levels 

were unsurprisingly more intense throughout the deposition of Sub-facies 2, given the 

shallower depths. 

Not only do the sand and granule deposits reflect storm deposition, but the lensoid 

gravel deposits also indicate such perturbations. Their limited extent as lensoid bodies and 

isolated distribution are convincing indicators of storm emplacement, but at much higher 

magnitudes. This is borne out by the size of the gravel clasts and expected depths at which 

they can be moved. In the present offshore, pebbles (I cm in diameter) and cobbles (10 em in 

diameter) can be transported under storm conditions in water depths of 30 m and 15 m, 

respectively, where wave heights (H) of 3.25 m and wave periods (T) of 14.8 seconds occur 

50% of the time (de Decker, 1988). 

From the palaeo-current measurements, although limited, it is proposed that the 

gravels were probably transported shoreward immediately after a storm peak (Clifton, 1981; 

Cheel & Leckie, 1992), whilst the sand was agitated into suspension by the high energy event. 

As conditions returned to normal, depth and velocity conditions became suitable to mould the 

coarse-grained sand into migrating subaqueous dunes, but were not apt to drive the gravel 

fraction shoreward. This produced winnowed 'post-storm' gravel lags (DeCelles, 1987) that 

can only be set in motion during the next storm event. The above theme of deposition may 

account for the normal grading seen in the gravel lenses as result of diminishing energy levels 

and the wedge-shaped geometry of the gravel lenses that thicken in a landward direction. The 

last is possibly an expression of gravel build up into a crude ripple during migration. The 

spatial segregation of the gravel lenses seen in outcrop would thus have an irregular lensoid 

appearance when viewed in plan. 

This style of deposition for Sub-facies D2 is also inferred from various literature were 

similar features in the rock record have been documented. For example, Clifton ' s (1981) 
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facies C in the Miocene Branch Canyon Sandstone, California, U.S.A., comprise lenses of 

coarse-grained sand within a sequence of fine-grained sandstone. Notwithstanding the 

different wave energy regimes, the architecture is similar to Sub-facies 02 where coarse­

grained sediments are interbedded with, and truncate underlying, finer sand. A similar 

relationship was also noted by Bailey et al. (\ 990) for his shallow marine facies (Zandfontein 

Quartzite Formation) in the Archaean Witwatersrand Supergroup, South Africa. In addition to 

these, comparable descriptions of the Sub-facies 02 gravel lenses have also been noted from 

ancient shoreface sediments by Leithold & Bourgeois (1984, their unit A, Miocene age), 

Leckie (1988, Cretaceous Gates and Cardium Formations) and Cheel & Leckie (\ 992, 

Cretaceous Chungo Member). 

Apart from the ancient rock record, modern equivalents of the Sub-facies 02 gravel 

lenses on present-day continental shelf and shoreface settings are not uncommon. These have 

been recorded from the inner shelf of Nova Scotia at depths from 15-65 m (Forbes & Boyd, 

1987) and along the Namibian coast where migrating pebble gravel 'wave trains' have been 

observed at depths of 15-20 m by divers and are characterised by sinuous crests that are 

aligned sub-parallel with the present coastline (W. Macdonald, pers. comm., 2002). 

It is difficult to predict the palaeo-depth of Sub-facies 02 to a reasonable degree of 

accuracy with the current dataset, but although speculative, depths up to 30 m could 

approximate the depositional setting based on the arguments above. In view of this and 

assuming depths of20-30 m, it would imply that the sea-bed was possibly most of the time in 

motion and would preclude the deposition of clay, silt and mica which are absent in Sub­

facies 02. 

Sub-facies D3 

The depositional theme of Facies 0 ends with the accumulation of Sub-facies 03 

sediments, which are consistent with a proximal upper shoreface setting (Figure 3.44) 

reflecting storm and post-storm recovery events (Leitho ld & Bourgeois, 1984; Massari & 

Parca, 1988). The cross-stratification of both the gravel and sand of Sub-facies 03, indicate 

two predominant transport directions; that is an offshore and alongshore component, 

respectively. The former attests to offshore transport by storm-generated rip currents, whilst 

the latter indicates reworking by longshore drift as conditions normalised. 
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The alternating gravel and interbedded sand arrangement therefore suggests that each 

gravel/sand couplet may represent the record of a single storm event and subsequent recovery 

stage (Massari & Pare a, [988). This 'multi-storied ' arrangement of strata has also been 

documented from other deposit types by Vos & Hobday (1977), notably their facies 2 in Ecca 

Group sediments of Palaeozoic age within the Bothaville area, South Africa, and they 

afforded a similar interpretation. 

The cross-stratification of the interbedded coarse sand sequences of Sub-facies 03 

would have been generated by subaqueous dunes migrating alongshore under a northward­

directed littoral drift after the passage of a storm. If the modern day longshore current off the 

study area is considered, current velocities are variable with extremes as much as 2 mis, but 

more typically it averages between 0.3 mls and 0.5 mls (Swart, 1984). More significantly, its 

magnitude varies across the breaker zone from zero at the shoreline to a maximum that is 

approximately two-thirds of the way towards the breaker zone, after which it drops to zero at 

some distance after the breaker zone (Swart, 1984). Given that the seaward extent of the 

breaker zone lies close to a depth of [5 m - evidently coincident with subaqueous dunes, as 

reported by de Decker (1987) - the depth where the magnitude of longshore drift is highest 

can be speculated to approximate ten metres; obviously depending on wave conditions. It thus 

follows that these zones of different conditions will be reflected in the sediments that 

accumulate there. Higher flow conditions are recorded in the trough cross-stratified sands 

seen at the base of Sub-facies 03, whilst the sedimentary features in the upper sands reflect 

lower velocities to allow biogenic activity. This also suggests that deposition of the upper 

sands was within an area away from the higher energy zone where basal trough cross­

stratified sands accumulated, but not necessarily in calmer conditions that are unfavourable 

for bedform migration. This inference is based on the fact that biogenic activity can occur in 

high energy environments. Droser & Bottjer (1989) documented bioturbation in high-encrgy 

nearshore deposits (beach, littoral and shoreface) and noted that sedimentary structures are 

not always completely destroyed by the biogenic activity. Clifton ([988, his table [ , pg. 512) 

also documents the presence of bioturbation in cross-stratified deposits of high energy 

environments, these being nearshore surf zone and zone of longshore and rip currents. 

In contrast to the sand units, the gravel sheets represent exceptionally strong currents 

that were capable of entraining large gravel clasts (up to cobble size) into the upper parts of 

the shoreface, which could only be induced by extreme storm conditions. DeCelles (1987), 
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Mathers & Zalasiewicz (1996) and Hartley & Jolley (1999) demonstrate that sheets of 

ungraded to partially graded gravel in the upper shoreface were deposited by severe storm­

generated rip currents that were capable of transporting large cobble- to boulder-size clasts. A 

similar interpretation is proposed for the gravel sheets of Sub-facies 03. The seaward­

decreasing gravel size (to the south-west, i.e. offshore), clast imbrication signifying an 

offshore transport direction and the palaeo-current direction of cross-strata - which is offshore 

- lend support to this view. Adding further credence to this interpretation is the recognition of 

similar rip current features by Yagishita (1994) from Upper Cretaceous sediments in north­

east Japan where clast size variation as described above and offshore-directed palaeo-flows 

from cross-strata and clast imbrication were noted. The lenticularity, sheet-like geometry with 

erosive bases and orientation of the Sub-facies 03 gravel couplets which is normal to the 

palaeo-shoreline, can be interpreted as rip current channels similar to those described by 

Mathers & Zalasiewicz (1996). 

The variable clast shapes in the gravel sheets suggest a provenance in a gravel­

dominated shoreline, particularly the presence of disc- and blade-shaped clasts. These are 

commonly found in gravel foreshore settings where such shapes predominate (Bluck, 1967; 

Nemec & Steel, 1984; Section 3.5). Consequently, their transportation into the shoreface can 

only be achieved under storm conditions. More significantly, the decrease in clast size in an 

offshore direction reflects some degree of clast-size sorting related to changing flow 

velocities, whereas the mix of clast shapes throughout the storm sheets, demonstrates the 

inability to shape sort in these rapid depositing events. 

Although exposures near to the foreshore facies as described in Section 3.5 were 

removed by mining, no boulders (outer frame - Sub-facies Cl) were observed in the gravel 

sheets or recorded in historical geological records. Worthy of mention is the record by Pether 

(1994) of storm-deposited cobble to boulder gravels in palaeo-shoreface deposits along the 

Namaqualand coast in South Africa (see also Section 3.4.4). In addition, Gruszynski et ai. 

(1993; in Mathers & Zalasiewicz, 1996) and Hartley & Jolley (1999) document boulder-size 

clasts as a component of rip-channel deposits . These observations clearly demonstrate the 

competence of rip currents to remove such gravel size from a shoreline. Coastal conditions 

must, therefore, favour the development of strong rip currents. These would be best 

developed during exceptional storms driven by long period waves (Cook, 1970). Such storms 

do occur offshore of the study area as noted in Section 1.3 where wave heights (H) and wave 
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periods (T) of 5 m and 20 mlsec, respectively, are recorded I % of the time and would 

seemingly generate rip currents that are capable of moving boulders offshore over a short 

distance . The infrequency of these storms would also allow greater preservation of the 

boulder clasts; they will remain static until a storm of greater magnitude, which is 

considerably more infrequent, moves the clasts further offshore. The lack of these large 

gravels in Sub-facies D3 is not fully understood given that they do occur at the toe of the 

foreshore environment and, as such, are a source of boulder clasts. It may be that these were 

removed by mining operations and were also possibly not recognised in the past as a 

component of the storm gravel sheet deposits. 

3.6.5 Summary and depositional setting of Facies D 

Many of the features preserved in Facies D closely resemble those in modern coastal 

sediments along the Namibian coast and because of its extreme energy, this coast serves as a 

good analogue to work from. Figure 3.44 serves as a schematic reconstruction of the 

depositional settings for the different sub-facies, whilst the salient features of each sub-facies 

and their interpretation are summarised in Figure 3.45. 

The west coast of southern Africa has been classified as a storm-dominated coastline 

(Davies, \964) with a present wave climate that has remained unchanged since the Neogene 

(de Decker, 1988). These attributes are therefore reflected in the sediments of Facies D where 

depositional processes demonstrate great depths, which typify storm-dominated shoreface 

deposition . More significantly, the processes that engender sediment transport and deposition 

in the shoreface are distinctly different to those in the surf zone (Niedoroda et al., 1984). One 

aspect of this is that near the coast, wave-induced oscillatory currents are the main agents, 

whilst farther seaward and at greater depths, storm-induced unidirectional currents generally 

govern sediment transportation and erosion. Thus storm-related sedimentation dominates the 

lower shoreface, whereas fair-weather signatures are reflected in upper shoreface sediments 

(Immenhauser, 2009). 

Equally important is the sediment exchange between the foreshore and shoreface. 

Sediment is sourced from the foreshore during storms and its deposition can extend across the 

entire shoreface into the adjoining inner shelf (Niedoroda et al., \984). Those that are 

deposited within lower shoreface and inner shelf areas may consequently not be returned to 

the foreshore, whilst deposition onto the upper shoreface will see a return of the sediment 
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during normal conditions (Niedoroda et at., 1984; Hequette et at., 2001). Using calibrated 

storm erosion models for exposed coasts such as the modern beach just north of the Orange 

River mouth, it has been estimated that the volume of sand approximating 50-100 m1 per 

linear meter of beach can be eroded during stonns and moved offshore (Smith, 2006). This 

will obviously lead to significant deposition in the shoreface and has been demonstrated from 

profile measurements to be in the order of 0.1-2 m in thickness at depths up to 18 m (Smith, 

2006). While this deposition may take place over a period of hours or days, the return of 

eroded sediment to the shoreline under calm conditions is envisaged to be considerably slow, 

over a period of months or years (Smith, 2006). It therefore follows that the upper shoreface 

is a reservoir to the foreshore, which in turn is depleted and replenished during normal and 

storm conditions, respectively (Niedoroda et at. , 1984). An important part of this 

replenishment which al so governs net deposition in the shoreface is river flooding (Wiberg, 

2000). Besides sediments deriving from the Namaqualand coast in South Africa (south of the 

study area) through longshore transport, which is negligible (Smith, 2006), and also from 

foreshore settings during storm scavenging, river-derived sediments from the Orange River is 

seen to be a major source for shoreface sedimentation during Facies D times. 

Evidence from modern oceans suggests that the lower shoreface is roughly equivalent 

to or slightly deeper than normal wave base, and it varies between 2 m and 20 m (Walker, 

1985). Here, normal waves do not reach bottom and thus sand deposits are moved only during 

storm events . The sediments of Facies D, however, reflect contrasting settings where lower 

shoreface sands (medium-grained) are moved during average wave conditions at depths 

greater than 30 m. This is borne out by de Decker's (1988) findings that coarse to very coarse 

sand entrainment is effective at depths of 30 m during the present-day under such conditions 

(more than 50% of the time), whilst pebble gravel can be transported at depths of30 m during 

storm conditions (5% of the time). Thus, sedimentary features ascribing to tidal cycles (see 

Simpson & Eriksson, 1990; Winn, 1991), notably, the repetitive variation in cross-sets, mud 

drapes and tidal bundling of cross-stratification, is expected to be absent in Facies D, as is 

hummocky cross-stratification. Although the last mentioned is indicative of storm-induced 

bedforms (see Leckie, 1988; Southard et at., 1990; Walker & Bergman, 1993; Midtgaard, 

1996; Nichols, 1999, pg. 140), its absence from facies D docs not necessarily negate a storm­

dominated sequence, but simply implies the inability of these bedforms to form in such coarse 

sands; they are commonly found in fine- to very fine-grained sediments (Harms et at. , 1982). 

The predominance of coarser grained sediments in Facies D is testament to the highly 
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energetic nature of the shoreface environment where it is estimated by de Decker (1988) that 

more than 50% of the time wave heights and wave periods of 1.7 m and 12.5 seconds, 

respectively, occur with a bias towards winter that is more energetic. Therefore such 

conditions do not favour the deposition and preservation of finer sediments such as clay and 

silt, particularly at depths up to 50 m, as evidenced from the total absence of these clay and 

silt in Facies D. 

Immenhauser (2009) discusses the difficulties of reconstructing palaeo-water depths 

from the rock record, which evidently can prove difficult given that sedimentary features have 

limitations as proxies for palaeo-depth estimation. By using the modern Atlantic Ocean as an 

analogue to supplement the field data, crude depth estimates were derived for Facies 0 , but 

obviously further work is required to gain better estimates. Nonetheless, what the Facies 0 

sediments do reflect, as seen from the vertical distribution of each sub-facies, is a shallowing 

succession. The deeper, lower shoreface sediments (Sub-facies 0 I), which record sea floor 

perturbations during storm events, as evident from the scouring and entrainment of pebble 

clasts, are overlain by shallower, coarse-grained bar deposits (Sub-facies D2) and winnowed 

gravel 'wave trains ' of the middle shoreface setting where the energy regime was 

comparatively higher. This is also reflected in the change from planar (in Sub-facies 01) to 

tough cross-stratification (Sub-facies 02), which is related to upward shoaling with increased 

current and wave velocities as illustrated by Harms et al. (1975; pg. 110) for the Shannon 

Sandstone Sequence in Wyoming, U.S .A. Sub-facies 02, is in turn overlain by gravel rip­

channel features interbedded with cross-stratified sand (Sub-facies 03) reflecting high­

energy, storm-induced deposition and post-storm recovery events in the proximal upper­

shoreface. The abundance of gravel in Sub-facies 03, in contrast to the sand-dominated 

sequences of Sub-facies 0 I and 02, further supports a shallower setting that is closer to a 

gravel foreshore source. In addition, Facies 0 demonstrates that the shoreface sediments form 

part of the offshore continuum of the barrier beach environment of Facies C. 

3.6.6 Age and correlation 

The recovery of shell fragments of the zone fossil Donax rogersi (Earliest Pleistocene) 

correlated to the 30 m Package farther south along the Namaqualand Coast in South Africa 

(Pether, 1986) points to contemporaneous deposition with the sediments of Facies C and 0 of 

similar age. 
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CHAPTER 4 - DEPOSITIONAL MODELS AND STRATIGRAPHY 

4.1 INTRODUCTION 

It is evident from the facies relationship that two principal episodes of deposition 

occurred in the study area, these being the emplacement of a gravel barrier spit followed by 

the deposition of a gravel barrier beach complex. Both took place within the confines of a 

palaeo-Orange River mouth, where the development of barrier forms took place. [n addition 

to the recognition of these principal episodes, it has also emerged from Chapter 3 that the 

barrier beach complex is represented by a stacked arrangement of barrier beach deposits 

preserved in various forms. The degree of preservation is obviously related to a combination 

of depositional processes, which is discussed in Section 4.2, but complete preservation is at 

most times rare within the ED rock record. 

Figure 4.1 illustrates broadly the stratigraphic framework of the ED Area and it is 

clear from the diagram that complete preservation has occurred during the evolution of the 

barrier beaches. The surface expression of this preservation is the beach ridges that are partly 

seen in the field as topographical ' humps ' and represent the final accumulation of beach 

forms before sea-level abandoned the study area during a regression. Both ridges that are 

shown in Figure 4.1 form part of separate barriers. Traditionally, these were informally 

classified as the 'F' and 'E' beaches, the latter being recognised as the oldest in the Plio­

Pleistocene beach stratigraphy of MAl (see Section 2.2 for beach classification and Figures 

1.2 & 2.4 for stratigraphic illustration). However, for reasons to emerge later, deposits of the 

'F' barrier beach are absent in the ED Area and thus the alphabetical codes '0' and 'E' are 

more correct and shall henceforth be applied. 

Although the two barriers ('0' and ' E') obviously comprise similar facies, their gross 

morphology is dissimilar in the following ways: 

I) The '0' barrier is positioned seaward and at a lower elevation in comparison to the more 

landward and higher position of its 'E' counterpart. 

2) Deposition of the ' E' barrier is seen as a vertical build-up through episodic accumulation 

of barrier beaches, culminating in a completely preserved barrier complex. In contrast to 
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this depositional style, the 'D ' barrier beach is more indicative of a single emplacement 

event, also completely preserved. 

3) The size of the gravel clasts in the 'D ' barrier beach as discussed in Chapter 2 (Section 2.2) 

is considerably coarser and the deposits proved to be highly economic, considering that it 

was the principal mining target. Vestiges of these coarse gravels, mainly the beach ridge 

and outer frame deposits are still in situ. Figure 3.23 (A & B) show such an outer frame 

deposit. Note that outer frame and beach ridge clasts of boulder size are absent in the 'E' 

barrier. 

Although these differences are obvious, a more striking feature that is applicable to 

both the' D' and 'E' barrier deposits, which is clearly seen in Figure 4.1, is their shore parallel 

(to the modern shoreline) configuration and sudden disappearance towards the south-east in 

the direction of the bedrock high. Consequently, with an absence of barrier forms in the 

south-eastern part of the study area, the barrier beaches, along strike, only occupy 

approximately 75% of the ED Area. This contrasts with the extent of the transgressive lag, 

which occupies the entire study area. It has been argued in Chapter 3 that the transgressive 

boulders were derived from a landward migrating shoreline, sourced from the outer frame 

setting (beach toe). Therefore, the most landward end of the transgressive lag should 

culminate at a barrier beach. This raises the question as to why the barrier beaches do not 

extend throughout the study area in concert with the transgressive lag. It is conceivable that 

the most south-eastern extremities of the barrier forms were eroded away by river flow. In 

Figure 4.1 it is equally clear that the barrier beach ridges increase in elevation and thickness 

towards the north-west (down-drift). By contrast, the south-eastern end (up-drift) of the 

barrier beaches was possibly thinner and at lower elevations. River energy levels during river 

migration and passage to the Atlantic Ocean may have been sufficiently powerful to erode the 

thinner barrier structure, but not that energetic to remove the largest boulders of the 

transgressive lag. 

It is also evident that both the barrier beach and barrier spit deposits extend 

northwards towards the highly diamondiferous bedrock-floored linear beaches, but their 

relationship with the latter could not be ascertained due to the complete removal of large 

areas by mining. Historical records also fail to illustrate clearly the contact relationship 

between the ED deposits and linear beaches, showing an indistinct boundary. The northward 

transition of the ED deposits is therefore not clear; it could be either a gradual transition 

111 



CHAPTER 4 - DEPOSITIONAL MODELS AND STRATIGRAPHY 

(smearing) into linear beach forms or they may terminate at the bedrock boundary that forms 

the north bank of the palaeo-Orange River. A fundamental aspect of this relationship seen 

from Figure 4.2A is that the barrier beach ridges, more particularly the most landward (i .e. 

'E' barrier), are positioned at lower elevations than the base of the ' F' bedrock-cliff. 

Assuming that the latter represents a transgression and is time equivalent to the emplacement 

age of the barrier beaches, the base of the cliff and that of the barrier beaches should have 

similar elevations (Figure 4.2B(I)). However, the 'F' cliff base is approximately 25 m above 

msl, whilst the elevation of the highest ridge (at G39.5) is lower at approximately 23 m above 

msl (Figure 4.2A). In addition, the transgressive lag that leads to the barrier beaches is 

positioned 15 m below the base of the ' F' cliff (Figure 4.2A & B(2)). This difference in 

elevation intuitively suggests that the bedrock platform, representing a transgressive surface 

on which the 'F' cliff is developed, cannot be correlated to the transgressive boulder lag. 

Thus, these transgressive events are seemingly unrelated. 

The 'F' cliff is also not laterally (coast parallel) contiguous with the ED Area barrier 

beach deposits, but is positioned slightly landward (see Figure 4.2A). It is therefore 

reasonable to assume that the 'F' cliff was cut earlier than the emplacement of the ED Area 

barrier beaches. This would also imply that 'F' cliff time-equivalent barrier beaches are 

farther landward of the study area; a function of higher barrier migration rates within a 

palaeo-river mouth setting as compared to that of a bedrock-dominated setting (Figure 4.2B(3 

& 4)). This is discussed in Section 4.3.1 . Beach correlation along strike at the palaeo-river 

mouth/bedrock interface is consequently disjointed with the barrier beaches developed more 

landward (Figure B (3 & 4)) . It therefore follows that the 'F ' cliff and its associated bedrock 

platform were developed prior to the emplacement of the ED Area barrier deposits. If this 

reasoning is permissible, the transgression responsible for depositing the latter would have 

thus reached an elevation that is lower than the 'F' cl iff (Figure 4.2B (4)). The 30 m Package 

ED deposits would therefore represent only the 'D' and 'E' informal beach stratigraphy of 

Stocken (1962) and Hallam (1964; see also Chapter 2, Section 2.2 for discussion on the beach 

stratigraphy). 

In view of the above, one aspect that is also not readily appreciated is subsidence 

through sediment compaction. Soft sediment deformation features have been recognised in 

some of the facies as described in Chapter 3 and these are mainly due to 

penecontemporaneous loading of barrier beach deposits onto unconsolidated sediments. 
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Hence, subsidence of the barriers due to the compaction and dewatering of the underlying 

sediments is not inconceivable. For example studies such as those by Tornqvist et al. (2008; 

Mississippi Delta, U.S.A.) and Long et al. (2006; West Winchelsea, England) on peat 

compaction within coastal wetlands, either through a process of autocompaction (compaction 

due to its own body mass) or compaction due to loading by estuarine or deltaic sediments, 

validate the views that these processes contribute to landscape subsidence and consequential 

inundation of coastal waters. Long e/ al. (2006) concluded that the peat in coastal wetlands of 

West Winchel sea, England, compacted at least 3 m due to loading by 5 m of fine tidal sand. 

Obviously, peat can be compressed to a greater degree than other sediment types such as 

sand, silt or clay. Nonetheless, the concept of compaction is a fundamental mechanism in 

coastal evolution as demonstrated by Rosati e/ al. (20 I 0). Through the application of model­

induced simulations for sand-dominated barriers that were correlated to field data, they 

concluded that barrier migration over a soft substrate (either of marine or estuarine origin) 

will result in the compaction of underlying sediments over time due to loading. The 

consequential response, albeit delayed, is a lowering of the barrier elevation, volumetric 

adjustment of the barrier and increased washover sedimentation when the barrier ridge is 

lowered to a critical level that encourages frequent overwashing (Rosati et al., 2010). 

Comparatively, the magnitude of loading and attendant compaction in gravel barrier 

beach settings would expectedly be higher due to their greater weight. However, as in the 

case of the study area, the amount of compaction in the underlying clay, sand and gravel 

would be far less than that in peat or marsh sediments, but the consequential effect cannot be 

ignored. Perhaps equally important is the compaction of the unconsolidated palaeo-channel 

fill sediments of the Meso-Orange River (80 m in thickness) of predominantly sand with 

minor gravel that are footwall to the marine deposits. Although untested, it is assumed that 

these Meso-Orange River sediments would have compacted during their accumulation to 

possibly create an already subsided surface onto which the barrier deposits were emplaced. 

The degree of subsidence within the ED Area has not been quantified, but may have 

contributed to difference in elevation heights between the barrier beaches and linear beaches 

as discussed earlier. Further work will be required to test this hypothesis. 

In summary, the ED Area palaeo-shoreline of Plio-Pleistocene age, confined to a river 

mouth setting, is characterised by barrier beach and barrier spit deposits that have 

accumulated through variable sea-level and river processes. The vertical stacking of 
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sedimentary facies is therefore an indication of sea-level changes. Coupled with coastal 

subsidence, it is the behaviour of these processes that has promoted the preservation of a 

coastal stratigraphic sequence, capturing the evolutionary pathways of barrier deposits. 

Background to such coastal processes and the evolution of the study area are presented 

hereafter in Sections 4.2 and 4.3. 

4.2 PRESERVATION OF COASTAL SEQUENCES 

The development and preservation of coastal sequences are unequivocally dependent 

on several factors; the dominant being sea-level changes, sediment accumulation and wave 

and tidal processes (Davis Jr & Clifton, 1987; Cooper & Pilkey, 2004). It has been 

demonstrated in preceding chapters and by de Decker (1988) that the Atlantic wave climate 

has not changed since the Neogene and similarly the shelf remained relatively buoyant since 

the Late Cretaceous (Aizawa e/ al. , 2000; Bluck e/ al., 2007). Given the persistence of a 

micro-tidal regime and a shelf with minor subsidence, the accumulation and preservation of 

thick sedimentary sequences in such settings, alone, is considered unlikely. Consequently, 

changes in sea-level and rate of sediment supply are recognised as the primary controls for 

the development of the ED Area stratigraphy. The signature of these, notably regressive and 

transgressive, as well as progradational events is imprinted in the sedimentary record. There 

are, however, various combinations of sea-level and sedimentation models that can explain 

different styles of coastal stratigraphic sequences and their preservation. The general aspects 

of these will be discussed to serve as a prelude to understanding the genesis of the ED Area 

stratigraphy. The intention is not to review sequence stratigraphy applications, but merely to 

present basic principles that have relevance to the study area and design of the depositional 

models. Consequently, sea-level changes in this study are considered to be independent of 

tectonism (uplift and subsidence) given the assumption that the area has remained relatively 

stable throughout Plio-Pleistocene times. Additionally, behaviour patterns and resultant 

sequences of the Meso-Orange River will not be reconstructed, but where applicable to the 

ED stratigraphy, river influence will be briefly discussed. 

4.2.1 Coastal stratigraphic sequences 

Davis Ir & Clifton (1987) note that transgressive sequences involve the landward 

migration or a retreat of a shoreline as an obvious result of sea-level rise (tectonic subsidence 

is excluded from the equation). The response to this migration as documented by Catuneanu 

114 



CHAPTER 4 - DEPOSITIONAL MODELS AND STRATIGRAPHY 

(2002) is a landward shift of facies and deepening of the marine water in the yicinity of the 

shoreline. The result is stacked retrogradational patterns (Catuneanu, 2002). 

Regressive patterns are commonly associated with a sea-level fall inducing a seaward 

migration of the shoreline. This induces a seaward shift of the facies, as well as shallowing of 

the marine water in the vicinity of the shoreline (Catuneanu, 2002). However, a regression 

may also occur during a stable or rising sea-level where sediment supply is in surplus 

resulting in shoreline progradation (Davis Jr & Clifton, 1987). Note, however, where sea­

level fall is independent of sediment flux and the shoreline is forced to regress by falling base 

level , it is termed a forced regression. Whereas a static or rising sea-level accompanied by a 

sediment supply rate that outpaces the rate of accommodation space at the shoreline is 

referred to as a normal regression (Helland-Hansen & Martinsen, 1996; Muto & Steel, 1997; 

Nichols, 1999; Catuneanu, 2002). Normal regressions occur during the early and late stages 

of a transgression; that is, lowstand and highstand, respectively (Catuneanu, 2002). 

During either of the above scenarios, sediment is deposited in the space between the 

sea floor and base level ; the latter for simpl icity approximates sea-level in a marine context, 

although in reality it is below sea- level due to the erosion of waves and currents (Catuneanu, 

2002). The space that is generated between the sea floor and base level is referred to as 

accommodation space. This is where sediments potentially accumulate and the amount of 

space will vary according to the degree of base level change (Posamentier et al. , 1988; 

Catuneanu, 2002). Note that during transgressions the newly created accommodation space 

outpaces sediment accumulation, whereas the opposite occurs in normal and forced 

regressions where the newly created accommodation space is consumed by sedimentation and 

thus encourages progradation (Catuneanu, 2002). 

4.2.2 Sediment supply 

The sustainabi lity of barrier spit and barrier beach growth is dependent on sediment 

supply (Orford et al. , 1991 ; Firth et al. , 1995; Soons et al. , 1997; Orford et al., 2001 ; Pye, 

2001). An adequate supply will maintain growth, while sediment starvation will lead to 

breakdown through a process of cannibalisation or reworking of the barrier sediments (Orford 

et al., 200 I). Consequently, river behaviour during base level fluctuations controls sediment 

supply, which in turn is central to the fate of the shoreline. 
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Rivers adjust to newly established base levels to maintain equilibrium; that is, they 

adjust to their graded longitudinal profile. They either aggrade (,back-filling' sensu Schumm, 

1993) during a transgression where base level has been raised, or degrade (fluvial incision) on 

a forced regression when base level is lowered. In both circumstances, the impact of base 

level change is, amongst others, influenced by the magnitude, duration and rate of change 

(Schumm, 1993). Once equilibrium has been achieved, however, the river is able to transport 

the sediment without aggradation or degradation (Catuneanu, 2002). Base level adjustment, 

however, has limited upstream extent and is usually confined to the downstream reaches of 

the river. Beyond this upstream limit, the river is influenced primarily by a combination of 

climate and tectonic factors (Catuneanu et al., 2005). At the downstream reach, the river 

mouth moves according to base level change where it keeps the adjusting river profile 

connected to changing base levels, either through seaward extension during regressions or 

landward retreat during transgressions (Catuneanu et al., 2005). Where seaward extension 

occurs on a forced regression, the river extends across the newly exposed shelf with a 

concomitant incision into previously deposited highstand sediments (Blum & Tornqvist, 

2000). With the onset of aggradation during the early stages of transgression (i.e. lowstand), 

the river, once in equilibrium, will have the capacity to migrate laterally across the exposed 

shelf with the river mouth responding in concert. 

Where base level fall at the shoreline is small during forced regressions, nver 

adjustments are slight such as minor down cutting, but where the regression is significant 

with base level falling beyond a major topographic break such as the shelf, the magnitude of 

incision is greater (Catuneanu, 2002). It is at this time that river competence is highest to 

transport a coarse bed-load, up to boulder size, to the coastline (see Posamentier et al., 1988; 

Postma, 1995; Nichols, 1999). Noteworthy, is that sediment supply is initially locked up in 

terrace deposits and gradually released over a protracted period as the new base level migrates 

upstream during a regression (B. Bluck, pers. comm., 20 I 0). For example, it has been 

demonstrated that rivers do exhibit an imbalance in sediment production and sediment yields 

at the basin mouth, which is attributed to a source-to-sink time lag and alluvial storage 

(Phillips & Slattery, 2006). By contrast, coastal aggradation during a transgression lowers the 

slope gradient of the downstream reach, encouraging river aggradation and a reduction in 

fluvial energy (Catuneanu et al. , 2002). Sediment supply to the coast, however, continues but 

the bed-load size is generally finer than that delivered during a forced regression. The fining­

upward trends in aggradational profiles are an expression of this energy reduction . Obviously 
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this reduced flow will be punctuated by river flooding that will result in the delivery of 

coarser sediment to the coast. 

Apart from river supply, reworking of delta deposits during transgressions is also 

another source of sediment. A modern example of this is seen along the Skeleton Coast, south 

of Terrace Bay in Namibia (Figure 4.3.A; see also Figure 1.1 for locality of Terrace Bay). 

Here, Cainozoic fan-delta sediments form the Uniab Fan and its seaward edge is represented 

by a steep, wave-cut cliff (van Zyl & Scheepers, 1992; Krapf, 2003). Through extrapolation 

of the surface gradient, Krapf (2003) demonstrated that the fan-delta extended some 6-7 km 

offshore of the present coastline and thus its present position, notably the wave-cut cliff, is a 

relict feature of sea-level rise. At the base and fringing the wave-cut cliff, a modern gravel 

beach forms the shoreline (Figure 4.3B). Although, it is likely that the modern fan-delta 

distributaries may have supplied sediment to the shoreline during flood periods, it was 

probably negligible given the ephemeral nature of the drainage system. The gravel is sourced 

principally from the fan-delta. This not only supplied coarse sediment to the modern gravel 

beaches fringing the Uniab Fan, but also modern deposits farther north at Terrace Bay where 

the delivery of sediment is through longshore transport. 

4.2.3 Sequence preservation during transgression 

Demarest II & Kraft (1987) note that not all sedimentary environments are likely to 

occur in a single vertical sequence since the preservation potential of some depositional 

environments is higher than others. During a transgression, as the shoreline shifts landward, 

the combination of wave erosion of the foreshore and upper shoreface with a concomitant 

deposition in the lower shoreface is required to maintain the bathymetric profile (Catuneanu, 

2006). This transgressive wedge deposited in the lower shoreface known as ' healing-phase' 

deposits (Catuneanu, 2006), has the greater preservation potential. Landward of the shoreface, 

in close proximity to the foreshore, sediments that are proximal to the barrier beach and at a 

lower level, such as those filling deep estuarine-lagoons and tidal inlet channels, as well as 

washover deposits (see also Sedgwick & Davis Jr, 2003) will also have a propensity to 

surv ive erosion during shoreline retreat (Demarest II & Kraft, 1987; Nummedal & Swift; 

1987). 

However, a rapid sea-level rise will induce maximum preservation (Davis Jr & 

Clifton, 1987). Here in situ drowning of a barrier beach is accomplished when barrier 
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migration rates fall behind the rate of sea-level rise (Orford et al. , 1991). Such submerged 

barriers have been recorded by Forbes et al. (1991) at depths of about 5 m offshore Story 

Head, Nova Scotia and by Gray (2002) at depths of 90-119 m offshore the ED Area. It has 

been shown by Forbes et al. (1991) that during submergence of the Nova Scotia barrier, a 

remnant of the barrier feature was left behind in the shoreface, whilst its upper part migrated 

with sea-level rise. 

When sea-level rise decelerates (highstand), shoreline progradation and aggradation is 

encouraged with sedimentation outpacing the rate of sea-level rise (normal regression; 

Catuneanu, 2006). Coastal settings that are dominated by aggradation thus have a propensity 

to preserve estuarine and backstepping beach facies in the rock record, but their preservation 

can be precluded by sub-aerial and marine erosion that are associated with a subsequent 

forced regression (Catuneanu, 2006). In such instances, only partial preservation of gravel 

beach progradational sequences is thus expected where the large disc zone is removed, whilst 

swash and berm, as well as outer frame (beach toe) deposits survive the erosion. Note that 

gravel beach progradational sequences, when completely preserved, are characterised by a 

layer of large discs (beach ridge) overlying an extension of steeply inclined foresets (cusps 

and swash berms), which in turn rest on a layer of large, spherical clasts (outer frame ; Bluck, 

1999; Bluck et aI. , 2001), 

4.3 DEPOSITIONAL MODELS AND STRATIGRAPHY 

The lower reaches of palaeo-fluvial deposits and palaeo-coastal remnants along the 

Atlantic coastline, north and south of the Orange River, record sea-level fluctuations that are 

best imprinted in Neogene and Quaternary age deposits. It has been advocated that these 

fluctuations are primarily glacio-eustatic driven due to the waxing and waning of high latitude 

ice sheets (Hallam, 1964; Tankard et aI. , 1982; Dingle et al. , 1983; Gresse, 1988; Pickford & 

Senut, 1999). Geological evidence for glacio-eustatic sea-level fluctuations - linked to 

climate changes - is widespread and gleaned mainly from marine oxygen isotope and ice 

rafting records that are used as proxies for sea-level changes (Lambeck et al. , 2002; Pillans & 

Naish, 2004). 

Nonetheless, the Cainozoic coastal stratigraphy within individual mll1l11g areas 111 

South Africa (Namaqualand) and Namibia (Sperrgebiet) is fragmentary and problematic to 

118 



CHAPTER 4 - DEPOSITIONAL MODELS AND STRATIGRAPHY 

correlate due to difficulties in dating and characterisation of the deposits. As regards the 

latter, variances in elevation heights of nearshore sediments of similar age cannot be 

satisfactorily correlated and continue to fuel speculation of tectonic influences (see Figure 

4.4A). Although, tectonism is to some degree suspected as one of the contributing factors for 

the deposition of coastal deposits, it is yet to be satisfactorily proven. In fact, a reappraisal of 

MA I stratigraphy within the Sperrgebiet in terms of elevation heights and age relationship 

has not been attempted since the work of Pickford & Senut (1999). However, unique 

depositional patterns have emerged from recent studies on both the coastal and fluvial 

deposits. For examples, Jacob (2005) has shown that the Meso-Orange River during Plio­

Pleistocene times was capable of transporting boulder-grade sediment to the coastline. This 

was facilitated by a combination of river competence (also a function of steep gradients) and 

tributary input with the last playing a critical role in delivering coarse gravel to the main 

channel. The resultant pattern is an unconventional coarsening of the lower reaches of the 

Meso-Orange River and thus typical downstream fining is lacking. Moreover, Jacob (2005) 

and Ward et al. (2002) also noted that the aggradational profiles of the Meso-Orange deposits 

do not fine upward , but the coarse gravel component is retained in the upper units of the 

aggradational sequences. 

The Meso-Orange River outfall and its associated dispersal system, as discussed in 

Chapter 2, is also unique within the context of delta deposits and difficult to classify as 

pointed out by Bluck et ai. (2007). The highly energetic wave climate and vigorous sediment 

dispersal system, as discussed in Chapter 2 (Section 2.1), active since the Eocene precluded 

the formation of a classic delta deposit. Bluck et ai. (2007) demonstrate that the Orange River 

outfall compares with smaller gravel-dominated fan-deltas and wave-dominated deltas; the 

main difference, amongst others, being the scale of the delta and the persistent coastal energy. 

Thus the Orange River outfall is an extreme case of a wave-dominated delta and although it 

does not conform to typical delta settings, Bluck et ai. (2007) suggested that its classification 

as a delta should still hold; a definition that will be hereinafter applied. 

When the Meso-Orange River deposits (plio-Pleistocene) are considered, the influence 

of sea-level control is apparent from the seaward thickening wedge of fluvial sediments in the 

lower reaches of the Orange River valley that extend upstream for some 250 km (Ward et ai., 

2002). The aggradational sequences and incised bedrock profiles with deep scours are 

testament to periods of transgressions and regression, respectively (Jacob, 2005). More 
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significantly, Jacob (2005) demonstrates that the suite of Meso-Orange deposits represent 

shorter periods of aggradation and incision compared to their older counterparts. This could 

possibly reflect high-frequency sea-level oscillations. 

Sea-level fluctuations have been equally recognised within the palaeo-coastal settings 

where palaeo-shoreline remnants are developed at descending elevations with decreasing age 

(Stocken, 1962; Hallam, 1964; Carrington & Kingsley, 1969; Murray e/ al., 1970; Keyser, 

1972; Tankard, 1975; Pether, 1986, 1994; Gresse, 1988). Taking cognisance of only Neogene 

and Quaternary deposits and ignoring the offshore sector, generally the most landward and 

oldest marine deposits of Early Miocene age occur approximately 90 m above msl (Pickford 

& Senut, 1999; Pether, 2000), whereas the youngest and most seaward at 2 m above msl has 

been dated (Sr isotope) at 5,000 BP (Millad, 2004; Figure 4.4A). This stratigraphic evolution 

spanning approximately 20 million years points to an overall regression, but another cycle 

within this regressive hierarchy has also been recognised. Pether (1994) identified single 

cycles of transgression and regression within Neogene and Quaternary deposits along the 

Namaqualand coast in South Africa. He notes that the deposition of each seaward thickening 

wedge, such as the 50 m (Early Pliocene) and 30 m (Plio-Pleistocene) Package deposits, were 

emplaced under a cycle of transgression and subsequent regression, but only the highstand 

sequences were preserved. These cycles correlate to Haq e/ al. (1987) third-order cycles 

(Figure 4.4B). 

In addition to these aforementioned cycles, a third component has been identified 

within the study area. Here, cycles of transgressions and regressions within the bounds of the 

30 m Package interval are responsible for the emplacement and building of the barrier spit 

and barrier beach deposits (Figure 4.4B). Simply put, the 30 m Package deposits within the 

palaeo-river mouth reflect numerous sea-level changes; a contrast to previous assumptions 

that a single cycle of transgression and subsequent regression was responsible for their 

deposition. 

Catuneanu (2002) describes vanous pros and cons regarding the use of sequence 

hierarchy systems that are used to separate stratigraphic sequences and surfaces into different 

orders of importance. Although the systems are in vogue, he notes that there is no universal 

hierarchy system in place that can be applied to all stratigraphic case studies, but instead the 

development of a system should be on a case by case basis where hierarchal orders are 
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assigned to sequences based on their importance. In view of this, the overall regression as 

discussed above is considered least important for the study area and is thus considered low 

order, possibly correlating to the Haq et al. (1987) second-order cycle. The sequences that 

were deposited by a single cycle of transgression and regression are of moderate importance 

(Haq et al., 1987; third-order cycles), whereas the building of the barrier beach and barrier 

spit sequences through high-frequency transgressive and regressive cycles are considered 

more important for the overall development of the study area and are considered to be fourth­

order cycles (Figure 4.4B). 

4.3.1 Conceptual depositional models 

In this section consideration is given to barrier beach and barrier spit behaviour as a 

backdrop to understanding the stratigraphic framework of the study area. Conceptual models 

are presented for both barrier types, but note that sea-level influence has been omitted in this 

discussion and thus only a simplistic view on barrier behaviour will be presented. Sea-level 

changes and the development of the associated barrier stratigraphy will be discussed 

separately in Section 4.4. 

Barrier spit 

The fact that the barrier spit is bedrock-attached implies that the bedrock island was at 

some point in time a disruption to wave propagation and sediment transport along the coast. 

Also, given the absence of washover deposits as indicated by the available exposures, the 

barrier spit was a great deal wider to preclude overwash. It was also considerably longer 

relative to its width. Hence, the deposits seen in section are only a relic of its much larger 

geometry. Therefore, barrier spit evolution in the study area is not adequately clear, but there 

are several indications that point to cycles of progradation and subsequent erosion. 

Deposition at some point In the spit history would have been influenced by the 

presence of the bedrock island. This bedrock feature, in excess of a kilometre in length, was 

probably a large island. Such protuberances are known to disrupt the incident waves, which 

dissipate the energy to form a wave-sink on the down-drift end (Carter & Orford, 1988). This 

induces rapid deposition of the entrained sediment, forming an anchor point for sediment 

growth. With a continued supply of sediment fed from the Orange River outfall , the anchored 

spit had the competence to extend down-drift and isolate large parts of the mainland from the 

wave energy to form an estuarine lagoon. The relic recurve features (spit tips) preserved at 
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trenches G 19 and G25, as well as the estuarine-lagoon clay at G29 and 39.5, marks the 

progressive down-drift growth (see Anthony & Dolique, 2001 , pg. 134). Note that as the 

barrier spit lengthened down-drift, the estuarine-lagoon equally extended in a similar 

direction. In such sediment surplus environments, barrier lengths greater than 2 km can be 

attained such as those recorded in the Orford Shingles (Randall & Fuller, 2001) and even 

greater lengths as seen in Patagonia, Argentina, where 33 km length has been documented 

(Kokot et al., 2005). 

Once bedrock-attached, the initial stage of spit accumulation would have seen the 

deposition of a subtidal , skeletal framework (Orford et al., 2001). With an adequate supply of 

sediment, the subtidal body would have developed in advance of the gravel spit filling the 

accommodation space; this being the platform onto which the gravel spit was 

contemporaneously emplaced (Nielsen et al. , 1988; Soons et al., 1997; Makinen & Rasanen, 

2003). Persistent sediment supply encouraged the emergence of the gravel spit in a barrier 

form which, with time, developed a significantly steep-beach face extending to a prominent 

ridge. In addition, it also induced seaward and landward progradation of the beach. This is 

clearly seen in the seaward-facing beaches at the G25 trench where a part of the progradation, 

some 120 m, has been preserved. Also, the direction of seaward growth towards the south­

west, demonstrates that spit alignment was roughly parallel to the present-day shoreline; an 

indication that the direction of wave propagation and longshore drift has remained unchanged 

since the Quaternary, as noted by de Decker (1988). Spit alignment would not have been 

completely straight, but instead a curve-linear configuration was possibly prevalent. Given 

that the preserved deposits are relict features, the extent of progradation and overall length of 

the barrier spit is unknown. However, the fact that growth was in perpetuation provides an 

indication that sediment supply was adequate and the resultant surface expression of such 

growth would be in the form of amalgamated beach ridges (beach-ridge plain; Figure 4.5). 

Sediment supply was primarily from the Meso-Orange River. It has been 

demonstrated by Ward et al. (2002) and Jacob (2005) that the fluvial deposits of that age 

reflect an ephemeral character related to episodic flow rates. This is no different to the present 

flow regime, which although less energetic, is highly variable even though the river is 

perennial as pointed out by Hughes & Brundrit (1995). Obviously, human intervention in 

terms of dam construction has played a major part in the modem river system. Nevertheless, 
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data prior to the construction of large dams show that their smaller equivalents had played a 

lesser role (van Heerden, 1986), implying that the Orange River flow is inconsistent. 

Nonetheless, a high sediment flux to the coast during floods would be rapidly 

dispersed as described in Chapter I. Being a wave-dominated coast, river influence (such as 

delta deposition) would be inferior to the coastal processes that modify the shoreline as 

described by Hughes & Brundrit (1995) and Bluck el ai. (2007). Such rapid dispersion of 

outfall sediment is described by Cooper (2002) where the 1988 Orange River flood, 

delivering approximately 1.4 x 106 m3 of bed-load sediment to the Atlantic Coast, was 

deposited in an ephemeral delta and redistributed by wave energy and littoral currents within 

three to four years during the post-flood adjustment phase. By contrast, the Plio-Pleistocene 

Orange River is assumed to have been more energetic and active to supply a greater quantity 

of coarse sediment. Here the resultant product from wave and current dispersion of a 

magnitude that was equally aggressive during post-flood readjustment would be in form of 

gravel barrier spits. 

Therefore barrier spit growth was at times rapid and episodic, with increased growth 

rates where copious sediment was available by flood introduction; the last is evidenced from 

clay rafts found in the beach sequences. These were ripped from the estuarine-lagoon and 

flood plain settings. During periods of low river flow, however, barrier spit growth 

progressively waned when sediment availability was reduced and a process of cannibalisation 

was provoked. Here, the barrier spit reworks itself at the proximal end to feed the spit 

terminus thereby maintaining barrier integrity (Orford et ai. , 1991). However, continued 

sediment decay would induce segmentation of the barrier spit into distinctive cells leading to 

final barrier breaching where a series of islands are formed (Orford el ai. , 1991). The barrier 

spit remnant within the study area is thought to be one such feature. 

Sediment supply was thus episodic, but there is uncertainty as to where the outfall was 

positioned during barrier spit times. Field evidence shows that the Meso-Orange River was 

undoubtedly bedrock confined in its lower reaches and occupied a position near to the present 

course as evidenced from the terrace deposits (Jacob, 2005). At the palaeo-mouth, however, 

the river course would not have been bedrock incised and probably held a different position to 

that of today. Within a wave-dominated setting where longshore drift is relatively strong, 

delta and river mouth behaviour would thus be influenced by coastal processes. Bluck el ai. 
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(2007) describe these influences for the Orange River and as mentioned earlier, they note that 

the Orange River delta typifies an extreme-wave delta setting where sediment storage is 

precluded. In these settings and under the influence of longshore drift, there is a propensity to 

deflect the river mouth down-drift so that river flow is sub-parallel with the coastline 

(Bhattacharya & Giosan, 2003). Several examples of such river mouth deflection have been 

described, for example the Senegal and Saloum deltas in West Africa (Bhattacharya & 

Giosan, 2003), the Mahanadi delta in India (Bhattacharya & Giosan, 2003) and the Rhone 

Delta in France (Rey et af. , 2009). Such river deflection is associated with river discharge 

rates that cannot compete with the dominance of longshore drift, resulting in the rapid 

removal of outfall sediments (Bhattacharya & Giosan, 2003). Therefore, delta storage 

capacity is limited and the sediments are consequently moulded into a barrier spit feature that 

separates the deflected channel from the open ocean (Figure 4.6). With the protection 

afforded by the spit, the river channel has the ability to extend alongshore in concert with spit 

growth, but to a point where a reduction in hydraulic competence is reached due to a loss in 

gradient. The channel thus begins to 'backfill' causing river avulsion and the spit is 

consequently breached to promote the growth of a new spit feature (Bhattacharya & Giosan, 

2003 ; Rey et at., 2009; Figure 4.6) . By contrast, where river discharge can compete with the 

longshore drift, the discharge behaves like a groyne at the mouth encouraging up-drift 

retention of sediment that is moving alongshore, such as in the case of Paraibo do Sui and Sao 

Francisco deltas in Brazil (Dominguez et af., 1987; Bhattacharya & Giosan, 2003). As river 

di scharge decreases and becomes inefficient to produce a groyne effect, the river mouth is 

deflected entirely down-drift as discussed earlier (Bhattacharya & Giosan, 2003; Figure 4.6). 

It is difficult to invoke which of these characteristics (as discussed above) the palaeo­

Orange River mouth adopted; it may have been a combination of both, but the persistence of 

longshore drift power cannot be discounted and it is likely that river mouth deflection did 

occur given the limited storage of delta sediments as described by Bluck et af. (2007). With a 

sediment load comprising coarse gravels (up to boulder size), the deflection would, however, 

be difficult to sustain for any length of time since the gravels would be exceptionally coarse 

for river transport that parallels the coastline where the channel has a minimal gradient. In 

addition to river deflection, there may have been a number of active distributary channels 

within the estuary feeding the outfall; either at different times or simultaneously. Van 

Heerden (1986) and Cooper (200 I) describe the present Orange River estuary as being river­

dominated where high rates of channel extension and bifurcation are symptomatic of such 
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settings. By inference, the palaeo-estuary setting during barrier spit times was probably 

similar to that of today. While it is difficult to reconstruct the position(s) of outfall(s) given 

the absence of their signatures due to erosion, the fact that a barrier spit remnant (as seen in 

section) is bedrock-attached and having a down-drift growth as evidenced from palaeo­

current directions, implies that the palaeo-outfall was to the south of the bedrock island at that 

time of spit deposition. 

The dominance of gravel in the barrier spit as seen in section at G25 and G 19 implies 

sediment segregation under a longshore drift with gravel and sand separating out along the 

spit length. The finer sediment would have moved ahead of the gravel, whilst at most times, 

the latter is moved as a traction carpet. However, during sediment outfall the gravel 

component would not have been debouched far from the shoreline as compared to the finer 

sediment. With an assurance of a sediment budget provided by the river, growth rate was 

rapid and sustainable. Therefore, the barrier spit would have grown at a remarkable rate. 

Growth rates in gravel spits are impressively high, despite being irregular, as shown 

by Carr (1969) and Randall & Fuller (2001) for the Orford Shingles in the U.K. (see also 

Chapter 3; Facies A) where a maximum of 183 mla was recorded during the early 1800s, 

whilst more recent (1969-1970) annual rates of 88 mla were measured. Noteworthy, is that 

the source for the gravel was mainly from the offshore - supplied when sea- level was lower ­

and from eroded glacial cliffs (Carr, 1965; Randall & Fuller, 2001). By comparison, a greater 

sediment load supplied directly from the Meso-Orange River would in contrast encourage 

higher growth rates in the study area. Within the present Orange River setting, a sand barrier 

impounds the estuarine-lagoon from the Atlantic Ocean. It has been demonstrated by van 

Heerden (1986) that the estuarine inlet has migrated down-drift and up-drift with time. To 

establish migration rates and hence barrier growth, the position of the inlet was surveyed by 

the author during 1999 and again in 2003 and showed a down-drift (northward) migration for 

some 1.2 km during the five-year period. This equates to an average annual shift of 240 m/a. 

In view of this and with the assumption that the Meso-Orange River was more active than that 

of today, barrier spit growth rates during the Plio-Pleistocene could have ostensibly been of 

equal magnitude, but certainly higher than those reported for the Orford Shingles; that is, in 

excess of 180 m/a . 
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However, at some point during its evolution, the G25 spit was abandoned when it 

became isolated from the wave energy by another barrier growing seaward of it. The 

extensive estuarine-lagoon clays seen in section at the G 19 trench, which is positioned 

seaward of the barrier spit sequence at the G25 trench (see Figure 4.1; Appendix E), is the 

back-barrier setting to the new emerging barrier. Continued growth of the new barrier would 

have encouraged the G25 spit to progressively deactivate in concert with a diminishing 

supply of gravel. The supply was instead redistributed to nourish the new seaward barrier. 

While there is a tendency for a sediment-starved spit to become destabilised through a process 

of reworking itself and eventually segment into cells (Orford et ai., 1991), parts of the 

deactivated G25 spit was - at some point during its erosive state - preserved as a result of the 

protection by the new emerging barrier. More significantly, the new barrier would have 

grown rapidly, as discussed above, thereby affording maximum protection from the wave 

energy. The preservation of some 120 m (and possibly more given that sections were mined 

away) of prograded beach face at the G25 trench is a testament to this. A modern analogue of 

this deactivation and subsequent protection by a younger seaward barrier is seen in the 

modern Orange River mouth (Figure 4.7) . Although, the deposits are sand-dominated, the 

overall nature of such a process is envisaged to have been similar during Plio-Pleistocene 

times. 

In summary, the perpetual supply of sediment, albeit episodic, from the palaeo-Orange 

River outfall and a concomitant accommodation space within the palaeo-mouth provided the 

impetus for barrier spit growth in a wave-dominated setting. Although the history of spit 

development is fragmentary due to the removal of their evolutionary signatures and the 

reconstruction remains, at best speculative, some conclusions can be presented. The rate of 

barrier spit growth within the study area was envisaged to be high, in concert with a copious 

sediment supply by the Meso-Orange River. However, growth periods were likely to be 

punctuated by stages of erosion where sediment supply was in decay and hence coastal 

features were 'trimmed' back. Consequently, the coastal morphology had a complex history 

that alternated between the development of extensive beach-ridge plains and fragmented 

barrier spit remnants (or cells sensu Orford et ai. , 1991). On renewed and increased sediment 

delivery, the breaches separating cell remnants would have possibly 'healed' - provided it 

remained within the sediment delivery corridor - and thus barrier spit growth was reinitiated 

when cell remnants were linked (Orford et at., 1991). 
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In addition to episodic sediment supply, constant shifting of outfall positions through 

time changed the loci of sedimentation and therefore a number of gravel barrier spits could 

have developed, each being deactivated when channel avulsion occurred. The last is a 

function of gradient adjustment and this process also leads to barrier fragmentation when a 

new inlet is breached. The portion down-drift of the new inlet would be in sediment surplus, 

whilst the up-drift equivalent being outside of the sediment delivery corridor wou ld be 

sediment starved (for example, Rey et at., 2009). 

There are a number of evolutionary combinations that could be invoked for the ED 

Area barrier spit history, but only a window of this is recorded in the rock record. The more 

notable of these is the bedrock attachment and subsequent growth as described earlier, but 

thereafter the evolutionary path is vague until the emergence of a younger, more seaward 

barrier feature that encouraged a progressive deactivation of its older, landward counterpart. 

This led to abandonment of the older barrier spit that was already in a stage of erosion and 

thus only a remnant of its configuration was preserved once cut off from the Atlantic Ocean 

and protected by the younger barrier spit. 

Barrier beach model 

The most striking feature, amongst others, of the barrier beaches seen in section, is the 

well-developed boulder lag that leads to the barrier complex, implying that it was emplaced 

on a transgression. However, the bulk of the preserved sediments demonstrate that the 

emplacement and growth of these barrier deposits is more likely to be a result of numerous 

transgressions and normal regressions on an overall transgressive system to build a barrier 

beach complex of some II m thick. This is considered in more detail in Section 4.4. 

In comparison to the barrier spit deposits, the overall gravel size - on a visual basis -

is smaller in the barrier beaches and the presence of sand is comparatively more abundant. 

Bluck et al. (2001) demonstrate that the wedge of littoral sediment along the Atlantic Coast 

tapering down-drift in a northerly direction from the Orange River mouth represent different 

gravel beach types as discussed in Chapter I. This progressive change in beach type, 

accompanied by a thinning in the width of coastal accretion, is by inference ascribed to a 

diminishing supply of sediment (Bluck et aI. , 2001). Therefore the vertical change from 

barrier spit to barrier beach deposits with an associated change in sediment character is a 

representation of this decline in sediment supply. If this is considered, the model whereby 
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barrier spits undergo a morphological change due to sediment decay is invoked as a plausible, 

although inconclusive, explanation for the emplacement of the ED Area barrier beaches. 

Orford el al. (1991) demonstrated that without adequate supply of sediment, there is a 

tendency for barrier spits to segment into cells through a process of reworking the existing 

barrier. With continued reduction in sediment supply, the ultimate fate of each segmented cell 

is to become totally isolated and reorganise itself into some structure. [n some cases the 

segmented cell will convert to a cohesive free-standing, solitary barrier, which will inherently 

have the potential to migrate landward (Carter & Orford, 1984). Obviously, the tempo of 

migration is dependent on several factors - the rate of sea-level rise being the main driving 

force , amongst others. For example, mean migration rates for the Story Head barrier in Nova 

Scotia, of less than I mla have been recorded, whilst maximum rates of 8 mla are not unusual 

(Forbes el al., 1991). 

Within the study area, the transgressive lag leading to the barrier beach complex is a 

relict manifestation of barrier migration on a sea-level rise and given the accommodation 

space within a palaeo-river mouth setting, the passage and development of the barrier was 

unimpeded. Barrier migration was in the form of 'rollover' - a process of constant barrier 

reworking whereby the material is recycled from the beach face over the ridge crest into the 

back-barrier and returned to the beach face as the barrier structure moves landward (Carter & 

Orford, 1980; Orford et al., 1991). Clasts that are too large to be moved in the recycling 

process, as in the case of the outer frame (beach toe) boulders, are left behind as a lag trailing 

the migrating barrier. This is the transgressive lag of Facies B as discussed in Chapter 3. The 

rate of sediment supply to the study area was considerably reduced at that particular time to 

allow the development of a thin transgressive boulder sheet. 

' Rollover' rates are dependent on a number of imposing factors, but can be 

remarkably fast. For example, it has been shown that barrier beach migration at Story Head, 

Nova Scotia was rapid with one 'rollover' completed in five to six years (Orford el al. , 1991). 

Comparatively, barrier migration in southern Ireland was recorded to be considerably slower 

where one ' rollover' is accomplished in four to five thousand years (Orford et al., 1991). The 

rate of sea-level rise obviously influences ' rollover' rates, but the barrier's passage is equally 

manipulated by the underlying geology over which it migrates. Where unconsolidated fluvial 

sediments form the floor of the migration path , such as that within the study area - where 
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landward space is also made available within a palaeo-river mouth setting - barrier migration 

would be unimpeded as discussed above. In contrast, a bedrock floor would slow the rate of 

sea-level rise. The transgressive front would be obstructed during erosion of more competent 

rock, encouraging bedrock planation and cliff cutting. Consequently, rates of sea-level rise 

can differ along the same coastline, leading to laterally disjointed sequences as in the case of 

the study area . For example, the beaches fronting the ' F' cliff are not laterally (coast parallel) 

contiguous with the barrier beaches of the same age that are developed within the palaeo­

Orange River mouth. The latter are developed farther inland due to their unimpeded advance 

(see Figure 4.2B(3 & 4)). 

There are several lines of evidence suggesting that the barrier beaches were at some 

point stationary to perpetuate growth and more importantly to enter into a process of self­

organisation once positional stability was achieved (Forbes et al., 1995; Orford et al., 2002). 

Beach progradation and the textural maturity reflected by the high degree of cross-beach clast 

size- and shape-sorting into distinct zones are manifestations of barrier stability (Forbes et al. , 

1995). It also implies that there was renewed, adequate sediment supply to encourage 

progradation. The rate of sediment supply, however, was sufficient to maintain the correct 

level of self-organisation. An insufficient supply of sediment may favour the breakdown of 

existing features, whilst excessive amounts will saturate the beach limiting the potential for 

self-organisation (Forbes et al. , 1995). By inference, the sediment supply rate during barrier 

beach evolution was therefore not as aggressive as that during barrier spit times. Moreover, 

the textural maturity of barrier-sediments (size- and shape-sorting) is also a proxy to barrier 

migration behaviour. Slow migration rates allow the development of discrete cross-beach 

sorting zones, whereas the propensity for cross-beach zonation is reduced during rapid rates 

of migration (Orford et al. , 1991; Forbes et al. , 1995). 

Once positional stability was achieved, growth of the shoreline was perpetuated 

through renewed sediment supply. Fringing the bedrock-cliff, linear beach growth had no 

accommodation space to yield barrier forms and thus the deposits were 'fixed ' as described 

by Carter & Orford (1984), whereas barrier beach growth was unobstructed during their 

migration. The bedrock-cliff edge may have possibly formed an anchor point, similar to a 

headland, to which the barrier beaches attached. 
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The abundance of sand in the form of sand beaches implies that a flux of excessive 

sand was injected into the foreshore to accrete as a sand bar, only to be later veneered and 

stabilised by gravel (Bluck, 1999). However, field evidence shows that sand beach 

progradation was considerable and thus their persistence in the depositional record is 

primarily due to substantial volumes (Orford et al., 2003). More significantly, sand deposition 

in a gravel-dominated system suggests a switch from reflective (gravel deposition) to possibly 

dissipative conditions (Orford et al. , 2003). While a reflective regime can be maintained 

during sand deposition when sand volumes are low and in deficit (Orford et al. , 2003), the 

sand beaches seen within the study area demonstrate sediment surplus and therefore 

dissipative conditions were, at times, possibly prevalent. Reflective conditions would return 

during renewed gravel influx, which is evident in the trench sections. Consequently, the 

change from reflective to dissipative and a return to reflective conditions with associated 

changes in sediment deposition will have an obvious effect on diamond concentration. 

Inasmuch as there is conjectural evidence for a declining sediment supply, the wave 

climate has conversely remained the same. Similar to the modern Terrace Bay beaches along 

the Skeleton Coast, the ED Area barrier beaches have a morphological predominance typical 

of reflective conditions, suggesting that neither the wave energy nor the relative tidal range 

has changed (see Wells, 1996, pg. II). This is further supported by the alignment (north-east 

to south-west) of the barrier beaches (beach ridges of the 'E' and ' D' sequences in Figure 

4.1), which are similar to the present-day coastal configuration and also by the direction of 

beach face progradation, that is, predominantly towards the south-west. These, as in the case 

of the barrier spit, indicate that the direction of wave propagation was similar to that of today. 

In summary, the ED Area barrier beach complex has originated, in part, from the 

atrophy of a barrier spit that segmented into a free-standing barrier due to a diminishing 

sediment supply during a sea-level ri se. Through a process of ' rollover' , the barrier beach 

migrated landward leaving in its wake a trail of boulders that were too large to be transported. 

Barrier coherency (see Orford et al., 2001) was still maintained by virtue of volume 

sustainability during landward migration. With space afforded by the palaeo-river mouth 

setting, the landward advance of the barrier would have continued unimpeded and once 

maximum transgression was reached, the barrier beach entered into a state of positional 

stability. Here, renewed sedimentation promoted progradation and self-organisation where 

textural maturity was achieved. 
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4.4 GENESIS OF THE STRATIGRAPHIC ARCHITECTURE 

Despite the lack of control dates which make it difficult to integrate the detailed 

mapping with regional sea-level curves, a depositional time frame can nevertheless be 

roughly estimated. If a maximum age, although inconclusive, of 3.5 Ma is considered for the 

ED Area deposits based on Pickford & Senut's (1999) work (see Chapter 2, Section 2.2), then 

a minimum age can be ascertained from the younger 'Lower Terrace' suite. Here, the oldest 

beach of the 'Lower Terrace ' suite, notably the 'c' beach, has eroded into the ED Area 

shoreface deposits. The 'C' beach was tentatively dated as 0.40 Ma (Rogers et al. , 1990, see 

Chapter 2, Section 2.2). These estimates are obviously conjectural, but they give an indication 

of the time frame in which the ED Area deposits evolved (some 3 Ma). 

Six main stages have been recognised from the key sections and demonstrate how sea­

level behaviour has controlled the evolutionary paths of the ED Area deposits within this time 

frame. A degree of caution is applied in the development of these models as only a window of 

the entire MA I beach stratigraphy is considered and more significantly, there is no detailed 

linking to either the offshore and Orange River fluvial geology. 

Stage 1: Barrier spit growth 

It is difficult to reconstruct the coastal configuration during this stage, but there is 

conclusive evidence that during the evolution of the study area, a barrier spit became attached 

to a bedrock promontory. This is the 025 barrier spit. There may have been a number of 

barrier spits separated by back-barrier environments and their lengths may have extended 

considerable distances. The signatures of these deposits have been removed and the only 

expression of barrier spit growth at that time is the bedrock-attached remnant (BS I in Figure 

4.8), which records progradation before the coastal system entered into a state of erosion 

where the spit feature was trimmed back. Thus, the extent of the beach-ridge plain (width of 

progradation) of 120 m as seen in section was likely to have been a remnant of a formerly 

extensive sheet of spits. Reworking and segmentation of the spit feature into cells would have 

occurred on a diminishing supply of sediment leading to the formation of type D2 barriers 

(Forbes et al., 1995) that have entered into a breakdown phase. The segmented remnant (BSI 

in Figure 4.8) at the 025 sample trench is not only a product of this phase, but also marks the 

most landward position of a barrier spit within the study area. 
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Stage 2: Barrier spit abandonment 

The main feature of this stage is a change in position of sediment delivery to induce 

barrier spit abandonment. It is envisaged that the locus of sediment delivery shifted farther 

south through channel avulsion and with renewed sediment supply, a new barrier spit (BS2) 

emerged seaward of the older landward barrier (BS I; Figure 4.8). With sediment now 

directed to and bolstering the down-drift growth and seaward extension of the new barrier 

(BS2), erosion of the older de-activated spit feature (BSI) continued to a point where it 

became impounded and protected from wave attack by the down-drift growth of the new 

barrier spit (BS2) . Once completely cut off from the ocean, the older barrier remnant (BS I) 

remained inactive indefinitely. The emergence and growth of the new barrier spit took place 

during the same progradational phase as that of the older barrier spit (BSI). It is thus 

envisaged that growth of barrier spits BS I and BS2 were during a normal regression and they 

represent only part of the highstand record, whilst the subsequent forced regression and 

lowstand signatures have been removed by a transgression during Stage 3. 

Stage 3: Barrier spit erosion 

An erosion surface can be seen in the G25 trench section where it occurs at 

approximately 8 m above msl , approximately 2 m above the base of the barrier spit (Figure 

4.8 (I)). This surface cannot be traced throughout the study area, but is apparent only in the 

foreshore gravels at G25 where it is, for a limited distance, marked by a horizontal layer of 

large blade- and sphere-shaped clasts (see Figure 3.5A). The fact that these clasts are an 

extension of the overlying foresets (see Chapter 3) indicate a beach toe environment and 

consequently, the erosion surface separates two vertically stacked foreshore environments. 

More importantly, assuming that clast shape sorting was present, the sub-aerial , large disc 

zone of the foreshore environment below the erosion surface and belonging to BS I has been 

removed, supporting an erosional event (Figure 4.8 (3)). The stacking of two foreshore 

environments into a five metre or possibly thicker sequence (Figure 4.8) within a micro-tidal 

coastal setting with an approximate tidal range of 1.8 m is a reflection of a transgression. [n 

such coastal settings, B[uck (in press) demonstrates that the height of a gravel beach (the 

vertical distance between the beach toe and beach ridge) is related to the tidal range, and 

heights of less than 2 m typify the Namibian Coast. In this setting, however, gravel beach 

thickness of 2.2 m can be at times slightly greater than the tidal range due to the overprint of 

storm wave activity (Bluck, in press). 

132 



CHAPTER 4 - DEPOSITIONAL MODELS AND STRATIGRAPHY 

The transgressive event culminated in the emplacement of barrier spit BS3 and growth 

of this coastal feature was perpetuated during the highstand stage (normal regression). 

Noteworthy is the lack of conglomerate clasts within the BS3 sediments, indicating that the 

interval between Stages I and 3 was possibly short and thus pedogenic processes, such as 

calcretisation to cement the gravels at surface, were thwarted. 

Stage 4: Barrier spit breakdown and emplacement of barrier beach 

This stage correlates to a major perturbation, provoking a change in depositional style 

from barrier spit to barrier beach. This change can be progressive where a continuum of 

deposits evolves in response to various perturbations (see Orford e/ ai. , 200 I). Two 

pe11urbations leading to and driving the evolution of the barrier beach are evident in Stage 4. 

The first corresponds to a forced regression allowing the coastline that is dominated by barrier 

spits to shift seaward with an associated development of coastal features at successively lower 

elevations, resembling a tier of ridge plains. Evidence for estimating the distance of seaward 

shift has been removed by subsequent sea-level changes, but it is likely that the most seaward 

shoreline was offshore of the present study area. A key response to such a regression was the 

introduction of boulder gravel during river incision as a means of adjusting to the new base 

level. The boulders would have accumulated as outer frame clasts to form a platform over 

which the beach-ridge plains extended as the shoreline grew seaward. In addition to this 

boulder input, erosion of older higher-lying beach terraces, more specifically those correlating 

to the 50 m Package, allowed the introduction of conglomeratic material of that age into the 

regressing system when the ephemeral drainage network was rejuvenated. 

The second and more significant perturbation correlates to a subsequent 

transgression. This is recorded in the ravinement surface that truncates pre-existing barrier 

spit deposits and the bedrock island. Armoured by a boulder lag, its most landward end (as 

seen from available exposures) occurs approximately 10 m above msl. A deficit in sediment 

budget would have accompanied the transgression thereby causing active barrier spit features 

to enter into a phase of progressive atrophy and finally fragment into a cohesive free-standing 

barrier beach (BB I in Figure 4.9). With a rising sea-level, the barrier (BB I) migrated 

landward, reworking pre-existing barrier spit deposits into the "rollover" process. Estuarine­

lagoon clays found in washover deposits at the G 19 trench attest to the process of 'roll-over' 

reworking whereby washover is the driving mechanism (Leatherman, 1983). If gravel 

sediment is in surplus, sourced from pre-existing barriers, the transgression is consequently at 
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times punctuated by periods of stability and progradation. However, the sediment source is 

rapidly consumed with a concomitant leakage to the littoral and thus with an exhausted 

sediment supply, barrier migration is reinitiated. Therefore, the landward migration is seen as 

alternating phases of ' roll-over ' during sediment starvation and temporary periods of barrier 

stability during sediment recharge. The manifestation of these evolutionary changes is the 

development of multiple beach ridges as a result of progradation (beach-ridge plain) and a 

solitary ridge when the barrier is in a ' rollover' state (Orford e/ ai. , 2002). The latter typifies 

the culmination of Stage 5 leading to barrier development in Stage 6. 

The platform of outer frame clasts, being a source of pre-sorted boulders from the 

preceding forced regression, would have possibly been reworked to a point where they 

became too large for further entrainment and are left behind in the wake of the migrating 

barrier as a trailing lag. However, a large part of their depositional character such as the 

down-drift size sorting was likely to have been inherited from the forced regressive deposits. 

In addition to these inherited clasts, the 30 m Package conglomerate boulders (see Chapter 3, 

Facie B) were sourced from the pre-existing barrier spits. These boulders thus support the 

assumption that the beach-ridge plains of these pre-existing deposits were exposed and 

inactive for a protracted time allowing pedogenic calcretisation of their sub-aerial parts before 

the onset of sea-level rise. This is in contrast to the shorter duration of Stages 1 to 3. 

Planation of the bedrock island as sea-level migrated landward did not produce 

bedrock clasts due to the weathered nature of the schist. This is evident from the lack of such 

clasts within the transgressive lag (Facies B). However, despite the bedrock incompetence, 

poorly developed gullies and potholes where cut preferentially along joint and fracture plains, 

similar to the mechanisms discussed by Jacob (200 I). It is important to note that once 

bedrock planation was completed, the influence of bedrock in the development of the barrier 

beaches (Stages 5 to 7) was inconsequential. 

Transgressive lags are a reflection of a sediment-starved system (Carter e/ ai., 1989) 

and more importantly, they also signify aggressive sorting with a concomitant removal of 

sediment to leave no evidence of previous shoreline positions. This is best achieved during a 

slow rate of sea-level rise (Davis Jr & Clifton, 1987). It therefore brings into question the 

survival of barrier spit and associated estuarine-lagoon remnants seen in exposures below the 

transgressive lag. Although a sea-level rise is advocated as the main mechanism to create 
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accommodation space for their preservation, subsidence due to compaction as discussed in 

Section 4.1 is suspected, but definite evidence thereof is lacking. In addition, it can be argued 

that the rate of sea-level rise may have accelerated. However, the armoured ravinement 

surface displays no change in its steady landward projection, indicating that sea-level rise 

remained constant. For whatever reason to induce their preservation, two end members were 

generated at the point of sea-level deceleration into a highstand. These are the preserved 

barrier spit deposits (BS 1, BS2 and estuarine-lagoon of BS3) below the transgressive lag and 

a barrier beach (BB I) that reached a point of positional stability where growth of the 'E' 

barrier complex was initiated. 

Stage 5: Growth of the 'E' barrier beach complex 

This stage records the vertical growth of the barrier complex through sequential 

transgressions, normal regressions and forced regressions. Each cycle of normal regression is 

bounded by an erosion surface where approximately two metres of sed iment have been 

preserved below these surfaces. The last occur at some 12, 14 and 16 m above ms!. Similar to 

the barrier spit sequence, only the sub-aerial parts of the barrier beaches, notably the large 

disc zones, were removed resulting in the preservation of the middle (swash berms and cusps) 

and lower beach (outer frame ; BB 1 to BB3 in Figure 4.9) faces, save for the topmost barrier 

beach (BB4 in Figure 4.9) where the entire foreshore and backshore deposits have been 

preserved. 

The development of the vertical succession in Stage 5 can be explained using 

Donselaar' s (1989) model for the stacking of transgressive barrier deposits recorded in the 

Cliff House Sandstone in New Mexico, U.S.A. Although, the scale of these deposits is 

significantly larger and comprising fine-grained sediments, the concept of vertical stacking or 

'stepping-up' can be simplistically applied to Stage 5. The 'step-up ' begins with a landward 

shift of the barrier shoreline (BB I) that was initiated during the Stage 4 transgression where a 

ravinement surface was cut (Figure 4.9). At some point in time, the barrier's (BB I) migration 

slowed down as sea-level rise decelerated into a highstand, allowing the barrier to achieve 

positional stabi li ty and enter into a phase of progradation. An ensuing forced regression, 

followed by a lowstand saw the shoreline shift seaward to a position offshore of the study 

area. However, the deposits related to these regressive events were removed during the next 

transgressive phase of landward barrier translocation (BB2), which also eroded the upper 

parts of barrier BB I (Figure 4.9). The emplacement and growth of barrier beaches BB3 and 
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BB4 were encouraged through similar sea- level and sedimentation cycles, thereby building up 

the barrier beach complex to culminate in a fully developed barrier feature (BB4). 

The stratigraphically highest exposure (BB4 in Figure 4.9 (3)) of Stage 5, 

characterised by its solitary geomorphic 'barrier-hump' reaching approximately 21 m above 

msl and the complete preservation of the barrier beach environments, marks the end of the 

' stepping-up' process. Its preservation thus reflects a major perturbation rather than 

regressive/transgressive spasms that are recorded in the overall transgressive build-up. In fact 

the complete preservation of the BB4 barrier beach marks a turnaround from a transgression 

to a rapid forced regression leading to the abandonment of the entire study area. It is clear 

from the gravel fabric, where clast size and shape sorting is evident, that the barrier (BB 4) 

remained static prior to its abandonment and is therefore an example of a completely 

preserved transgress ive S2 type barrier beach of Forbes et at. (1995). This transgressive 

signature is also evidenced from the washover deposits and the development of a single ridge 

structure (see Orford et at., 200 I). Noteworthy, is that transgressive barrier shorelines are 

characterised by a dominance of overwashing that drives the 'ro ll-over' process and hence the 

presence of washover deposits (Carter & Orford, 1981; Orford & Carter, 1982; Sedgwick & 

Davis Jr, 2003). The survival of the BB4 beach ridge structure during 'ro ll-over' where 

overwashing is highly active, suggests that sediment was in supply during barrier retreat and 

in doing so, a sufficient volume of sediment was maintained in the 'roll-over' process to 

sustain a coherent barrier structure that is elevated in relation to rising sea-level (Orford et at., 

2002). On the subsequent forced regression, pedogenic calcretisation of the surface gravels 

prevented sub-aerial erosion of the surface deposits, thereby preserving the original 

geomorphic ' barrier-hump' ofBB4. 

The history of sea-level movement during Stage 5 is then one of continuous rise, 

punctuated by high frequency regressive/transgress ive pulses. As shown by Donse laar (1989), 

the shoreline in such a setting thus remains within a narrow belt where vertical stacking of 

foreshore and backshore environments takes place, which is clearly seen in the 029 key 

section. More significantly, only a portion of each highstand accumulation is preserved and 

these accumulations are bounded by transgressive erosion boundaries, save for the 

stratigraphically highest barrier where the topographic ridge is preserved (Figure 4.9). It also 

envisaged that the forced regressive pulses were possibly minor (i.e. they may have not 

extended beyond the shelf edge) to preclude the introduction of large boulder-grade material, 
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which is evidently lacking within the' E' barrier beach complex. In addition to this, gravel 

delivery by the palaeo-Orange River may have not been as vigorous as that during barrier spit 

times (Stages I to 4) and a greater sand component is more characteristic of the barrier beach 

evolution, suggesting a change in the Orange River sediment delivery. 

Considering that the build-up of the barrier beach complex was a result of high­

frequency sea-level oscillations, the lack of conglomeratic clasts within the entire barrier 

complex is a reflection of a rapidly evolving coastline, preventing pedogenic calcretisation of 

surface deposits during the development of barrier beaches BB I to BB3 (Figure 4.9). 

Correlation of the shoreface sequence (STl and ST2 in Figure 4.9) to the E' barrier beach 

complex proved difficult given the poor preservation potential of shoreface deposits where 

high energy waves lower wave base to a great depth, as recorded in the present Atlantic 

Ocean. Here shoreface erosion is operative at depths of 20-30 m (see Chapters I and 3). 

Given that the accommodation space between the transgressive boulder lag and the 

stratigraphically highest barrier beach (BB4) is well within this depth range at some 10m, the 

shoreface sediments were recycled continuously on each transgressive event into the shelf by­

pass system where it was removed by longshore drift. The result is that no shoreface 

sediments of the ' E' barrier beach complex were preserved. Deeper water sediments are, 

however, likely to be found farther seaward (west) of the key trench section. The sedimentary 

sequences below the transgressive lag, which are still within the depth range of shoreface 

erosion, were preserved due to the boulder lag armouring the surface (Figure 4.9). Although 

wave energy at this depth of approximately 10m would have been greater than that recorded 

for depths of 15 m in the modern shoreface where small cobbles are moved in storm 

conditions (de Decker, 1988), and given that the wave energy has not changed significantly 

through time, it is unlikely that the transgressive boulders up to one metre in diameter would 

have been moved. 

The preservation of deeper shoreface sediments (Sub-facies D I in Chapter 3 and STi 

in Figure 4.9), which were correlated roughly to depositional depths greater than 40 m, cannot 

be explained. The possibility that these sediments are correlative to an older shoreline that 

was emplaced further inland of the study area is unlikely, as they would be stratigraphically 

positioned below and truncated by the transgressive boulder lag. 
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Stage 6: Emplacement of the 'D' barrier beach 

This stage represents the last depositional episode of the ED Area Plio-Pleistocene 

deposits. Orange River incision accompanied the rapid forced regression that caused 

abandonment of the 'E' barrier beach complex in Stage 5. It is envisaged that the magnitude 

of the forced regression was significant to sub-aerially expose shelf sediments and allow river 

incision to deliver coarse gravel to the shoreline. As sea-level, once again, entered into a 

transgressive phase, it did not rise to the same height as that of the previous transgression in 

Stage 5; it was at least approximately 3 m lower, depositing barrier beach BB5 (the last of the 

30 m Package barriers; Figure 4.9(1)). This evolutionary path is in contrast to the 

transgressive events in Stage 5 where successively higher transgressions built up the barrier 

beach complex. 

The Stage 6 transgressive event ' bulldozed ' the coarse gravel regressive shorelines, 

incorporating the sediments into the ' roll-over' process and thus removed all signatures of 

earlier regressive events as the shoreline shifted landward. The gravel character of the barrier 

beach (BB5 in Figure 4.9; 'D ' barrier beach) is strikingly coarse with boulder clasts making 

up the large disc zone (beach ridge) and outer frame (beach toe) environments. Field evidence 

demonstrates that the base of the barrier beach, which is demarcated by boulder-grade outer 

frame spheres, rests at some 13 m above msl, approximating the stratigraphic position of the 

transgression (Figure 4.9(1)). Noteworthy, is that the transgression eroded into and reworked 

part of the 'E' barrier beach complex, removing the entire suite of shoreface sediments. 

On reaching stability during the highstand, barrier progradation ensued, but this was 

not significant as evident from the length of outer frame growth, which is approximately 

100 m. The barrier crested to 18 m above msl, producing a typical geomorphic ' barrier-hump' 

(Figure 4.9(1)). However, unlike the 'E' barrier beach complex, the entire 'D' shoreline, 

notably its barrier beach and parts of the shoreface which extend for some 1.4 km, have been 

preserved. This degree of preservation could have only been possible when the entire 

shoreline was abandoned on a rapid sea-level fall. The fact that foreshore deposits do not 

extend seaward over their shoreface equivalents, lends support to a rapid forced regression. 

Such a rapid sea-level fall has the propensity to promote the formation of detached, forced 

regressive deposits (Posamentier & Morris, 2000). Here, a zone of significant separation 

exists between regressive wedges so that the shoreface sediments are not immediately 

attached to preceding highstand deposits (Posamentier & Morris, 2000). Therefore the ' D' 
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barrier beach (BB5 in Figure 4.9) is a preserved product of a highstand event that preceded 

the formation of seaward stepping, detached forced regressive deposits. Only the sediments 

that accumulated during the normal regression (highstand) were preserved. Here progradation 

of the shoreface sediments generated a shallowing and coarsening-upward succession (ST I 

& 2 in Figure 4.9; see also Chapter 3). This is typical of a normal regressive stack (Walker, 

1984; Helland-Hansen & Martinsen, 1996; Nichols, 1999). 

Although not forming part of this study, mention must be made that next transgressive 

phase, namely the 'c' barrier beach, dated at roughly 0.4 Ma, eroded into the '0 ' shoreface 

sediments, but did not rise to the same level as the '0' barrier beach (BB5 in Figure 4.9); it 

was approximately eight metres lower. Worthy to mention is that the gravel make-up of the 

younger 'c' beach was also impressively coarse with large-cobble to boulder-sized clasts 

occupying the beach ridge and outer frame foreshore environments. Mention has been made 

in Chapter 3 that the 'c' beach is assigned to the younger 'Lower Terrace ' suite of Stocken 

(1962) and Hallam' s (1964) informal beach stratigraphy, which contains the zone fossil 

Donax serra. 

4.5 SUMMARY 

The architectural stacking of the ED Area barrier deposits are a result of high 

frequency sea-level oscillations of small amplitudes over short time spans. It is envisaged that 

these were a combination of spasmodic minor and major transgressions-regressions that 

promoted the development of barrier deposits. Major regressions also encouraged the 

introduction of coarse gravel, up to boulder size, to the shoreline. Whereas older marine 

deposits reworked during the transgressions, were a secondary source of gravel material. 

These high-frequency (fourth-order) cycles are superimposed on an overall transgressive 

cycle (third-order cycles) that was responsible for depositing the 30 m Package shoreline 

along the entire west coast of South Africa and the Namibian coast. The abandonment of the 

30 m Package shoreline is a result of a rapid major regression, as evidenced from the 

architectural character of the ' 0 ' barrier beach. In addition to this, the accommodation space 

afforded by the palaeo-river mouth allowed unrestricted landward migration of shorelines and 

also enhanced the preservation potential of barrier deposits. Only remnants of highstand 

deposits (normal regressive packages) are preserved in a 16 m thick sequence. Besides coastal 

subsidence through sediment compaction or tectonism, it can be argued that the hyper-arid 
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climate where surface pedogenic processes (calcretisation) and the deposition of aeolian 

dunes onto the barrier-deposits, in part, aided this degree of preservation. Mention must be 

made that 30 m Package remnants elsewhere along the Namaqualand and Namibian coasts, 

outside of the study area, rarely reach a thickness of six metres (see Chapter 6). 

4.5.1 Problems with the depositional models 

Stages 1 to 3: Barrier spit 

A minor transgression IS interpreted during these stages where the landward 

translocation of the shoreline (BS3) has eroded earlier barrier spit deposits (BS I & BS2). The 

erosion surface (erosion surface I in Figure 4.8 (I) & (3)), characterised by a near-horizontal 

layer of large sphere- and blade-shaped clasts (see also Figure 3.5A), is seen as a hint of sea­

level rise that removed the large disc zone of BS I, which is commonly confined to the barrier 

ridges, assuming that there was some degree of clast shape sorting. The erosion surface, 

however, cannot be traced throughout the trench section and is only confined to part of the 

foreshore gravels (see Figures 4.8 (I) & 4.10). This limited extent does not lend much support 

to a transgressive event and the only conclusive evidence for a transgression is the vertical 

stacking of foreshore environments into a five metre thick sequence where the coastal regime 

is micro-tidal (Figure 4.8 (I) & (3) ; Figure 4.10). 

Once sea-level rise reached a standstill (highstand in BS3 times; Figure 4.8 (5)), a 

normal regression saw the BS3 shoreline prograde seaward. Therefore foreshore deposits of 

BS3 are expected to extend over deposits of earlier barriers (BS I and BS2 in Figure 4.8 (5)) , 

which includes the estuarine-lagoon clays of BS2 (Figure 4.8 (5)). There is, however, no 

evidence for the latter and in fact, the remnant of estuarine-lagoon clay of BS2 has a total 

thickness similar to that of the entire stacked foreshore deposits (stacking of BSI & BS3); 

that is, five metres. This would suggest that the topmost barrier (BS3) would have also been 

cut off from open coast conditions by a seaward emerging barrier (BS4 in Figure 4.100), 

leading to the deposition of back-ban·ier clays that front older barrier spit deposits (BS3) and 

in turn overlie older estuarine-lagoon of BS2 (Figure 4.1 00). However, in view of the latter, 

there is no indication (such as an erosion surface) to separate the two estuarine-lagoon 

sequences belonging to BS2 and BS4 that are not time-equivalents (Figure 4.100) 
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Stage 6: Emplacement of the 'D' barrier beach 

Gravel in the 'D' barrier beach is exceptionally coarse where, for example, boulders 

constitute the outer frame component. It has been interpreted that a forced regression 

provided the impetus for renewed river incision to deliver such coarse material to the 

coastline (as envisaged for Stage 4). Therefore, it would be expected for the subsequent 

transgressive event to cut a boulder-armoured ravinement surface. Such a lag is, however, 

lacking and its absence remains unexplained. It therefore could be argued that the 'D' barrier 

beach represents a detached regressive sequence, foll owing the 'E' barrier beach highstand 

deposition. If this is considered, shoreface sediments of the latter would be preserved between 

the two barriers. Field evidence, however, suggests a different architecture where ' E' barrier 

shoreface sediments have been eroded by a landward migrating ' D' shoreline. This adds 

credence to a transgressive event. 
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CHAPTER 5 - DIAMOND MINERALISATION 

5.1 INTRODUCTION 

Resource estimation of placer deposits is complicated due to the heterogeneity of the 

deposits and the patchy mineralisation patterns. Note that a placer deposit is defined as, 

'Surficial mineral deposits formed by mechanical concentration, commonly by alluvial, but 

also by marine, aeolian, lacustrine and glacial agents, of heavy mineral particles such as gold 

from weathered debris ' (Hails, 1976; cited in Guilbert & Park Jr, 1985 , p. 743). 

Diamond placers are no exception and have a highly variable distribution of diamonds 

where 'pools' of higher concentrations, as a result of clustering, promote a nugget 

mineralisation pattern (see Sichel, 1973). In view of this, and when compared to other more 

homogenous mineral deposits (as illustrated in Figure 5.1), diamond placer resources (alluvial 

and marine) are amongst the most difficult to estimate. Another reason for this difficulty is 

the low grade of diamond concentration (Figure 5.1). For example, the average grade mined 

from the Witwatersrand gold placer (the entire Witwatersrand basin) prior to the 1990s was 

approximately, 7 ppm (parts per million, which equates to 7 grams of gold per ton; Guilbert & 

Park Jr, 1985). Comparatively, the total diamond production from the Namibian mega-placer, 

over a period of 73 years, tota ls 56 million carats from 407 million tons of ore processed 

(Schneider & Miller, 1992). Using parts per million for comparison, this translates to a grade 

of 0.03 ppm. Note that one part per million is equivalent to one gram per ton (Peters, 1987) 

and a metric carat equals 0.2 grams (Lynn e/ ai. , 1998). 

Comparing the study area to the above, and using parts per million for ease of 

comparison, the average grade for the entire ED Area is considerably lower at approximately 

0.003 ppm. This is also lower than the bedrock-floored linear and pockets beaches that are 

developed farther down-drift, as discussed in Chapter 2. However, the deposits within close 

proximity to the Orange River mouth yield the largest average diamond size with in the 

Namibian mega-placer. On average, it is approximately 1.3 carats per stone in the study area. 

The largest diamond recovered in the ED Area weighed 245 carats (Hallam, 1964) and 211 

carats at Alexander Bay in South Africa, on the opposite (south bank) of the present Orange 

River (Keyser, 1972). This occurrence of larger than average diamonds at the terminal point 

of the fluvial delivery has been viewed as anomalous (for example Sutherland, 1982). Most 
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fluvial diamond placers, as demonstrated by Sutherland (1982), exhibit downstream fining in 

the diamond size due to fluvial sorting with increasing distance from the source rock. The 

degree of change in size is dependent on the distance travelled. As an example, Sutherland 

(1982) demonstrates that the average diamond size at the distal point of the Sewa River in 

Sierra Leone, West Africa, would be approximately 80% smaller than that found in the 

proximal reaches, if transported over a distance of 170 km from source. 

Figure 5.2 illustrates the average diamond Size for Meso-age terraces along the 

Orange River course over a distance of approximately 1,000 km. These results are from either 

mining or prospecting operations. lt is clear from the figure that the change in average 

diamond size in the direction of transport is not significant. The size within the ED Area is 

approximately one-third of that occurring upstream at Silverstream. This is in marked contrast 

to the general principal that diamond sizes diminish significantly with distance as discussed 

by Sutherland (1982). Although viewed as anomalous, the large average diamond size at the 

Orange River mouth is in fact ascribed to the anomalous nature of the Orange River as 

described by Ward & Bluck (1997), Jacob & Bluck (2002) and Jacob (2005). They 

demonstrate that: 

1) The steep gradient of the ancestral Orange River increased flow competence to transpOit 

boulder-size gravel. The latter was sourced from the escarpment comprising Precambrian 

country rocks (see Figure 2.2 for reference to escarpment and Chapter 2 for review of 

regional setting). 

2) As the ancestral Orange River evolved, the gravel bed-load size coarsened, particularly so 

during the deposition of the Meso-fluvial terraces (Plio-Pleistocene times) where large 

boulders were delivered to the Atlantic Coast. 

3) Coarse gravel input from tributaries into the main channel has played a critical role in 

increasing the gravel bed-load size at the most distal reaches of the Orange River. Similar 

to the diamonds, the gravel size distribution thus bears no resemblance of typical hydraulic 

sorting where a systematic downstream decrease in gravel size is expected. 

Diamond size distribution in the Meso-Orange River deposits is, therefore, not an 

expression of typical fluvial sorting as shown by Sutherland (1982); a fact also realised by 

van Wyk & Pienaar (1986). This unusual distribution is possibly a reflection of the influence 

of flash-flooding rather than continuous flow. With hyper-arid conditions already in place 
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during the Plio-Pleistocene (Meso-times; Ward e/ at., 1983; Ward & Corbett, 1990), 

inconsistent discharge rates - from peak floods to periods of no river flow, as it occurs today 

- would have not been unusual for the Orange River, even though it is regarded as a perennial 

system (Bluck, et at., 2005). In contrast, the Central and West African drainage systems 

(modern and Cretaceous) that have been investigated by Sutherland (1982) are, and have been 

since these times, in perpetual flow. It would, therefore, be erroneous to apply Sutherland' s 

(1982) statistical model to the Orange River, given the unusual character of the river as 

discussed above and in Chapter 4. 

However, unlike the palaeo-Orange River deposits, a decrease in diamond size within 

the palaeo-littoral deposits of the Namibian mega-placer is strikingly evident in a down-drift 

direction with a 77% decrease in size over a distance of 110 km (see Sutherland, 1982; 

Schneider & Miller, 1992). This is attributed to longshore sorting (Hallam, 1964; Sutherland, 

1982; Bluck ef at., 2005). As mentioned earlier, the largest average diamond size occurs 

within deposits close to the Orange River mouth. Hence, the decline in size only starts at the 

point where the outfall of fluvial sediment is reworked by marine processes. This is the ED 

Area, which represents the transitional boundary between the fluvial (Orange River) and the 

marine (Atlantic Ocean) 'conveyors ' ; more specifically it is the end of the fluvial sediment 

delivery and the start of the marine reworking. Here, coarse gravel and a range of diamond 

sizes are introduced at this boundary, which are in turn, reworked and dispersed in a down­

drift direction by longshore processes. The result is a northward decrease in gravel and 

diamond size, down-drift of the ED Area (Hallam, 1964; Sutherland, 1982; Schneider & 

Miller, 1992). The larger diamonds are thus retained in the coarser gravel that is within and 

near to the palaeo-Orange River mouth. The smaller diamonds, however, are released into the 

littoral zone, due to poor retention by the coarse gravel fabric, to be deposited in linear and 

pocket beaches. The ED Area can therefore be viewed as a giant 'sieve ', filtering out the fine­

grained diamond population into the littoral zone. 

This process of natural' sieving' whereby diamonds are either retained or filtered out 

IS controlled by sediment pore size, which in turn, is allied to gravel fabric. Worthy of 

mention is that the diamond concentration process within the Plio-Pleistocene littoral deposits 

was active only after the main influx of diamonds to the Atlantic Coast; approximately 20 

million years later. Sea-level fluctuated considerably since the influx of diamonds and it is 

likely that diamonds were concentrated in various ways at each sea-level change. It is thus, 
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remarkable that a general down-drift (northward) decrease in diamond size was maintained 

throughout the evolution of the Atlantic coastline since the main introduction of diamonds. 

Diamond delivery to the coast was shown to be one of diminishing trend with minimal 

input during the Plio-Pleistocene and very little thereafter. Diamond introduction was at its 

peak during the Late Oligocene and Miocene (see Chapter 2; Bluck et al. , 2005; Jacob, 2005). 

Notwithstanding, this decline in diamond input, the Plio-Pleistocene littoral deposits are 

highly diamondiferous, suggesting that the offshore sector was an alternative source whereby 

diamonds were scavenged from pre-existing beach deposits during sea-level fluctuations as 

described in Chapter 2. Therefore diamond concentrations within the host sediments are seen 

as products of recycling, but conditions for their entrapment had to be in place to ensure 

optimum mineralisation of the deposits. Diamond size, nonetheless, retained a longshore 

diminishing trend away from the Orange River mouth in part due to the inheritance of pre­

sorted diamond populations, coupled with a high degree of hydraulic sorting. 

When the diamond characteristics such as shape, colour and surface features are 

considered, some trends are apparent. Studies on a population of littoral diamonds (having 

average sizes of 0.07 carats, 0.25 carats and 0.9 carats) from palaeo-linear beaches north of 

the study area, showed that the diamonds, displayed the following features (D. Robinson, 

pers. comm., 2009): 

I) Dodecahedral diamonds are the dominant crystal form followed by octahedral shapes; 

2) Yellow is the dominant colour and is typical of 'Type I' diamonds, which have a higher 

nitrogen content and are thus tougher (Seal, 1990); 

3) Appreciable abrasion features are relatively scarce; and 

4) Large percussion scars are common, as a result of impact with other transported particles 

such as diamonds and to a lesser degree, gravel clasts. 

As noted by Sutherland (1982) diminishing size during transport can be attributed to 

either preferential downstream transport of finer-grained diamonds or breakage and attrition 

of large, inferior quality diamonds. Extreme rounding of a diamond due to transportation is 

rare, whilst abrasion features for transported diamonds are more typically manifested in a 

' frosted' appearance at crystal points and edges (D. Robinson, pers. comm., 2009). Given that 

the littoral diamond population exhibit features suggesting that attrition and breakage is 
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negligible, the diamond distribution along the coast is thus an accurate measure of hydraulic 

sorting in the littoral zone as noted by Sutherland (1982). The breakage and attrition of lower 

quality diamonds, as well as percussion scarring, would have taken place mainly during 

fluvial transport. 

Aside from the publications by the author (included as Appendix A), the mechanisms of 

diamond entrapment and retention in barrier beaches and barrier spits within river mouth 

settings have not been documented due to the scarcity of such diamond-bearing deposits. 

Although, the ED Area is considered a giant ' sieve ' to the littoral zone, diamonds would have 

nonetheless accumulated in various degrees of concentration within certain parts of the 

deposits. Therefore, this chapter, being the first record of diamond di stribution in such 

settings, will focus on correlating the diamond data to various facies as a means of 

highlighting specific mineralisation patterns. In addition, through an understanding of the 

physical conditions under which the different facies accumulated as discussed in Chapter 3, 

the mechanisms that controlled diamond mineralisation patterns can possibly be inferred at a 

facies level. In this context, diamonds are thus merely a component of the gravel. They are 

clasts with a specific density of 3.51 g/cm3 (Cairncross, 2004) deposited with other gravel 

clasts of different compositions that may have similar (for example epidote at 3.4 g/cm3 to 

3.51 g/cm3
; Cairncross, 2004) or different densities (for example quartz at 2.7 g/cm3 and 

banded ironstone at 5.18 g/cm3 to 5.26 g/cm3
; Macintosh, 1983). Note that although the term 

' mineralisation' is used almost exclusively for the introduction of ore and gangue minerals 

into a pre-existing host rock (Whitten & Brooks, 1987), it is at times used loosely to describe 

the accumulation of detrital diamonds in placer deposits (see Duggan et ai., 2007; SAMREC, 

2007). 

Owing to the low grade and limited sampling, a basic statistical analysis of diamond 

data for each depositional sub-environment has been undertaken. This chapter, documents the 

results and analysis of sample data obtained from three main exploration programmes 

undertaken during the 1950s, I 970s and early 1990s. Mention must be made that this analysis 

on barrier beach and barrier spit deposits is the first of its kind. The raw data used are 

included in Appendix B and on a compact disc (CD) accompanying the appendix volume. In 

this analysis, two parameters are considered important (see also Appendix B): 
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I) Average grade (diamond concentration); this is based on the stone density distribution in a 

given sample unit (recorded in tons) and is expressed as stones per hundred ton (spht) . 

(Note that diamonds are also loosely referred to as stones in this study). 

2) Average diamond (stone) size; this is the average weight of the diamonds for a given 

sample unit and is expressed as carats per stone (cts/stn) . As mentioned previously, a 

metric carat (ct) is equivalent to 0.2 grams (Lynn el al., 1998). 

When the grade (diamond concentration) of a marine placer deposit is examined, it has 

been shown by Sichel (1973) that sampling of such a deposit will typically return a large 

number of barren samples due to the erratic distribution of diamonds as mentioned 

previously. The consequential lognormal plot of the grade distribution will generally display a 

strong deviation from lognormality with the histogram highly skewed (due to the higher 

frequencies of barren results) to resemble an inverted J-shape (Sichel, 1973; Oosterveld el al. , 

1987; Rombouts, 1995). In contrast to grade, the diamond size distribution tends to follow 

lognormality as a result of continuous sorting by wave and longshore currents (Sichel, 1973, 

Oosterveld et al., 1987; Rombouts, 1995). In fact, increased sorting will reduce the lognormal 

variance as in the case of littoral deposits (Rombouts, 1995). It thus follows that areas near 

the Orange River mouth will have larger average sizes associated with higher lognormal 

variability, whilst areas farther down-drift, will show smaller average sizes with lower 

variability (Sichel, 1973; see Appendix B for further discussion on grade and stone size 

sampling). 

S.2 FACIES MINERALISATION 

S.2.1 Facies A: Barrier spit 

The type-section in the G25 sample trench represents the first recorded pattern of 

diamond mineralisation within a gravel barrier spit sequence (Figure 5.3). Discrete sampling 

of the individual sub-environments was undertaken at the G25 trench (from one trench 

excavation only) and besides the sample results from the Facies C gravel beaches, there is no 

other dataset from similar environments to compare with. Nonetheless, the sampling results 

show a cross-beach (north-east to south-west) pattern of mineralisation. The grade is 

significantly higher in the gravel beaches found on the landward side (Sub-facies A3) where 

the sp it recurves into the lagoon, whilst comparatively lower grades are found in the intertidal 

gravel deposits that are in direct contact with the open ocean (seaward-facing; Sub-facies AI). 

147 



CHAPTER 5 - DIAMOND MINERALISATION 

The area of poor grade is confined to the subtidal inlet deposits (Sub-facies A2) where sand 

and poorly-sorted gravel sheets dominate. 

Noteworthy is the stone size distribution. The largest average size was recovered from 

the intertidal, seaward-facing gravel beaches (Sub-facies AI), but the spit-recurve (Sub-facies 

A3; landward-facing beaches) and subtidal inlet (Sub-facies A2) deposits yielded similar 

average stone sizes that are considerably smaller than those of the seaward-facing beaches 

(Sub-facies AI). The overall diamond data is tabulated in Table 5.1. 

The paucity of samples (only seven) from the barrier spit environment does not allow 

for any reasonable descriptive statistical presentation. Consequently, basic statistics and 

associated graphical illustrations that are used in discussion for the other marine environments 

are not presented here. Given that the results are supported by only a few stones (in total 283 

from seven samples) , especially for the inlet environment (two stones only from one sample; 

see Appendix B), and although barren samples are absent, there is the poss ibility of a biased 

grade and stone size result. Nevertheless, the results provide a first approximation for future 

comparison. 

Table 5.1: Overall diamond results for barrier spit from the G25 trench 

Sub-facies Sub-environment A verage grade (sph!) Average stone size (cts/stn) 

Al Seaward-facing beach face >3.0 <4.0 > 1.0 < 1.3 

A2 Tidal inlet >0.9 <1.0 >0.4 <0.5 

A3 Landward-facing recurve beaches >12.0 <13.0 >0.4 <0.5 

5.2.2 Facies B: Transgressive lag 

Unlike the thick gravel accumulations of Facies A and C, the thin boulder lag of Facies 

B has been subjected to depositional processes that are different, producing a contrasting 

mineralisation pattern. Here the diamond distribution is influenced by current- and wave­

induced raking, whereas kinetic sieving - a 'jigging' process that aids gravel size- and shape­

sorting (see Chapter 3, Section 3.5.4) - is more typical in beach deposits (Facies A and C) 

within an intertidal setting (see Chapter 3). 
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Selective sampling of Facies B gravels has demonstrated that they have poor grades, but 

yield a large average stone size (Table 5.2). When grade and average stone size are examined, 

a clear mineralisation pattern emerges. The distribution of higher grade (Figure 5.4) and 

larger-than-average size (Figure 5.5) have similar trends in a south-west to north-east 

direction (perpendicular to the present coastline) - these larger grade and size values are 

confined to the most landward end of the transgressive sheet. 

The only obvious average stone size trend in a south-east to north-west direction 

(parallel to the present coastline) is the sudden decrease at trench 045 to l.l cts/stn (Figure 

5.5A). Also, the zone of exceptionally large diamonds occupies a broader area south-east of 

trench 019. This subtle ' bulging' of the zone is coincident with the schist bedrock island, but 

surprisingly does not extend southwards to trench 04 where bedrock is still present (Figure 

5.5B). 

Descriptive statistics for the transgressive lag are presented in Table 5.3. In addition, 

dispersion graphs illustrate the spread of data for grade (Figure 5.6A) and average stone size 

(Figure 5.6B). Frequency distribution graphs are also included in Figure 5.6 as insets and 

these have data classes equal to those used in Figures 5.4 & 5.5 for ease of comparison. It is 

clear from the dispersion graphs that both the average stone size and grade depict positively 

skewed data due to the influence of outliers, more particularly the average stone size which is 

skewed due to the recovery of a single large diamond (16.8 carats). This is also evidenced in 

the skewness values recorded in Table 5.3. In addition to the outliers, zero values also have an 

obvious influence and account for 20% of the dataset. When the frequency distribution graph 

for grade is viewed (Figure 5.6A), a tight concentration of values between zero and 1 spht is 

apparent, whilst the graph for stone size shows a large number of values greater than J.O 

cts/stn (Figure 5.6B). 

Table 5.2: Overall diamond results for transgressive lag 

Facies Environment Average grade (,ph!) Average stone size (cts/stn) 

B Transgressive lag <1.0 > 1.4 <2.0 

149 



CHAPTER 5 - DIAMOND MINERALISATION 

Table 5.3: Descriptive statistics for the transgressive lag diamond data 

No of Min Max 
Mean 

Geometric 
Var CV sk (J 

samples value value mean 

sph! 107 0.0 43 0.5 N/A 0.7 0.5 lA 2.7 

cts/stn 86 0.2 16.8 L5 1.08 1.9 3.5 1.3 6.5 

-a"" standard deViatIOn, Var vanance, CV coefficient of Variation, sk - skewness 

5.2.3 Facies C: Barrier beach 

By using the 1950s and 1970s sampling results (see Appendix B for sampling data) 

that were returned from a beach section where the entire spectrum of sub-facies (CI to C2) 

was preserved, a representative appreciation of the Facies C mineralisation patterns was 

gained (Table 5.4). 

The highest grade is confined to the upper beach face of Sub-facies CI (Figure 5.7). 

On either side (landward and seaward) of this zone of high grade, the beach toe (outer frame 

of Sub-facies CI) and washovers (back-barrier of Sub-facies C2) in comparison have lower 

grades. Note, however, that the grade of the washover sub-environment is lower than that of 

the beach toe. 

When the average stone size is considered (Figure 5.8), the beach toe (outer frame of 

Sub-facies C I) is the area where the largest diamonds accumulate, despite sporadic 

occurrences of larger than average diamonds elsewhere in the beach face and washover sub­

environments. At the beach toe, the largest diamonds are confined to the more seaward 

regions. It has also been demonstrated that the outer frame is typified by an accumulation of 

the largest and most mobile clasts on a barrier beach. It thus implies there is an empirical 

relationship between diamond size and gravel size. Figure 5.9A broadly illustrates this 

relationship where the trend in average stone size closely mirrors the average boulder size, 

save for the outlier at the G39.5 trench. 

When the entire foreshore (Sub-facies C I) is compared to that of the backshore 

(supratidal washover of Sub-facies C2) setting (Figure 5.9B & C), a clear pattern emerges, 

namely: 
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I) There is relative consistency in the grade and average stone size along strike (parallel to 

the present coastline) for both depositional sub-environments; 

2) The grade is roughly, on average, three times greater in the foreshore compared to that of 

the washover (see also Spaggiari et at., 2006); and 

3) The average stone size in the foreshore (Sub-facies C I; 1.3 cts/stn) is slightly larger than 

that in the backshore setting (Sub-facies C2; l.l cts/stn). This is mainly due to the 

influence of the larger average stone size in the beach toe of the foreshore setting. 

Descriptive statistics for the barrier beach is presented in Tables 5.5 (grade) and 5.6 

(stone size), whi lst dispersion graphs for grade and stone size in Figures 5.10 & 5.11, 

respectively, represent graphical summaries of diamond data for the outer frame (beach toe), 

beach face and washover settings. These figures incl ude frequency distribution graphs as 

insets with data classes that are similar to those used in Figures 5.7 & 5.8 for ease of 

comparison. 

Like the transgressive lag data, outl iers skew the data so that the dispersion graphs are, 

to some degree, positively skewed. When grade is considered, the standard deviation for the 

beach face is significantly high (Table 5.5) due to a spread of higher va lues. These higher 

values correlate to the upper beach face where grades are highest as shown in Figure 5.7 and 

in the frequency distribution graph (Figure 5.IOB). More significantly, in comparison with 

other sub-facies of equal sample size, on ly one zero value is recorded in the upper beach face 

dataset. Figure 5.1 2 illustrates the grade results of a barrier beach from equal-sized samples 

and clearly shows that the highest grade, which is confined to the upper beach face , is related 

to a geo logical influence and not a function of sample size (see also Appendix B, Section 

1.3.2). In contrast, the washover deposits are largely influenced by the high number of zero 

values that represent as much as 64% of the washover results; the highest of the entire 

diamond dataset (see Figure 5.IOC). Intriguingly, the frequency distribution trends of the 

washover and middle beach face are similar (Figure 5.lOB & C), both are influenced by the 

large number of zero values. 

As regards the average stone size, the outer frame (beach toe) contains the largest 

stones. However, when the entire barrier beach environment is considered (in Figure 5.9C), 

there is in fact little variability in stone size between sub-environments, save for the outliers 

influencing the outer frame and beach face results. In fact, both of these last two sub-
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environments display similar trends in their frequency distribution graphs (see Figure S.IIA 

&8). 

Table 5.4: Overall diamond results for barrier beach 

Sub-facies Sub-environment Average grade (sph!) Average stone size (cts/stn) 

CI Beach toe >3.0 <4.0 >1.3<1.5 

CI Beach face > 12.0 < 13.0 > 1.0 < 1.2 

C2 Washover fan > 1.0 <2.0 > 1.0 < 1.2 

Table 5.5: Descriptive statistics for barrier beach grade data (spht) 

No of Min Max Geometric 
CV 

samples value value 
Mean G Var sk 

mean 

Beach Toe 40 0 23 .5 3.2 N/A 4.3 18.5 1.3 3.0 

Beach face SO 0 65.0 12.0 N/A 14.6 213.6 1.2 2.2 

Washover 33 0 6.3.0 1.1 N/A 1.8 3.4 1.6 1.8 

Foreshore 
90 0 65.0 3.9 

(BF + BT) 
N/A 12.1 148.0 3.0 3.0 

- -(J standard deviatIon, Var - vanance, CV coefficIent of vanatlOn, sk skewness, BF beach face , BT - beach loc 

Table 5.6: Descriptive statistics for barrier beach stone size data (cts/stn) 

No of Min Max 
Mean 

Geometric 
Var CV sk 

samples value value 
G 

mean 

Beach Toe 31 0.3 5.4 1.4 1.1 0.9 0.8 0.6 2.9 

Beach face 36 2.7 7.8 1.1 1.1 1.2 1.5 1.1 4.1 

Washover 12 0.1 2.7 1.1 0.8 0.8 0.7 0.7 0.6 

Foreshore 
67 0.3 7.8 1.3 1.1 1.0 1.1 0.8 3.8 

(BF + BT) 
- -G - standard devIatIOn, Var "" vanance, CV - coclficlcnt of \ anatlon, sk - skewness, BF - beach tace, B1 - beach toe 
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5.2.4 Facies D: Storm gravel sheet 

Consideration is given only to Sub-facies 03 as diamond accumulations are confined 

to the storm gravel sheets. Only the diamond data pertaining to the area north-west of, and 

including, the G 19 sample trench were used; the gravel sheets of Sub-facies 03 are absent 

south of G 19 where the Facies 0 succession thins abruptly (see Appendix E) . Results show, 

as expected, that the storm gravel sheets of Sub-facies 03 are poorly mineralised and have the 

poorest grade of all the facies types investigated in the study area (Table 5.7). No trend was 

apparent in the average stone size or grade (Figure 5.13) when the results are examined, 

which could also be a function of the limited number of samples that are used in the analysis. 

Descriptive statistics for the storm gravel sheet sub-environment is presented in Table 

5.8, whilst di spersion graphs illustrates the amount of data dispersion around the mean for 

grade (F igure 5.14A) and average stone size (Figure 5.14B). Frequency distribution graphs 

are also included in the figure as insets and have similar data classes as those used in Figure 

5.13 for ease of comparison. One striking feature when the grade results are viewed in the 

dispersion graph is that most values are significantly less than 1 spht with a clustering of 

results between zero and 0.2 spht (Figure 5.14A). Statistically, the storm gravel sheet setting 

has the lowest standard deviation of all sub-environments, followed by the transgressive lag. 

In addition to this, the grade frequency distribution graph is similar to that of the transgressive 

lag where grades are equally below I spht (compare Figures 5.6A & 5.14A) and they have 

equivalent skewness values of2.7 (compare Tables 5.3 and 5.5). Noteworthy is that both the 

storm gravel sheet and transgresssive lag are subtidal deposits. 

The stone size dispersion graph illustrates a positively skewed representation due to 

outliers, but most of the data report to values less than 1 ctlstn with a clustering between zero 

and 0.5 cts/stn (Figure 5.14B). The storm gravel setting has one of the lowest average stone 

sizes within the entire marine sequence, third to that of the recurve and tidal inlet deposits 

within the barrier spit environment. 

Table 5.7: Overall diamond results for storm gravel sheet 

Sub-facies Environment 
Average grade Average stone size 

(spht) ( cts/stn) 

D3 Storm gravel sheets < 1.0 >0.5 <0.7 
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Table 5.8: Descriptive statistics for the storm gravel sheet diamond data 

Noof Min Max 
Mean 

Geometric 
Var CV 

samples value " sk 
value mean 

sphl 3 1 0.0 1.1 0.1 N/A 0.2 0.1 1.6 2.7 

cts/stn 24 0.2 2.9 0.6 0.5 0.6 OJ 1.0 2.3 

-0' - standard deviatIOn, Var - variance, CV - coefficient of VariatiOn, sk - skewness 

5.3 ECONOMIC POTENTIAL OF FACIES 

Although the ED Area deposits are considered to be of low economic potential as 

discussed in Section 5.1 , the results presented in either geographical space or using basic 

descriptive statistics demonstrate two main areas favourable for higher diamond 

concentrations (grades) in these low-grade settings. These are foreshore deposits in barrier 

beach environments, more particularly the upper beach face area, and in spit recurves of 

barrier spit environments. Lower grades are confined to the tidal inlet, washover, 

transgressive lag and storm gravel sheet settings. Intriguingly, the offshore sheet-like deposits 

such as the transgressive lag and storm gravel sheet, having similar characteristics, return the 

lowest grades. Evidently, these two settings have statistical data that are relatively 

comparable. 

Yielding the largest average stone SIze are the transgressive lag and foreshore 

deposits, more specifically the outer frame (beach toe). These settings are geologically 

contiguous as demonstrated in Chapter 3 where the transgressive lag boulders are an inherited 

component from the outer frame deposit. The diamond size of the latter also influences the 

entire foreshore sub-environment by raising the average size when the results are combined 

with the beach face. The smaller diamonds are to be found in the storm gravel sheets in the 

shoreface environments, as well as tidal inlet and spit recurve deposits of barrier spit 

environments. 

Although, there are differences in diamond concentration (grade) and size, it does not 

necessarily imply that the deposits with highest grades have the greatest potential. In fact, the 

potential of a diamond deposit is amongst others, dependent on its ton value (or in situ value) 

expressed as U.S. dollar per ton (US$/ton; Hanson WestHouse, undated) It is generally 
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considered that alluvial diamonds, unlike their primary source counterparts, are of exceptional 

quality; as in the case of the Namibian mega-placer where the yield is 95% gem quality 

(Hallam, 1964; Schneider & Miller, 1992; Jennings, 1995; Marshall & Baxter-Brown, 1995). 

Therefore, diamond value expressed as an average price per carat, traditionally in U.S. dollars 

per carat (U$/ct; Rombouts, 1995; Chapman & Boxer, 2004), is expected to be high in 

alluvial diamonds. The value is dependent on a number of criteria (see Lynn et at., 1998), of 

which diamond size (carat weight) is considered important. It therefore follows that larger, 

gem-quality diamonds command higher values. There are various statistical approaches to 

ascertain the average value of a diamond popUlation (see Rombouts, 1995), but a critical 

requirement is that the size of a diamond population under valuation must be significantly 

large - in the order of several thousand stones given that a high variability of stone sizes and 

quality will be present (Rombouts, 1995; Chapman & Boxer, 2004; see also Appendix B). In 

addition to diamond size, another measure equally important in determining ton value is 

grade. Here grade is expressed differently (carats per ton; cts/ton) to what is applied in 

Section 5.2 so that it is aligned to the methods of establishing ton values. These methods are 

briefly discussed in Appendix B. 

In view of the above, the potential of a deposit is ultimately reliant on the diamond 

value (including size) and grade. Using these two end members a hierarchy of facies potential 

can ostensibly be estimated in the ED Area. This approach is in its most simplistic form and 

does not conform to traditional statistical analyses for estimating diamond values per size 

distribution (see Rombouts, 1995), given that there is a scarcity of diamond value data in the 

public domain. Understandably, diamond values per specified stone sizes are not available 

considering the sensitivity of such information. The values used as a base-line in Figure 5.15 

to rank the ED Area deposits have been sourced from limited internet-based reports 

pertaining only to average diamond sizes from mining and prospecting results (Venmyn, 

2007; Martineau, 2008; Alexkor, 2009; Trans Hex, 2009). This may not be statistically valid 

and possibly a poor representation of the ED Area. Therefore, the values estimated and 

assigned to the ED Area facies (Table 5.9) must be used with caution, but they nevertheless 

provide a rough guide (considering the dearth of such data) to gain an appreciation of ton 

values. Mention must be made that the base-line values sourced from the public domain 

represent palaeo-Orange River diamonds and those from littoral deposits of Quaternary age 

along the Atlantic Coast south of the study area in South Africa and thus provide a fair 

comparison for estimating ton values in the study area. 
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With diamond values for each of the facies approximated USing the regression 

equation in Figure 5.15 and their ton values estimated (see Table 5.9), two main hierarchal 

populations are clearly evident in the ED Area. One (designated as A in Figure 5.16) reports 

to a zone of low grade and low U.S. dollar per ton values irrespective of diamond size, whilst 

the opposite typifies the other (designated B in Figure 5.16). Population A comprises, 

unsurprisingly, storm gravel sheet, transgressive lag, tidal inlet and washover deposits. [n this 

mix, the average stone sizes are considerably different with the largest belonging to the 

transgressive lag. While this deposit has the highest diamond value (US$!ct), its low grade 

engenders an ineffectual ton value. Even if the average diamond value (US$!ct) is doubled, 

the effect is insufficient to raise the ton value. However, by increasing both the grade and 

average diamond value by the same order of magnitude, it will invoke a more positive 

response. [n addition to this, the deposit is viewed to be less attractive due to the shoreface 

sediments covering the boulder lag. Here, higher mining costs are required to remove the 

shoreface sediments (overburden cover) in order to access the transgressive lag. 

By contrast, population B consists exclusively of the foreshore deposits with the spit 

recurves included. The latter is regarded as part of a foreshore setting as discussed in Chapter 

3. These deposits have great potential in view of their higher US$!ton values and the limited 

overburden cover. However, the concept of higher grade deposits having lower potential is 

best illustrated here. Although, the spit recurve deposits have the highest grade within the 

entire study area, (as much as four times than its seaward-facing foreshore equivalents), its 

US$!ton value is less due to the smaller average diamond size. Notwithstanding its lower 

grade, the barrier beach foreshore deposits having a larger average stone size is in contrast the 

highest ranked deposit (Figure 5.16). 

In summary, diamond mineralisation within the ED Area varies greatly, but a degree 

of hierarchy in facies potential is evident with respect to the various ton values . The results 

demonstrate that deposits with the highest potential belong to the foreshore, having larger 

average stone sizes and higher grades. Whereas, the lowest potential is typical of those 

deposits having the lowest grade and a small average stone size, sllch as the storm gravel 

sheet. Additional factors have to be considered to ultimately determine their true economic 

value and the application thereof is beyond the scope of this study. These factors include, 

amongst others, overburden (barren cover sediments) thickness, volume of mineralised 
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deposit, resource estimation using appropriate geostatistical methods, mining and processing 

costs (see Dominy et al., 2002). 

Table 5.9: General ranking of facies according to diamond potential 

Rank Average Average Diamond Ton value Facies and Sub-environment 
stone size grade value (US$lton) (environment) 
(ctslstn) (ctslton) (US$/ct) 

I 1.30 0.052 921.41 48 C (Barrier beach) Foreshore 

2 1.20 0.038 886.71 34 A (Barrier spit) Foreshore 

3 0.47 0.059 561.44 33 A (Barrier spit) Spit recurve 

4 1.10 0.012 834.67 10 C (Barrier beach) Washover 

5 1.50 0.008 1008.15 8 B (Transgressive lag) 

6 0.44 0.004 548.43 2 A (Barrier spit) Tidal inlet 

7 0.60 0.001 6 17.82 I D (Shoreface) Stonn gravel sheet 

5.4 MINERALISATION MODELS 

One common feature that governs diamond concentration within the linear and 

pockets beaches down-drift of the ED Area is the bedrock character onto which these deposits 

were emplaced. There is now a general consensus that a competent bedrock footwa ll has 

greater propensity to yield fixed trapsites in the form of wave-cut gullies and potholes. These 

are favourab le sites for higher concentrations of diamonds as demonstrated by Hallam (1964), 

Murray et al. (1970), Keyser (1972), Rogers et al. (1990), Apollus (1995), Corbett (1996) and 

Jacob (2006). 

Save for the small bedrock island, the predominant footwall type in the ED Area 

comprises unconsolidated sediments of either fluvial or marine origin that do not promote the 

development of fixed trapsites. With the absence of a bedrock footwall influence, it is 

envisaged that, amongst others, specific conditions of littoral deposition, as discussed in 

Chapter 3, would have controlled diamond concentration and stone size distribution in the 

barrier deposits. This distribution and associated processes are graphically summarised in 

Figures 5.17 to 5.20, which includes a statistical summary of average grade against stone size 

in Figure 5.18. 
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Studies by Apollus (1995) and Jacob (200 \) looked at the influence of wave-cut 

bedrock gullies in the highly mineralised pocket and linear beaches, respectively, and whilst it 

has been demonstrated that bedrock is a critical factor for increasing diamond concentration, 

the processes of diamond accumulation in these settings are more complicated. For example, 

Apollus (1995) demonstrates that, in places, higher concentrations of smaller diamonds have 

been found within shell-dominated, sand-rich sediment and not in gravel. This contrasts with 

the conventional assumption that gravel is the dominant host for diamond accumulation. In 

addition, millimetre thick layers comprising exclusively diamond have been reported within 

gulley settings (1. Corbett, pers. comm., 2010). These mono-layers of diamond are 

exceptionally rare. It therefore suggests that in bedrock settings the trap sites exert the greater 

control, whereas sediment character is inconsequential. It also implies that for diamonds to 

accumulate in large quantities where sediment behaviour has little bearing on such 

concentrations, diamond availability plays an additional and important role. 

Although, there is a large literature base on placer formation processes, which cover 

heavy minerals other than diamond in fluvial and marine settings, there is a considerable lack 

of data when diamond concentration in gravel beaches is considered; especially for gravel 

barrier forms within palaeo-river mouth settings. Studies have shown that hydraulic sorting of 

heavy minerals in placer deposits (alluvial and marine) is aided by a mechanism such as 

suspension, entrainment, transport or shear sorting or a combination of these (Reid & 

Frostick, \985 ; Hughes el ai. , 2000; Carling & Breakspear, 2006). In marine settings, the 

hydraulic sorting in beach deposits is related primarily to swash and backwash processes, but 

most heavy mineral studies have focused on sand-sized beaches where swash infiltration is 

limited due low sediment permeability. Consequently, these studies do not provide a 

comparative framework to work from given that flow conditions in a highly reflective, steep­

sloping gravel beach would be significantly different due to higher percolation rates that are 

allied to gravel porosity. In this context, the model of interstitial concentration discussed by 

Reid & Frostick (\985), Allan & Frostick (1999) and Carling & Breakspear (2006) has 

particular applicability, even though such studies were focused on fluvial placers. They 

demonstrate that interstice entrapment of heavy minerals plays a critical role. Here, the gravel 

pore spaces act as trapsites and thus the heavy minerals do not necessarily accumulate at the 

surface, but concentrate within the gravel body. 
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Such gravel beach processes have equally been identified as the mam control on 

diamond distribution in pocket beach deposits that are in part (and uncommonly) floored by 

fluvial sediments. Millad (2004) demonstrates that gravel beach processes, coupled with wave 

hydrodynamics are fundamental in manipulating diamond size and concentration. The results, 

however, are not fully applicable to the study area given that the coastal configuration of 

pocket beaches and associated wave hydrodynamics, which are influenced by bedrock 

headlands, differ to the study area. Nonetheless, Millad (2004) provides evidence that the 

gravel fabric influences diamond distribution. For example, he notes that where the average 

diamond size increases, it correlates to an increase in gravel coarseness, which in turn is 

related to higher wave energy. 

Obviously, beaches that receive appreciable amounts of diamonds are likely to 

develop into economic deposits. However, to create such an ideal placer deposit, the 

accumulated diamonds will have to be retained for a reasonable length of time within the 

sediment host; a prerequisite that is linked to gravel beach processes alone when bedrock 

trapping is absent. For example, diamond retention would be higher in barrier deposits that 

are in rapid progradation and to enhance their economic value, a large quantity of diamonds 

must be introduced, as would be the case where pulses of diamonds are delivered to the 

shoreline (see Bluck e/ al., 2005 ; Spaggiari et al. , 2006). 

With this backdrop, it is clear that sorting mechanisms in gravel beaches and their 

importance in generating a diamond placer within a swash- and backwash-dominated setting 

cannot be satisfactorily addressed until more data become available. More importantly, unlike 

other heavy minerals, diamonds are by nature hydrophobic and thus their behaviour in water 

during the concentration process is not adequately known given that a lowering of the 

frictional drag is expected (Yoder, 1993; Marshal & Baxter-Brown, \995). Nonetheless, 

despite a lack of empirical data, conceptual models are inferred to provide a hypothetical 

appreciation of the processes that govern diamond emplacement and retention within barrier 

beach and barrier spit deposits. Here diamond accumulation is linked to barrier-forming 

processes; a study that has not been attempted before. Although conjectural, the models not 

only present a starting point in understanding diamond concentration within barrier types, but 

also provide a record for future comparative studies. 
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S.4.1 Seaward facing intertidal deposits 

Within the palaeo-Orange River mouth, the seaward-facing intertidal deposits in the 

spit and barrier beach settings (Facies A and C) have some of the highest diamond 

concentrations of the littoral deposits, as well as a larger-than-average diamond size 

(Figure 5.17). 

As discussed in Chapter 3, the intertidal selting is the most energetic part of the beach 

where it is subjected to vigorous wave energy. Here, the interplay between swash and 

backwash moves sediment continuously over a rough gravel surface generating turbulence. 

This promotes intense sorting as demonstrated by the extreme clast shape- and size-sorting 

observed in the present and palaeo-gravel beaches at Terrace Bay and within the study area, 

respectively. However, given that the beach gravels are highly porous, the strength and 

endurance of the backwash is short lived due to infiltration. It has been demonstrated that the 

effect of infiltration on swash uprush is limited, whilst it is more significant on the backwash 

(Masselink & Li , 200 I). Percolation of the water mass on the return flow is consequently 

rapid through the open gravel framework. This would suggest that backwash has a limited 

influence on diamond sorting at surface, given that the infiltration clears the beach face 

effectively (Masselink & Li, 2001). Hence, it is plausible that diamonds percolate through the 

sediment pile in a similar fashion to that of gravel clasts. The gravel framework onto which 

the diamonds are emplaced would ultimately control the degree and depth of percolation, as 

well as diamond size. 

A framework with a large open pore space would permit diamonds to descend into the 

sediment pile until they reach a level where the pore size is too small to allow them further 

passage. However, diamonds that are smaller than the pore space at any level within the 

sediment pile will be returned into the immediate offshore to be removed by longshore 

currents or recycled into the littoral to be thrown back onto the beach face. Moreover, 

diamonds that remain on the gravel carpet surface, being significantly larger than the pore 

space, are rejected to accumulate at the beach toe. It therefore suggests that diamond 

concentration is linked to extreme gravel sorting, which creates templates for diamond 

retention. More significantly, gravel size which governs pore space size, would then control 

diamond size. Reid & Frostick (1985), Allan & Frostick (1999), as well as Carling & 

Breakspear (2006), discuss such a mechanism (interstitial sorting) for concentrating heavy 

minerals in alluvial placers. They note that the coarser framework was deposited first, whilst 
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the heavy minerals, as part of the matrix, filtered into the pore space at a later stage. This 

infiltration is also aided by in situ ' rocking ' (kinetic sieving or 'jigging') of the gravel clasts 

during swash incursions. This leads to expansion of pore throats (i.e. dilation of the gravel 

framework sensu Allan & Frostick, 1999) and, coupled with fluid suction, diamond particles 

are allowed to penetrate deeper into the sediment pile. 

However, the beach environment is highly mobile where beach build-up and break­

down occurs frequently. Sediment erosion can be significant in storm conditions, removing as 

much as a metre of gravel (Spaggiari et ai., 2006). This means that sediment exchange with 

the offshore, or with other sectors of the beach, is frequent. Consequently, there are few 

places where diamonds can accumulate, after repeated sorting events over a protracted period, 

to ultimately generate a rich placer. Of significance, is that the diamonds must remain in place 

(once trapped) for any meaningful accumulation. It, thus, raises the question how diamonds 

can be retained in a highly mobile setting. 

It is envisaged that the middle sector of the beach is the diamond 'sort-room' . Diamonds 

rejected from this sector of the beach are either added to the beach toe or upper beach face, or 

alternatively returned to the littoral zone. In comparison to the mobile middle sector, both the 

upper beach face and beach toe sub-environments are relatively stable and remain static for 

longer periods and are sites for better diamond concentration. 

Large cobble to boulder clasts make up the beach toe (Sub-facies C I) and are thus 

trapsites for the larger diamonds, given the large pore space between the clasts. The beach toe 

is a gently inclined environment, which is the first to receive the more energetic part of the 

swash uprush and is subjected to backwash ex-filtration as it returns through the porous 

beach. This rakes the sediments repeatedly to winnow out the finer diamonds, whilst the 

larger population that is trapped within the gravel pore space remains relatively stationary. 

The local turbulence induced around the boulders is largely governed by gravel size. Also 

gravel infilling takes place during the winnowing process and with successive infilling of the 

pore space, the trapped diamonds are sealed off from further reworking. Noteworthy, is that 

the process of percolation in this environment is absent. 

In contrast to the beach toe, the upper beach is reworked more effectively during storms 

only. During such periods, a rising water table would saturate the beach (Orford, 1977) filling 
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the pore-spaces. This fluidisation of the beach reduces backwash percolation and promotes 

beach erosion. Concomitant with the erosion is the removal of the diamond population, which 

is thrown back onto the beach face at successfully higher levels. The accumulation of 

diamonds at the highest level, corresponding to the limit of swash uprush, would thus remain 

static for a period of time before being reworked by the next, more vigorous storm. Diamonds 

can therefore accumulate through a process of abandonment. If sediment supply to the beach 

face is sustained and is greater than sediment removal, beach progradation will occur, further 

increasing the retention potential of the abandoned diamonds. The mechanism associated with 

the deposition and preservation of diamonds within the upper beach face is thus storm beach 

sedimentation. 

Observations on garnet (specific density of 3.4 g/cm3 to 3.6 g/cm3
; Cairncross, 2004) 

accumulations in gravel beaches along both MA I and the Skeleton Coast by Hallam (1964) 

correspond well to the diamond results discussed in the preceding chapter. He notes that 

significant garnet concentrations were confined to the upper beach face just below the beach 

ridge. Similarly, garnet concentrations have been observed in the modern beaches near the 

Orange River mouth in Oranjemund, Namibia by the author. Where the beach comprises very 

coarse sand to granules it has, as expected, a steep profile. Here garnet concentrations are also 

confined to the upper beach face. Conversely, where the beach is finer grained, a lower 

profile yields fewer garnets that are spread over a greater area. 

5.4.2 Back-barrier and spit recurve deposits 

Unlike the foreshore where the beach face is subjected to continuous wave attack and 

reworking, sediments in the back-barrier setting are protected from the energetic surf zone 

and are rarely reworked. These sub-environments, notably, beach ridges (Sub-facies CI), 

washover fans (Sub-facies C2) and to some degree, the landward regions of the spit recurves 

(Sub-facies A3) are storm produced and thus their emplacement is intermittent. 

The diamond populations within washover fans represent a reasonable measure of the 

diamond size population within the beach face setting. Diamonds are scavenged from the 

beach face and transferred to the back-barrier during storms. This accounts for similar 

average diamond sizes. It has also been demonstrated that amongst other factors, breach 

points in a beach ridge direct sediment-charged swash incursions into the back-barrier (Carter 

& Orford, 1980, 1981). This would suggest that washovers have a tendency to be localised 
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and thus a small area of the foreshore is sampled for its diamond content. Also, more 

aggressive overwashing is capable of adding sand and clay rafts to the fan sediments, further 

diluting the gravel component. Once deposited, there is virtually no further exchange with the 

foreshore and no reworking of the washover fans to remove the fine sediments. Hence, the 

low diamond concentration in washover deposits can be ascribed to a combination of limited 

sampling of the beach face, infrequent exchange with the foreshore and an absence of 

reworking to remove the diluting sediments. 

Unlike the washover fans, the landward regions of the spit recurves are subjected to 

reworking under a lower wave energy regime, in comparison to the more energetic foreshore 

setting. Regardless of the lower energy setting, the waves refracting around the spit head still 

have the competence to wash out finer sediments from the landward-facing beaches. During 

fair-weather, this reworking is relatively gentle under reduced wave height. However, the 

wave height is increased during storm periods, promoting more aggressive reworking. 

Consequently, these landward-facing beaches are subjected to continuous reworking, even 

though wave energy levels are inconsistent. 

The diamond population in the landward-facing beaches (Sub-facies A3) is 

significantly smaller than the washover deposits (Sub-facies C2). This not only suggests a 

different mode of emplacement, but also indicates that once the diamonds have accumulated 

in the spit recurves, there has been no further interaction with the seaward-facing beaches 

through washover processes. As discussed, the seaward-facing beaches have a comparatively 

larger average diamond size, as much as three to five times more, than their landward-facing 

counterparts. 

The smaller diamond size reflects a longshore-transported population that has been 

rejected, possibly several times, from the foreshore. This would imply that the coarse 

seaward-facing beaches are not effective in trapping the smaller diamond population. It 

further suggests that a portion of the longshore-transported diamonds do not bypass the spit 

head, but instead, is directed through the inlet to accumulate at the spit recurves. This is not 

unusual. Longshore transported particles do have the propensity to either cross the entrances 

of estuarine-lagoons or move into the inlet to be added either to the spit (see Chapter 3, 

Section 3.3.5) or inlet channel environments, as noted by Kidson el al. (1958) and Carr 

(1965). A portion of this ' deflected' diamond population is also retained in the subtidal 
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deposits of the inlet, which is discussed in Section 5.2. It is therefore conceivable that the 

diamonds in spit recurves do not represent the population contained within foreshore deposits, 

but instead are a good representation of the rejected littoral diamond population that is 

moving northward along the coast. 

5.4.3 Subtidal deposits 

In this section, consideration is given to all gravel-dominated subtidal env ironments 

and thus the spit inlet deposits (Sub-facies A2) is included in the discussion. Of all the 

depositional sub-environments, the subtidal regions have the poorest concentration of 

diamonds given the limited amount of reworking in these submerged settings. 

As noted in Chapter 3, the most seaward part of the foreshore - the beach toe (Sub­

facies C I) - is characterised by an accumulation of large spherical clasts. It has also been 

demonstrated that the boulder bed (Facies B), representing a transgressive lag, is the residual 

accumulation of beach toe material left behind on the shoreface during shore line retreat. It 

thus, follows that the diamond mineralisation in the transgressive lag should exhibit some 

traits similar to that of the beach toe. The overall average diamond size reflects this similarity 

where the average size in the transgressive lag (1.5 cts/stn) is not too different to that of the 

beach toe (1.3 cts/stn). 

During shoreline retreat, as sea-level rises, the boulders left behind on the shoreface 

would be subjected to limited reworking. It is envisaged that reworking would be initially 

effective at the leading edge of the transgression where winnowing is more conducive to rake 

the sediment pile. This accounts for the zone of better diamond concentration in the most­

landward regions of the transgressive lag. However, as the shoreface advances landward, the 

winnowing decreases with increasing water depth and is replaced by sediment dilution where 

shoreface sands fill available pore space. More importantly, there is no further diamond 

replenishment from the shoreline. 

Storms are conducive for emplacing foreshore sediment into the shoreface by 

powerful wave-induced rip currents. Associated with this sediment transfer is the movement 

of diamonds where they are scavenged from intertidal hosts. The larger diamonds occurring at 

the most landward end of the storm gravel sheets coincide with the larger gravels as discussed 

in Chapter 3. This is a function of gravel size entrapment that is also seen in the beach toe 
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environment. Once sediment is ripped from a small area of the beach, a pulse of diamond­

bearing sediment is transferred to lower-energy, shoreface settings where they are rapidly 

deposited. Winnowing of the sediment melange is thus significantly limited. Longshore drift 

winnowing may take place, but it is likely to be short-lived due to the influx of entrained 

sediment. The result is extensive dilution of the gravel sheets. Post-storm recovery periods 

would see an introduction of additional fine sediment, such as sand, blanketing the gravel 

sheets. Similar to the transgressive lag, there is no further diamond replenishment from the 

foreshore setting. 

Given the mobility and high deposition rates, as well as the fine-grained nature of the 

sand-dominated sediments associated with spit elongation, it is not surprising that the subtidal 

deposits at the spit head have poor diamond concentrations. The diamonds are retained in the 

gravel fraction , but the lack of clast sorting, the sandy nature of the gravel and, more 

significantly, the abundance of light zeolite pebbles (specific density of 2.0 g/cm3 to 2.2 

g/cm3
; Cairncross, 2004) is indicative that sediment reworking is lacking. However, the 

overall average diamond size within these sediments closely matches those that are retained 

in the landward-facing beaches of the spit recurves. This implies that a portion of the diamond 

population directed through the inlet to the spit recurves was trapped at the spit head. 
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CHAPTER 6 - DISCUSSION OF RESULTS 

6.1 STRATIGRAPHIC MODEL 

Diamondiferous onshore littoral deposits of varying age are developed sporadically 

over a distance of approximately 1,800 km along the Atlantic coastline from Namaqualand in 

South Africa through the study area and northwards to the Skeleton Coast in Namibia and 

beyond into southern Angola (Figure 6.1). However, this entire suite of variable age deposits 

that range from Eocene to Holocene age is not always preserved along the Atlantic coastline 

and thus the coastal stratigraphy is fragmented. The inconsistent preservation is promoted in 

part through the antecedent topography controlling deposition (see for example Pether, 1994) 

and post-depositional geomorphic processes. More importantly, sea-level fluctuations had a 

considerable impact where reoccupation of previous sea-level stands has completely or 

partially removed earlier depositional signatures. For example, Pickford & Senut (1999) show 

that in Namaqualand, South Africa, marine deposits between 40 m and 45 m above msl 

contain terrestrial and marine fossils of Early, Middle and Late Miocene age, suggesting that 

this particular altitude was occupied by sea-level at least three times during the Miocene. The 

resultant effect is reworking of older deposits into younger ones. In addition, elevation 

heights of comparable-age deposits are inconsistent along the Atlantic coastline at various 

localities and whilst tectonism is suspected for this disparity (for example Dingle et aI., 

1983), more conclusive evidence is required given the difficulty in unravelling the 

contributions from tectonism and eustacy to palaeo-shoreline positions (see Roberts & Brink, 

2002). Therefore, there is great difficulty in correlating palaeo-shorelines, particularly those 

of Palaeogene to Early Quaternary, along the entire Atlantic coastline of southern Africa due 

to elevation inconsistencies (for example see Figure 4.4), differences in stratigraphic 

preservation, re-occupation of previous shoreline levels and more significantly, as noted by 

Dingle et al. (1983) and Roberts & Brink (2002), imprecise age determination. Figure 6.2 

illustrates broadly this fragmented stratigraphic setting and the preferential survival of various 

deposits. It also clearly shows a large gap in shoreline history between the Eocene and Early 

Miocene where onshore marine deposits of Oligocene age are not preserved along the 

Atlantic coastlines of South Africa and Namibia (Dingle et al., 1983). 

When the deposits of Plio-Pleistocene age (30 m Package equivalents) are considered, 

their stratigraphic make-up is equally fragmented and the sediment character is remarkably 
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variable. Figure 6.3 illustrates, broadly, the regional distribution of diamond-bearing Plio­

Pleistocene shorelines and their preservation along the Atlantic Coast of South Africa and 

Namibia. Along the Namaqualand coast in South Africa, there is greater preservation of 

shoreface deposits, whereas gravel-bearing foreshore settings that fringe wave-cut cliffs are 

preserved to a lesser degree (Hallam, 1964; P. Gresse, pers. comm., 2010; W. Macdonald, 

pers. comm., 20 I 0; J. Ward, pers. comm., 20 I 0). In these foreshore settings, the deposits are 

typically beaches and barrier forms are absent (see Chapter 1, Section 1.4 on difference 

between balTier beach and beach deposit). In addition, there appears to be no down-drift 

change in deposit character such as that seen in Namibia where there is a ubiquitous change 

from barrier to linear beach types. This, however, does not necessarily imply that barrier 

beach deposits did not evolve along the Namaqualand coast. Their absence may be a 

reflection of post-depositional erosion or such deposits were not exposed by mining activities. 

For example, remnants of barrier deposits, notably lagoon and inlet sediments, have been 

recorded by Pether (1994) in the older 50 m package shoreline, suggesting that barrier 

deposits are not an unusual feature of the Namaqualand palaeo-coastline. 

In Namibia, the greatest representation of diamondiferous Plio-Pleistocene littoral 

deposits is within southern Namibia, which is characterised by a progressive down-drift 

change in deposit character from the Orange River mouth. However, these onshore marine 

occurrences become more sporadic farther north where isolated deposits as far as southern 

Angola have been recorded (see Nunn, 1984). Although, the preservation of 30 m Package 

deposits is variable along the Namibian coast, there is a greater degree of foreshore 

preservation when compared to the Namaqualand coastline in South Africa. Therefore, the 

study area not only represents a small part of the greater Plio-Pleistocene shoreline along the 

Atlantic Coast from South Africa into Namibia, but also yields a more complete sedimentary 

record that reflects a comprehensive history of Plio-Pleistocene sea-levels. Noteworthy, is 

that this degree of sea-level resolution along the entire Namaqualand and Namibian coasts 

has, thus far, only been recorded from the study area. 

The stratigraphic sequence within the study area compnses stacked sequences of 

barrier spits and barrier beaches within accommodation space provided by the palaeo-Orange 

River mouth. It is worth mentioning that the palaeo-Orange River mouth is the largest palaeo­

mouth setting along the Namaqualand and Namibian Coasts (see Bluck et al., 2005). More 

significantly, it is the terminal point of the largest westward draining palaeo-river in southern 
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Africa. This palaeo-river system is seen as a large transient placer that supplied coarse gravel 

together with diamonds to the Atlantic Coast (Bluck et al., 2005; Jacob, 2005). Simply put, 

the palaeo-Orange River was a large gravel conveyor system carrying diamonds. 

Consequently, these attributes provided favourable conditions for the growth of barrier spits 

and barrier beaches, provided that sediment supply was sustained. Unlike the fluvially derived 

sand and mud fractions that were easily dispersed by wave and longshore drift energy, the 

gravel accumulated close to the outfall and was added to coastline features such as barrier or 

beach deposits . Sediment supply was, however, episodic during the Plio-Pleistocene as 

evidenced from the Meso-Orange River terraces of that age (Jacob, 2005) and from the study 

area where there is a large sediment size range. There were thus times when river competence 

was remarkably high to supply boulder-sized gravel , whilst at times it was only capable of 

delivering sand to the coast. This variability in supply was likely to have produced significant 

shifts in the coastline position with seaward growth during sediment surplus and landward 

retreat on a diminishing supply. Obviously the area nearest the outfall will have the greater 

accumulation of gravel, whereas those farthest down-drift will be gravel starved if there are 

no intermediary river inputs. Thus, the coastline maintained a down-drift thinning wedge of 

gravel-bearing features. Of these, the barrier deposits were confined to the palaeo-river mouth 

where the coastal accretion was at its widest. These were in turn replaced down-drift by 

bedrock-floored linear beaches and possibly pocket beaches; the last forming the most distal 

and narrow end of the coastal wedge. Pocket beaches are only preserved in the younger 

deposits and are thus assumed to have also evolved during 30 m Package times. 

A fUlther consequence of an episodic sediment supply is that there is a propensity to 

promote alternating phases of barrier spit and barrier beach growth as described by Orford et 

at. (200 I) . This would account for the different barrier forms within the palaeo-Orange River 

mouth even though the same depositional processes were operating at the same time. In this 

context, Orford et al. (200 I) argue that the barrier forms may represent different end members 

of a continuum where, for example, barrier spits are predecessors to barrier beaches and the 

latter are precursors to linear beaches. Therefore, the gravel beach forms within the study area 

only represent part of their evolutionary paths. In view of this, the coastal wedge in southern 

Namibia can be seen as an evolutionary continuum of palaeo-gravel beach forms. This 

evolutionary path, controlled in part by the palaeo-Orange River outfall, extends over a 

distance of approximately I 10 km. Thereafter and farther down-drift, this evolutionary path is 

not so evident where the coastline becomes gravel-starved and sand-dominated. It would, 
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therefore, follow that gravel size also declines in a down-drift direction. This is apparent in 

the beach forms immediately north of the present Orange River (Hallam, 1964; Bluck et al., 

2001 ). The decline in gravel size is thought to have been controlled by decreasing sediment 

supply and is not a function of diminishing longshore drift power (Bluck ef al., 2007). In fact, 

small agate pebbles of Orange River origin have been found in 30 m Package sediments at 

Walvis Bay approximately 700 km north of the study area (Spaggiari & Ward, 2004; Bluck et 

al., 2005), whilst diamonds have been recovered from the Skeleton Coast gravel beaches that 

are approximate ly 1,000 km down-drift of the study area (Hallam, 1964). The diamonds are 

assumed to be Orange River derived (Spaggiari & Ward, 2004; Bluck et al., 2005). These 

occurrences provide conclusive evidence that longshore drift transport was active for over a 

distance of more than 1,000 km along the Namibian coast during the Plio-Pleistocene. 

6.2 SEA-LEVEL AND PRESERVATION MODEL 

It has been demonstrated in Chapter 4 that high-frequency sea-level oscillations were 

responsible for building the barrier deposits within the study area. Sea-level amplitudes varied 

with predominantly smaller and fewer, but larger fluctuations driving the growth and stacking 

of barrier deposits into a 16 m marine package. The study area, therefore, comprises a 

multitude of transgressive and normal regressive accumulations with only small portions of 

their greater sequences being preserved. More specifically, only the highstand deposits have 

been preserved, whilst those generated by forced regression and lowstand cycles have been 

mostly removed, save for the relict submerged barrier-deposits of presumably Late 

Pleistocene age occurring 15 km offshore and 20 km to the north of the study area (Corbett & 

Burrell , 200 I; Gray 2002). These are interpreted as remnants of a forced regression that have 

been drowned in situ during a subsequent rapid transgression (Corbett & Burrell, 2001). 

It has been shown in Chapter 4, that the high-frequency sea-level oscillations are 

superimposed on a transgression. The latter correlates to the transgressive maxima at 

approximately 3.2 Ma (TB 3.6 third-order cycle of Haq et al., 1987; Pether, 2000) and is 

thought to be responsible for the emplacement of the 30 m Package shoreline in the study area 

and elsewhere along the Namaqualand and Namibian coastline using Pickford & Senut's 

(1999) age of 3.5-2.5 Ma. Eustatic high stands with elevations ranging from 25-38 m above 
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msl have been proposed by Krantz (1991) between 3.2 and 3.5 Ma, which closely 

corresponds to the elevation heights of the 30 m Package. 

Final abandonment of 30 m Package shoreline took place during a forced regression, 

and whilst the timing thereof is unknown, this event has, in part, promoted the preservation of 

a 16 m marine package within the palaeo-Orange River mouth. At this stage the shoreline was 

a great deal farther seaward - in today 's offshore environment - but re-occupation of the 

westernmost part of the study area occurred during the next major transgression depositing a 

younger barrier beach (undated, but assumed to be 0.4 Ma; Rogers e/ al. , 1990) at a much 

lower elevation and eroding into the 30 m Package barrier deposits . Therefore, as di scussed in 

Chapter 4, the sea- level history recorded in the study area represents a complex 

superimposition of three principal cycles. These are fourth order-cycles of high-frequency 

oscillations that are not recorded elsewhere along the Namaqualand and Namibian coasts. 

They are superimposed on a transgressive event correlating to Haq e/ al. (1987) third-order 

cycles (for example Pether, 1994) and are in turn, superimposed on an overall regression that 

correlates to Haq e/ al. (1987) second-order cycle, which led to the abandonment of the 30 m 

Package shoreline. 

Although the fourth-order cycles are an expression of spasmodic sea-level changes 

over short time spans, the Orange River was capable of adjusting accordingly as shown by 

Jacob (2005) where Plio-Pleistocene (Meso-Orange) fluvial deposits reflect short phases of 

incision and aggradation. Inasmuch as these fluvial deposits reflect sea-level changes, there is 

difficulty in correlating incision and aggradation cycles to the sea-level record in the study 

area. River incision may have been a result of major forced regressions, whilst aggradation 

was a response to transgressions. It must also be noted that using river incised gradients to 

extrapolate Meso-Orange River profiles, Jacob (2005) demonstrates that the Orange River, at 

times , extended well offshore of the present Orange River mouth during the Plio-Pleistocene. 

In addition, and as mentioned earlier, remnants of submerged barrier beaches on a gravel 

delta, possibly of Late Pleistocene age, occur offshore of the study area at depths of90-120 m 

(Corbett & Burrell , 200 I; Gray, 2002). In spite of the correlating difficulties, these submerged 

deposits coupled with the extrapolated gradient provide convincing evidence that the 

shorelines shifted considerably seaward during forced regressions. 
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Whilst sea-level fluctuations were responsible for the evolution of the study area, the 

preservation of a 16 m thick marine package is unexpected given that the remaining age­

equivalent deposits along the entire Namaqualand and Namibian coast, emplaced by the same 

transgressive event, rarely attain a thickness of six metres. Hence it raises the question of 

what mechanisms have encouraged the preservation of such a thick sedimentary record within 

the study area. A combination offour depositional mechanisms is invoked; these are: 

I) A transgression (correlating to third order cycles of Haq et al. , 1987) created the 

accommodation space for the deposition of 30 m Package deposits along the entire 

Namaqualand and Namibian coast even though it was interrupted by a number of smaller 

sea-level fluctuations. 

2) The large palaeo-river mouth setting allowed the barrier shoreline to migrate farther 

landward than any part of the coastline. Note that on a forced regression, the palaeo­

Orange River mouth and its associated outfall maintained a large areal configuration, as it 

occurs offshore of the study area. Therefore, throughout its evolution during transgressions 

and regressions, sediment accumulation would have been greatest in these river mouth 

settings. The relict gravel barrier beach deposits submerged offshore of the study area as 

noted by Gray (2002) bears testament to such a setting where parts of their gross 

morphology have been drowned in place. Here barrier deposits, up to five meters thick and 

developed along strike for two kilometres (Gray, 2002), have been preserved. 

3) A perpetual supply of sediment from the palaeo-Orange River, albeit episodic, promoted 

coastline construction during both regressions and transgressions. Fractionation of the fine 

outfall sediment such as sand and mud were dispersed by wave and longshore energy, 

ensuring that only the grave l fraction accumulated at the coastline. When forced 

regressions are considered, down-stepping terrace-like shorelines and their associated 

submerged shoals of river outfall, would have extended well offshore of the study area. 

Also, these were not necessarily constructed directly offshore of the present Orange River 

mouth given that the palaeo-Orange River had the propensity to migrate down-drift under 

a northward-directed longshore drift, cutting a large swath of horizontal ground. 

4) Subsidence of the palaeo-river mouth area due to sediment compaction has been briefly 

discussed in Chapter 4 and is suspected as one of the mechanisms to encourage sediment 

preservation. The process of sediment compaction would have lowered barrier elevation 

relative to a stable sea-level (see Chapter 4) . If sediment supply was sustained during 

subsidence, barrier aggradation would have continued so that beach ridge elevation was 
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maintained above mean sea-level, whilst a large part of the barrier feature remained below 

sea-level. Basically the process was comparable to that of a still stand. By contrast, 

shorelines that were deposited on bedrock would, obviously, not have subsided. Hence, the 

preservation of these deposits was greatly reduced, but not where deposition occurred 

within topographic hollows as noted by Pether (1994) for the coastal deposits in 

Namaqualand, South Africa . Consequently, the antecedent topography controlled both the 

depositional environment and preservation potential of sediments. 

If subsidence due to compaction is considered to have played a role in the study area, 

the timing thereof would have been prior to the deposition of the barrier beach deposits. This 

line of evidence is based on the transgressive boulder lag leading to the barrier beach 

deposits. Here the lag sheet maintains a horizontal attitude along strike from the bedrock high 

that floors the lag deposit in the south-eastern part of the study area to the north-west where 

the boulders overlie unconsolidated sediments (see Figures 3.15A & 3.l6A). Therefore, if 

subsidence were to have taken place during and after barrier beach deposition, the 

transgressive lag on either side of the bedrock high would have subsided to an elevation lower 

than that on the bedrock high. It thus brings into question whether local tectonism can be 

considered as an alternative mechanism to sediment compaction. Regional uplift of the 

western continental margin of southern Africa during the Late PliocenelEarly Pleistocene has 

been advocated by Partridge & Maud (1987), Partridge (1998) and Wigley (2004). While the 

effects of this event is not evidently appreciable along the Namibian coast, it is assumed that 

it was responsible for the northward tilting of the 'F' bedrock-cliff base and associated Plio­

Pleistocene beach ridge elevations, as noted by Hallam (1964; see also Chapter 2, Section 

2.2). Worthy of mention is that a geophysical lineament has been identified immediately 

north of the present Orange River mouth and has an offshore to onshore extension, directed 

towards the south-west and north-east, respectively (Corner, 2008). 

Although, the lineament is based solely on a geophysical signature and has not been 

conclusively identified in the field , it may represent a fault zone along which crustal 

movement has taken place (B. Corner, pers. comm., 2010). If the land mass was tilted 

northwards as invoked by Hallam (1964), it is conceivable that re-activation of this fault with 

an associated uplift may have occurred, raising the wave-cut bedrock platforms onto which 

the linear beaches were deposited with a concomitant tilting to the north. Subsidence of the 

study area may have also accompanied the uplift, to provide appreciable accommodation 
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space for maximum preservation of barrier features. Dingle et al. (1983) have alluded to the 

effects of local tectonics along the Namaqualand and south Namibian coast where uplift or 

subsidence may have caused one area of the coast to either submerge or emerge relative to 

others. Mention must also be made that re-activation of faults during Plio-Pleistocene to 

Recent times is not an unusual phenomenon in Namibia . For example, Viola et al. (2005) note 

the occurrence of neotectonic faulting in central and southern Namibia along the Hebron and 

Dreyling-Platz faults during the Early Pleistocene and also in the Skorpion Mine pit that is 

90 km north-north-east of the study area. While a tectonic model to explain subsidence in the 

study area is appealing, evidence thereof is scant, but should be investigated as an alternative 

mechanism to sediment compaction. This may also adequately explain differences in the 

elevation heights of shoreline features across the bedrock and fluvial sediment boundary as 

discussed in Chapter 4. 

6.3 DIAMOND EMPLACEMENT MODEL 

Underpinned by a vigorous wave climate, conditions for the development of the 

Namibian mega-placer were we ll-established during the Plio-Pleistocene (see de Decker, 

1988). In fact, this wave climate was in place since the Eocene as discussed in Chapter 2, and 

may have intensified during the Plio-Pleistocene (Pickford & Senut, 1999). It is these 

vigorous coastal processes that fractionated the pulses of different sediment types delivered 

by the palaeo-Orange River. Here, large discrete bodies of sediment injected into the coastal 

system were dispersed with the finer sediments spread away from the outfall, whereas gravel 

accumulated near the shoreline to be added to coastal features. Within the river mouth setting, 

wave and longshore energy facilitated the construction of barrier deposits that had 

unrestricted landward space to migrate and grow. It is here where the coarsest gravel 

accumulated. However, immediately and farther down-drift, greater wave energy was 

expended in cutting bedrock platforms, gullies and potholes, as well as bedrock-cliffs. This 

was bolstered by the gravel clasts which were used as an abrasive medium to faci litate the 

cutting process as described by Jacob (200 I). Linear and pocket beach forms developed on 

these bedrock wave-cut features. Therefore throughout its evolution, the coastal segment at 

the palaeo-Orange River outfall, since the Eocene, has developed in such a manner described 

above at every geographical position it held during either a transgression or regression. 
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Sourced from fertile kimberlites within the interior of southern Africa, diamonds and 

other fluvial sediments were delivered to the coastline since the Eocene (Bluck et al., 2005; 

Jacob, 2005). It is envisaged that pulses of diamonds were transported to the Atlantic Coast, 

but not all of the diamonds reached the coastline; some would have been retained in trapsites 

along the pa laeo-Orange River course (Jacob, 2005). However, a diminishing supply of 

diamonds to the Atlantic Ocean since the Eocene is apparent (Bluck et al., 2005; Jacob, 2005) 

with an insignificant contribution from the palaeo-Orange River during the Plio-Pleistocene 

and thereafter. Paradoxically, the Plio-Pleistocene and younger gravel shorelines have the 

highest diamond concentrations in the Namibian mega-pacer, suggesting that diamond input 

was principally from another source - the offshore from pre-existing coastal deposits. 

Therefore, the role of the palaeo-Orange River as a diamond conduit was insignificant during 

the Plio-Pleistocene, but its contribution as a gravel conveyor was fundamental to coastal 

evolution. Noteworthy is that the diamonds introduced to the Atlantic Coast since the Eocene 

until Plio-Pleistocene times, must have resided in their gravel beach hosts for a considerable 

time before they were tapped and incorporated into younger Plio-Pleistocene shorelines. 

However, considering that sea-level fluctuated throughout these periods, it is conceivable that 

diamonds were recycled into progressively younger deposits since the Eocene. 

Given that the offshore is seen as the principal diamond reservoir, a key aspect of 

diamond introduction into an evolving shoreline, such as the 30 m Package during the Plio­

Pleistocene, would have been a process of 'farming' the diamonds from older submerged 

deposits. To achieve this, a sea-level fall (and concomitant lowering of the wave base) is 

firstly required to re-work previous shoreline deposits that are highly diamondiferous, such as 

those of Late Palaeogene and Early Neogene ages when diamond input to the coast from the 

palaeo-Orange River was at its peak (Bluck et al., 2005 ; Jacob, 2005). Secondly, a subsequent 

transgression is required to drive the sediment and diamonds landward until sea-level reaches 

positional stability to allow shoreline growth. Therefore, the ' farming ' process is seen as a 

retrieval of diamonds during a regression and shoreline mineralisation on a transgression. It 

thus follows that the diamond characteristics are inherited from the older deposits. These will 

include sorted populations in a down-drift direction. While it has been advocated that the 

overall diamond size decreases down-drift from the study area - a function of longshore 

sorting (Hallam, 1964; Sutherland, 1982; Schneider & Miller, 1992, Figure 6.4A) - the 

decrease is not entirely constant, but has an irregular distribution with anomalous large 

average sizes punctuating the overall trend (Figure 6.4B). Equally, the diamond concentration 
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along the coastline exhibits an irregular trend with an overall Increase In a down-drift 

direction (Figure 6.4B). 

Figure 6.4 illustrates these distributions, and although the irregularity could be a result 

of different trapping mechanism, the data used in the figure is a combination from all beach 

types of varying ages. Therefore, the anomalous peaks in the graph could also reflect the 

introduction of a diamond population having a larger average size or higher concentration 

during a specific time. Bluck e/ oZ. (2005) demonstrate that the longshore diamond size 

change has greater complexity. The longshore-transported population was, at different 

localities, contaminated by the introduction of diamonds from older higher- lying shorelines 

(such as Eocene to Miocene age) . The erosion of these older terraces through sheetwash or 

stream action introduced a specific average size or quantity of diamonds to an evolving 

shoreline. Therefore the diamond population within Plio-Pleistocene beaches would comprise 

a mix of populations. Nonetheless, what is clearly apparent from Figure 6.4 is that the largest 

average diamond size and lower concentration occurs within the palaeo-Orange River mouth 

area. 

Diamond size not on ly decreased in a longshore drift direction, but also through time 

since the Plio-Pleistocene as shorelines became younger. Hallam (1964) notes that 30 m 

Package deposits (Donax rogersi-bearing or ' Upper Terrace ' deposits) have a larger average 

diamond size than the younger Donax serra-bearing 'Lower Terrace ' deposits. 

Notwithstanding the larger average diamond size in the palaeo-river mouth, this trend is 

equally evident in the barrier deposits alone. Comparing the diamond size frequency 

distribution from the study area with that from Holocene barrier deposits, as shown in Figure 

6.5A illustrates a greater percentage of smaller diamonds in the younger barriers with a 

concomitant lower percentage of larger diamonds . Mention must be made that the Holocene 

size frequency distribution comprises a mix of results from Holocene barrier deposits of 

varying age (approximately 5,000 BP to 7,000 BP). Thus, on a finer resolution looking at 

these Holocene deposits only, a declining trend in diamond size may not be clearly apparent. 

Nonetheless, when the diamond population from the Holocene barrier deposits in their totality 

are compared with that of the study area, a declining trend is evident. In addition to this size 

change through time, the gravel component of river sediments delivered to the coast also 

decreased in quantity and size since the Plio-Pleistocene as evidenced from the greater 

amount of sand and smaller gravel size in the Holocene barrier deposits (personal 
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observation; J. Ward, pel's. comm., 2010). It is therefore conceivable that the average 

diamond size extracted from a diamond pool and trapped within a barrier beach during the 

recycling process became progressively smaller in concert with a decreasing gravel size 

through time (Figure 6.5B). 

If the general perspective of an offshore source is held, then basically the large 

diamonds within the study area would have been sourced from an older shoreline that 

similarly hosted larger diamonds and, more importantly, it would be assumed that the 

diamond size and concentration throughout the older shoreline would have a down-drift 

distribution that was equally irregular. Diamond recycling is, however, seen as a more 

complex process and a particular diamond distribution trend along a coastline would in fact, 

represent several generations of recycling, making it difficult to predict diamond pathways. 

Figure 6.6 illustrates such a recycling process where, for example, diamondiferous shelf 

deposits exposed on a regression are reworked during sea-level fall (see Corbett, 1996) and 

the diamonds are recycled into regressive shorelines , each having a particular diamond 

distribution trend. Following the lowstand, the regressive shorelines are reworked on a 

transgression and each transgressive shoreline at a particular point in time and space would 

also have a diamond distribution trend. These, however, would be removed as the 

transgression proceeds landward and so the process is repeated until sea-level decelerates to a 

highstand and stabilises, allowing shoreline growth. It is at this point where diamond 

accumulation is best preserved, only if later transgressions reach their maximum at lower 

elevations. 

However, diamond preservation within the host sediments is a function of trapping 

and retention, which also governs the degree of diamond concentration. Therefore, specific 

shoreline conditions are required to enhance diamond trapping and their retention; these being 

fixed trapsites such as gullies and potholes that are cut into bedrock platforms. Among others, 

Jacob (2001, 2006) and Apollus (1995, 2002) have demonstrated the importance of such 

trapsites to facilitate high levels of diamond concentration. By generating long-lived sites of 

turbulence, fixed trapsites have the capacity to accumulate and retain diamonds supplied 

through generations of recycling (Spaggiari et ai., 2006). Therefore, it is conceivable that 

such fixed trapsites exerted the primary control in shorelines that are bedrock-floored, whilst 

the coarse gravel adopted a secondary role as an abrasive medium to cut the platforms and 

associated trapsites as described in detail by Jacob (2006). Evidence for this is provided by 
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Apollus (1995). He notes that high diamond concentrations from a bedrock gulley where 

marine sediments of Eemain age contained abundant sand and shell with, surprisingly, minor 

gravel. 

Unlike the bedrock-floored areas, diamond concentration was significantly poor 

within the palaeo-river mouth - as little as one-tenth and even as low as one hundredth of that 

in the bedrock-floored settings - given the paucity of fixed trapsites. In fact, the barrier 

deposits were ineffective in retaining diamonds. There was significant leakage into the 

longshore drift where the rejected population moved northwards to be later extracted from the 

passing bed-load into bedrock-floored beaches. These were predominately the smaller 

diamonds and although the process of leakage was significant, a small population was 

nevertheless retained. Here gravel exerted the primary role where clast sorting and gravel 

size, coupled with the preservation potential of depositional environments, controlled the 

trapping and retention process. A larger diamond population was retained in the barrier 

deposits, albeit at lower concentrations, by virtue of the large gravel size that accumulated in 

close proximity to the river mouth. Thus, the last is seen as a giant ' diamond sieve ' to the 

littoral irrespective of whether diamond input was from the offshore or fed by the palaeo­

Orange River. From the discuss ions above, several key issues are noteworthy. These are 

discussed below. 

6.3.1 Diamond delivery to barrier deposits 

Diamonds are delivered to the shoreline during a transgression, only if the preceding 

regression has 'farmed ' older shorelines. It is envisaged that significant diamond input to 

mineralise the 30 m Package barrier deposits occurred subsequent to three main regressions 

(see Figure 6.7 A & B). The first was during the emplacement of the barrier spits, whilst the 

second took place at the start of barrier beach construction, more specifically the start of the 

'E ' barrier beach complex. The third saw diamond input during the deposition of the ' D' 

barrier beach before the entire 30 m Package shoreline was abandoned on a forced regression 

(Figure 6.7A & B). By contrast, the minor regressions that built up the barrier deposits may 

have tapped diamondiferous sediments, but the contribution from these regressions was likely 

to be far less significant than the main regressive phases. Thus, it is expected that the highest 

diamond concentrations should be confined to the barrier spits, more so the lower sequence 

(BSl in Figure 4.8), as well as the base of the 'E' barrier beach complex (BBI in Figure 4.9) 

and the ' D' barrier beach (BB5 in Figure 4.9). Sampling results, to some degree, demonstrate 
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this as shown in Figure 6.7 A. The overall highest diamond concentrations are found within 

the barrier spits - although the results represent the entire barrier spit complex - and also in 

the '0' barrier beach. Conversely, the 'E' barrier beach complex has the lowest, as little as 

one sixth than their '0' equivalent. Considering that the 'E' barrier beach diamond data 

comprises a mix of results, it is difficult to ' tease out' the contribution from the base of the 

barrier complex. It is likely that its high concentration is diluted by the poorly mineralised 

deposits forming the remainder of the barrier complex that represent the minor 

transgressive/regressive stacking cycles. 

6.3.2 Preservation of diamond cache 

In a setting where diamond input is from the offshore with a minor contribution from 

river outfall, maximum diamond accumulation and retention is confined to highstand deposits 

(normal regressive package). Here progradation 'seals ' off the diamond pool that has been 

emplaced on the transgression, preventing any further leakage of diamonds to the littoral as 

the shoreline extends seaward abandoning previous positions (Figure 6.7C). As progradation 

continues, followed by a forced regression , there is no further diamond replenishment from 

the offshore with an insignificant supply from landward sources (Meso-Orange River and 

erosion of older, higher-lying shorelines) and through erosion of the underlying barrier 

sediments over which the seaward-moving shoreline extends (Figure 6.7C). The resultant 

pattern of diamond distribution is one of higher concentrations at the most landward end of 

the highstand sequence (normal regressive package), followed by lower concentrations to the 

seaward (Figure 6.7C). By contrast, high diamond concentrations are expected to be more 

persistent throughout the entire normal regressive package if diamond input was 

predominantly from the palaeo-Orange River, rather than from the offshore. Diamond 

replenishment would then persist throughout shoreline progradation. 

6.3.3 Diamond retention 

The largest diamonds within the study area, confined to the transgressive boulder lag 

(see Chapter 5), provides an approximate measure of the maximum diamond size contributed 

by the offshore. It also demonstrates how gravel size governs the retention and leakage of a 

particularly diamond size. Such a process is also seen in the Skeleton Coast, Namibia, where 

the average diamond size is significantly small; as little as one-seventh the size of those in the 

study area (Spaggiari & Ward, 2004; see also Figure 6.4A for diamond size distribution). The 

Skeleton Coast palaeo-shorelines consist predominantly of coarse sediment, up to large 
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cobble gravel (personal observation), and are ineffective in trapping the small diamonds by 

virtue of the coarse gravel fabric. A dichotomy of gravel and diamond size thus typifies these 

palaeo-beaches and given that the majority of the Skeleton Coast diamonds fall within the 

small-size range, these coarse gravel shorelines are poorly mineralised. It then follows that 

the smaller diamonds approximate the size that has ' leaked' out of a foreshore environment 

into the littoral, which can be transp0l1ed as far as southern Angola, approximately 1,400 km 

from the study area. Consequently, gravel size governs diamond size retention so that if a 

population of mixed diamond sizes is transported alongshore with no introduction from 

landward - as in the case of a transgression - the coarsest gravel near the river outfall will 

trap the largest diamonds in transport, whilst the smaller will be rejected back into the littoral 

to be finally trapped by a smaller gravel size farther down-drift. 

63.4 Diamond-rich sediment pulses 

The anomalous diamond yields of exceptional concentration as described by Apollus 

(1995) for those in sand- and shell-dominated sediments within gullies may represent a pulse 

of diamond-enriched sediment that migrated landward during a relatively fast sea-level rise . 

In fact, an extraordinary and rare occurrence of a mono-layer of diamonds preserved in a 

bedrock gulley feature within the I Plant Area (see Figure 1.2 locality), some 95 km north of 

the study area, provides more convincing evidence of such diamond-enriched sediment pulses 

(pers. comm., I. Corbett, 20 I 0). Therefore diamond recycling and their landward 

translocation may have been in the form of sediment-hosted pulses. Although their pathways 

are difficult to map out, it is evident that they originated from a pre-existing coastal segment 

yielding equally high diamond concentrations. These pre-existing localities of high diamond 

concentrations would have been positioned to the south-west (offshore) of the newly evolved 

shoreline given that sediment movement was to the north, driven by north-easterly directed 

waves and a northward directed longshore drift. 

Divers, working in the present offshore extracting diamond-bearing gravel with 

suction hoses at depths of 10-20 m, have reported that mined out potholes and gullies are 

replenished with diamond-bearing gravel within several months (M. Botha, pers . comm., 

2010). This replenishing gravel, referred to as 'travel gravel' by the divers, is moved 

shoreward by coastal currents and probably derived from a pre-existing submerged palaeo­

shoreline. The moving ' travel gravel' therefore represents a pulse of diamondiferous sediment 
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and is a possible modern example of how diamonds are recycled and moved along the coast 

since the Eocene (see Bluck et al. , 2007). 

6.3.5 Sediment dispersal related to diamond concentration 

The segregation process, of removing finer sediments into the sediment bypass system 

and adding gravel to the shoreline, allied with a buoyant shelf, was fundamental to the 

diamond concentration process. Removal of unwanted, diluting sediments such as sand and 

mud, enhanced diamond concentrations. Simply and hypothetically put, if a sediment body of 

1,000 ml, yielding diamonds to the weight of 500 carats (note a carat is equivalent to 0.2 

grams; Lynn et al. , 1998) comprises 80% sand and 20% gravel, its diamond concentration 

would be 0.5 cts/ml (500 caratsll ,000 ml
). Total removal of the sand would see an 

enrichment of 80% in the diamond concentration to 2.5 cts/ml (500 cts/200 m\ Thus, the 

more condensed a gravel sequence is, the greater the enrichment. Inasmuch as longshore drift 

and wave energy are the major role players in segregating the sediments, the importance of a 

buoyant shelf cannot be ignored. The stability of the shelf ensured sediments were 

continuously within wave base to facilitate the segregating process. The combination of these 

attributes was key to developing the Namibian marine mega-placer. It, however, does not 

necessarily imply that shelf subsidence was absent during the Plio-Pleistocene. In fact, Dingle 

et al. (1983) note that the limited Neogene terrigenous sedimentation on the shelf off the 

Orange River is partly due to slight subsidence of the shelf since the Mid-Tertiary, coupled 

with an overriding effect of the dispersion process as discussed above. This implies that shelf 

subsidence was inadequate to disrupt sediment dispersion and the development of a highly 

economic diamond placer. 
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CHAPTER 7- CONCLUSIONS AND FUTURE RESEARCH 

7.1 CONCLUSIONS 

7.1.1 Palaeo-Orange River mouth setting 

I) Diamondiferous gravel barrier spits and barrier beaches of Plio-Pleistocene age (30 m 

Package), occupy a small segment of the larger palaeo-shoreline in southern Namibia. 

Confined to a river mouth setting of an ancestral Orange River, these deposits form part of 

the Namibian mega-placer. However, immediately down-drift of these barrier features, the 

character of the palaeo-shoreline changes where it is dominated by bedrock-floored linear 

and pocket beaches. This change from barrier spits through barrier beaches to linear and 

pocket beach features is thought to be a result of diminishing gravel supply in a down-drift 

direction. 

2) Aside from their geomorphological features , the recognition of these barrier types is based 

exclusively on their internal structures, which in turn, differentiate them from the 

underlying delta sediments and other shoreline features. Although, the mega-placer palaeo­

shorelines have evolved under the same coastal conditions, the barrier deposits differ to 

their linear and pocket beach counterparts . This is due to local variations in the coastline 

and sediment supply. Consequently, shoreline features evolving in river mouth settings 

have barrier morphologies and their mobility is unhindered due to the availability of space. 

Here, washover fans producing landward dipping cross-strata are a distinguishing feature. 

Away from the river mouth where linear beaches are backed by a bedrock-cliff, there is no 

landward space for movement, thus the fringing beaches are ' fixed ' in place and lack a 

barrier shape and washover deposits. 

3) Landward migration rates of barrier features within a river mouth will consequently be 

more rapid under a rising sea-level and migrate farther landward. Their maximum 

transgressive position will be offset from linear beaches of corresponding age, making it 

difficult to correlate beach sequences along strike. 

4) Of the entire 30 m Package shoreline that is developed over 1,800 km of coastline in South 

Africa (Namaqualand) and Namibia, the highest preservation is within the palaeo-Orange 

River mouth. Here a comprehensive sea-level history is recorded in a 16 m sequence of 
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barrier sediments. This sequence also represents the thickest accumulation of 30 m 

Package deposits. Six evolutionary stages of barrier building have been identified, 

beginning with the development of barrier spits that occupy the lowest part of the 

stratigraphic record and culminating in a barrier beach. The emplacement of these barriers 

was controlled by a combination of sediment supply, sea-level fluctuations , a large river 

mouth setting and coastal subsidence. 

5) Sediment supply to the Atlantic Ocean was spasmodic and shoreline growth was in concert 

episodic. Under these conditions coastal features in close proximity to the outfall changed 

from barrier spits to barrier beaches, depending on the variability of sediment supply. The 

vertical stacking of these barrier types is a consequence of sea-level rise, aided in part by 

coastal subsidence. However, the barrier stratigraphy developed under a more complex 

sea-level history. Whilst an overall regression saw the progressive abandonment of older 

shorelines along the Atlantic Coast through time, a superimposed transgression was 

responsible for the emplacement of 30 m Package deposits along the entire west coast of 

southern Africa. It also provided the accommodation space. Within this sea-level rise, 

numerous transgressive and regressive cycles of short duration encouraged the growth and 

vertical stacking of different barrier types. These barrier deposits therefore provide 

evidence that the sea-level rise responsible for emplacing the 30 m Package was not 

regular during the Plio-Pleistocene as previously anticipated, but was interrupted by high 

frequency sea-level oscillations. 

6) Only highstand deposits (normal regressive packages) have been preserved, which are a 

small representation of the greater shoreline contiguration. Thus, these barrier remnants 

are only part of the entire evolutionary path of the 30 m Package in Namibia that has 

evolved under a wave climate that is not significantly different to that of today. 

7) The coarsest gravel accumulated at the river mouth and by virtue of their size, these clasts 

were not suitably mobile under longshore transport, but were instead added to barrier 

deposits that evolved in close proximity to the outfall. Farther down-drift, longshore 

sorting of the more mobile gravel saw a northward decline in size and sediment supply. 

Hence, the river mouth setting is a favourable area for thick accumulations of coarse 

gravel. It is this accumulation that governed diamond concentration within the palaeo­

Orange River mouth. 
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7.1.2 Diamond potential of barrier deposits 

I) Within the Namibian mega-placer, the palaeo-river mouth yields lower concentrations of 

diamonds due to the incompetent footwall and consequent paucity of fixed trapsites. By 

contrast, the bedrock-floored beaches have higher concentrations where a large percentage 

of the diamonds is trapped within gullies and potholes. Diamond concentration within 

barrier sediments are thus controlled exclusively by a process of interstitial trapping that is 

governed by the gravel fabric. The larger pore space not only allows a greater depth of 

diamond percolation into the barrier sediments, but also traps the larger size. Thus, 

diamond concentration is allied to kinetic sieving; a process that is also fundamental for 

gravel size sorting. It is for this reason that the palaeo-river mouth setting has the largest 

average diamond size within the entire mega-placer. Varying degrees of diamond 

concentrations are evident in different depositional facies. These are linked to depositional 

processes. 

2) Diamond concentrations in a barrier beach are highest in the foreshore (more specifically 

the beach face) , whilst the backshore (washover) and shoreface (transgressive lag and 

storm gravel sheets) settings are uneconomical. Conversely, average diamond size is 

largest within the shoreface (in the transgressive lag), followed by the foreshore (beach 

toe) and backshore (washover). 

3) As regards the barrier spit, the foreshore environment of spit recurves (landward facing 

intertidal zone) has the highest diamond concentrations, whilst the tidal inlet has the 

lowest. Average diamond size is largest in the foreshore (seaward facing intertidal zone), 

but considerably smaller in both the spit recurves and tidal inlet. 

4) When the economic potential of each depositional facies is considered based on their ton 

value (US$iton), the foreshore setting is the most promising, particularly in the barrier 

beach, followed by the barrier spit (which includes the spit recurves). 

5) Although an appreciable quantity of diamonds was introduced to the palaeo-river mouth 

setting, diamond retention in the barrier deposits was poor, resulting in leakage of the 

smaller fraction back into the littoral where they are transported alongshore. 
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7.1.3 Diamond emplacement model 

l) Diamond introduction to the shoreline during Plio-Pleistocene and younger times was 

mainly from the offshore and not from the Orange River. The shelf setting is thus seen as 

the diamond reservoir. Shorelines are only mineralised through a process of ' farming' 

whereby sea-level fluctuations rework pre-existing diamond-bearing deposits. The 

' farming ' process is complex, but the main requirements are a forced regression to source 

the diamonds from pre-existing deposits and a subsequent transgression to drive the 

diamonds landward. Throughout the ' farming ' process, diamonds are size-sorted and 

concentrated into pulses of sediment by longshore currents and wave energy. It is only at 

the point of maximum transgression that there is greater accumulation of diamonds in the 

barrier deposits. A subsequent normal regression on a highstand will isolate the diamond 

cache from wave energy as the shoreline builds seaward, effectively preventing fUlther 

diamond leakage. Thus, maximum preservation of diamonds takes place during 

progradation on a highstand, whilst forced regressions are mainly seen as gravel 

conveyors. During the vertical build up of barrier types, diamond introduction was greatest 

where forced regressions of significant amplitude exposed large areas of the shelf for the 

subsequent transgression to ' farm', whereas the contribution from minor regressions were 

less significant. 

2) The gravel component of river sediment delivered to the palaeo-river mouth not only 

declined in quantity with time, but also in particle size. Diamond size equally declined in 

concert with the gravel. Here larger diamonds were progressively extracted from the 

diamond pool and retained by the coarser gravel during sediment recycling when the shelf 

was 'farmed ' . Consequently, the 30 m Package barriers (Donax rogersi-bearing) have a 

larger average diamond size than the younger Donax serra-bearing barriers. 

3) The palaeo-Orange River mouth has played a fundamental role in the mineralisation 

process of the entire mega-placer shoreline. Being at the interface of river sediment input 

and marine dispersion, the river mouth was an intermediary reservoir of sediment to the 

marine realm. Coastal processes dispersed the sediment to different parts of the Atlantic 

Coast, with the coarsest gravel accumulating at the river mouth. The latter dictates the 

position of barrier deposits and, in turn, the accumulation of coarse gravel. The presence of 

considerably coarse Orange River gravel, as in the case of the offshore sector, thus 
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provides a clue of an ancestral outfall. In addition to this, the river mouth acted as a giant 

' diamond sieve ' to the littoral environment, retaining a population of the larger diamonds. 

4) By understanding sedimentary facies architecture (which is the spatial distribution of the 

different sedimentary facies - the latter is characterised by the grain sizes, lithology, 

geometry, sedimentary structures, fossil content and palaeo-currents) of river mouth 

settings, barrier deposits of low economic value can be more effectively targeted during 

sampling, evaluation and mining campaigns. 

7.2 FUTURE RESEARCH 

1) Barrier sediment preservation within the palaeo-river mouth setting is, in part, linked to 

coastal subsidence. Although, local tectonism is thought to be responsible for the 

northward tilting of the coastal area, it may have also induced tectonic subsidence. 

Detailed studies on Plio-Pleistocene tectonism should be considered. This will substantiate 

tectonic effects along the Namaqualand and Namibian coastline that may have also 

promoted differential movement of the coastal tract in a ' piano-key ' style, thereby 

augmenting sediment preservation. 

2) The sea-level history recorded within the palaeo-Orange river mouth is based primarily on 

facies relationships, but the timing of depositional events cannot be ascertained due to the 

lack of absolute age indicators . Thus, the integration of onshore marine settings with the 

offshore geology and the Orange River terraces of corresponding time frames should be 

explored to constrain better the sea-level history of the study area. It will also improve the 

understanding of diamond pathways under fluctuating sea-levels. 

3) The variation in diamond size and concentration along the coast (offshore and onshore 

settings) should be investigated in greater detail as a means of establishing a link between 

erratic diamond distribution trends and diamond-rich sediment pulses. Given that diamond 

movement in the offshore is perceived to be in the form of such pulses, the erratic diamond 

distribution - also encouraged by trapping mechanisms - may correlate to diamond pulses 

introduced at various positions along the coastline. This will aid in the mapping of 

diamond pathways from both the offshore (older, submerged shorelines) and onshore 

(older, higher-lying shorelines). 
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4) A detailed study of the palaeo-river mouth diamonds for comparison with the down-drift 

populations to determine changes in diamond characteristics that will aid the identification 

of diamond-rich sediment pulses. For example, populations that have a high degree of 

percussion scarring may be a reflection of diamond abundance where collision of diamond 

particles is prevalent. 

5) Test the notion that wave climate variability through Plio-Pleistocene to Present times was 

insignificant through detailed comparisons of gravel beach macro-morphology within the 

study area with that from present gravel beaches along the Skeleton Coast. 
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Figure 1.2: Regional geological map of MAl illustrating main geological features. Cross­

section depicts palaeo-shoreline stratigraphy. See Chapter 2, Section 2.2 for detailed 

discussion on geological framework. 
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Figure 1.5: Generalised compilation of predominant sedimentary structures and sediment 

types for barrier beach sub-environments. Source of information - Bluck (1967, 1999), 

Reineck & Singh (1975), Elliott (1978, 1986), Harms et al. (1982), Reinson (1984), Davis Jr 

(1985), Leeder (1988), Carter (1993), Reading & Collinson (1996), Nichols (1999), Boggs 

Jr (2001). Note MHW = mean high water, MLW = mean low water. 



v. 

Subtidal Intertidal Supratidal 

Offshore Offshore - transition Lower : Midd le upper: Foreshore 
shoreface I shoreface shoreface I 

Backshore 

1 1 
1 1 
I I I 

I storm irlll.JOf"Cf1d I I FarweatherlsTDtm Influenced I [ I i Srorm inflwnced r--+ 
1 1 1 1 

: I I I ZQ'It ~ shcWi'9 -- - --~: : 

1 1 1 1 1 1 
1 '1 4 ad 114 II 8eachrldge 

I Oscilfaorywave ZOOO 1 BleakerzOfIB I SI.IfzOf'l(J 1 Swashzone ./ 
1 1 1 1....-
I I I J I I 

1 1 1 1 
1 _____________ ~ , •• 

MHW 

Lagoon 

." , .~ ,d 

.;.' 
MLW 

:: 

Fairweather wtrVe base :: : : : -:. .;' :::: .r.;::: : :. 
Storm wave base 

::: > ' 
-,'--: : : : : ~ : ; .. 

,.: .' 

\19{\S\\iof\ 

Ot\,&~{e- \.0'f'I01 sl\O{e\9
Ce ,/)Cy:-\9

Ce 

\j9~1'ffo 
. ~,,'>Ie( 
~aS''''' \fo."" 

Structures 

Sediment 

Hummocky cross' 
slratilicalion. 
Extensive 
tiotu'balion. 

Mud ard slit cIeposiloo 
wing fair-weartw:lr. 

Sara 10 fine gravel 
~ted cb"i~ 
storms. 

Note -dilglllmnollo scali 

Near hlflzontal ard ripple 
lamir.ation. Hl,JTlmocky 
cross-stra:ifica!ion and 
seawwd-direded Irougn. 
aoss slratilicaion. 
Extensive tiOll.l"balion. 

Fine sard inlefbedded wi1h 
silt &'ld ml.d 

S1orm-generalcd coarse 
sard and gravel. 

Larxtward-dppng cross· 
lamination, seaward-dipping 
la.v-argle plarar· stratificatilJ'l 
and shor~para1lel trough 
cross-stratification. Modera/8 
~otu'ba~on. 

Fine-to moci!.l'Tl-grained 
sani silt and gravEli. 

Shor~paraUei trough cross­
stratifica~OI1 ard low-arQle 
planw-stratificalion Q..oe to 
migraDrYiil rippes ird cUles. 
BiolU'bation present. bJI 
minor. 

Fine-to medilXTl-grained 
s.nj aM gravel . 

Structures 

Sediment 

Sleep I~Ofo.di~ng 
stratilicaUon rue to 
lanctNard migrating 
lorest-ore bar. 

Near horizontal. 
genlle seaward· 
cipping gravel sheet 
Dominated by large 
spherical clasts. 

Parallel laminae. gently 
seawwfrci~ng with heavy 
mireral corK:entraticns. lDov­
qle landward-diPP/lJ 
laminaetUl 10 ar.tidt.rles. 

Parallel laminae. 
!ilently seaw<V"d­
dipprYJwith ~ 
mineral 
concenlrations. 

Fine- 10 coarse-grained sand 

Steeply S6aWa-fr 
ci~ng,graded strata 
Rangea' clast Shape$ 
an:j sites. Discs are 
seawaid imbricaled. 

Dctninan11y large 
discs tha1 are 
s1eeply imbrica10d 
seaward. 

Granule to OOUOef gravel 

GOOJe \0 Sleepy 
l~ard-dit:Prg ."",. 
slraiiNcation. 

Gertie 10 s1eepIy 
lm.vard-diPPrYiil 
"ravel strata 

Horizordal laminae 
and dessication 
cracks. Extensiye 
b'otJ.rbal:ion ~ 
disseminated plant 
remains. 

Sand, silt 
""mcd 



North bank of 
palaeo-Orange River 

Atlantic 
Ocean 

Wave-cut 
platforms 

\. 

Bedrock cliff 

t 
Gullied platform 

,,/' 
.... ,' & 

,; " " 61(' 
" v?:' 
"~/'.: "lSI..,. 

" " C'61 

" " " 

D 
D 

ED Area 

Bedrock footwall 

G35 Sample trench 

--- Roads 

'~~, © Dumps 

" N 

'~~~, + 
0'f; "0 1km 

" " " ,,"-------' 
0"' " 

" ~ " o " 
" 0

'" " " 

, 
\ ,I 

/

\" II 
", / 
", / 

Bedrock ISlan/ ...... j 

" & '" II 
II 
II 
II 
II 
II 
II 
II 
II 

within palaeo-Orange River mouth I I 

ED AREA 
SecurJl fence 

··~ttf/Ii'i~~/ 
Bedrock Island 

o Schist bedrock 0 Marine sediments [] Fluvial sediments 

Note - diagram not 10 scale 

Figure 1.6: Position of palaeo-Orange River mouth in study area. (A) Plan view illustrating 

ED Area within palaeo-Orange River mouth. (B) Schematic block diagram illustrating 

broadly the marine and fluvial setting. 

6 



point Ion gravel roresel 

point 2 on grCN'eI IorOSel 

, , , , , 
• 

Po les placed along torese! atcorresponding 
points clearly visible in both faces . 

, , 

, , 
, 
• , , 

corresponding point 1 on 
same gravel foreset 

r corresponding pair( 2 on 

" f-----------"'''''='"g'c:'''':::.:'''::.-'''''''------ --j , , , , 

Board placed on poles to create a plane 

Figure 1.7: Schematic diagram illustrating use of poles to create a plane for measuring the 

attitude of gravel foresets. 

7 



• Pliocene I Meso-Orange River' 

Ma- -I---l • 

Miocene 

I Proto-Orange River' 
(Arrls Drift Gravel Formation') 

Proto -Giaslal, 

I Proto-Kaukausib, 
Prolo -Langental 
Kerbehuk & Uubvlei' 

23Ma-+--I. 
I Pre-Proia Orange Rivera 

• 

Ol igocene 
~ 

m 

3 

Eocene 

.., 
~ 
~ 

" 

Tsondab, 
Ro oilepel 
&Adonis 
Sandstone 

130m Package' 
I rD·, 'E' & 'F' Beaches) 

• I 50 m Package2 

I 

: 90 m PackageZ 

R 
ro 
m 
!:.-

~ 

" cr 
~ 

I 

I 

<0 
m 

'" 
~ 

" 0 
~ 
;\! 

high _ mi l _ low 

Figure 2.1: Stratigraphic framework for the Cainozoic deposits discussed in Chapter 2. 

Deposits are correlated to the eustatic curve of Abreu et al. (1998; in van Sickel et aI., 2004) 

and Hag et al. (1987). Information sourced from IPickford & Senut (1999), 2Pether (2000), 

3Bluck et al. (2005), 4Millad (2004), 5Rogers et al. (1990), 6SACS (1980). Stratigraphic time 

scale based on the International Stratigraphic chart (lUGS, 2009). Note that msl = mean sea­

level. 

8 



26'S 

........ 
,6; ....•• 

To Walvis 
Ridge 

• ; 

\. 
..... , \ 

ATLANTIC 
OCEAN 

To outer shelf 

o 
I 

mud &silt 

• 
\ ...•.... \ ...•..•. 

............................. : .. 
.. ,.'\ 

km 

100 
I 

- ' - ....... Aus 
,/ . 

\ 
\ 

\ 

SPERRGEBIET 

mud &silt 

\ 
\ 

/" _. _. _ . - Sperrgebiet boundary 

_ .. _ .. _ . International boundary 

\ 
\ 

\ 
\ 

J&. •••• 

\ 

\ 
\ 

\ 

\ , 

Mud & silt pathway 

Sand pathway 

Gravel pathway 

NAMIBIA 

Figure 2.2: Map illustrating sediment dispersal pathways for gravel, sand and finer sediment 

(source Spaggiari et aI., 2006). 

9 



Figure 2.3: Schematic block model summalising regional setting (modified after Corbett, 

2002). 
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Figure 2.5: Schematic diagram illustrating general differences between the study area 

barrier beach sequences and age-equivalent beaches developed immediately down-drift. 

Note, these deposits represent the older 'Upper Terrace' suite (30 m Package of Pether, 

1986) and are designated by their alphabetical code '0', 'E' and 'F' as discussed in the text. 

A and B in block diagrams correspond to down-drift distance shown in graphs. 
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Figure 3.1 : Block diagram illustrating the vertical and lateral stratigraphic relationship of 

the main sedimentary facies and sub-facies. 
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Figure 3.2: General distribution of Facies A. Block diagram (A) illustrating distribution 

with localities of cross-sections mapped. Stratigraphy of the sub-facies based on lateral 

relationship is depicted in (B). Oblique aerial photograph (C) illustrating distribution in the 

field and stratigraphic relationships superimposed (photograph by courtesy of J. Ward). 
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Figure 3.4: Cross-section of G25 trench illustrating lateral relationship of sub-facies with 

palaeo-current directions . Section is perpendicular to the present coastline, whilst T-sections 

are parallel. 
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' ....... ' ... " .~ 

- - - - - - Strike of present coastline 

Figure 3.5: Gravel deposits of Sub·facies AI. Locality G25: (A) Gravel exhibiting tabular 

cross·stratification with steep seaward-dipping (SW) foreset strata (a). Note normal grading 

of foreset strata. Horizontal sheet of predominantly blade-shaped clasts (b) marks the 

boundary ' between cross-stratified sets. Person for scale = 1.9 m. Section measured is 

perpendicular to present coastline. (B) Rose diagram for palaeo-current directions of all 

gravel foresets shown in Table 3.2. (C) Similar gravel deposits of Cretaceous age in the 

Robberg Formation, Plettenberg Bay, South Africa, as described by Reddering (1993). 
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Figure 3.6: Cross-laminated sand and granule of Sub-facies A2. Locality G25: (A) 

Opposing cross-laminated sets (a & b) separated by bounding surfaces lined with small 

pebble lags (c). Foreset aligned pebbles (d) consist predominantly of zeolite clasts. Scale 

= 10 cm. Section measured is perpendicular to present coastline. (8) Rose diagrams 

illustrating palaeo-current directions of bounding surfaces and bipolar cross-stratification at 

G25 trench. 
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- - - - - - Strike or present coastline 

Figure 3.7: Gravel deposits of Sub-facies A3. Locality G25: (A) Normal grading from a 

large cobble base (a) through to small-pebble gravel (b) . Note clast-supported openwork 

framework and high degree of sorting similar to Sub-facies Al. Hammer for scale = 29 cm 

in length. Section measured is perpendicular to present coastline. (B) Rose diagram 

illustrating palaeo-current directions of all gravel foresets shown in Table 3.4. 
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Figure 3.8: Soft sediment folding in Sub-facies A3 gravels due to slumping. Person for 

scale = 1.8 m. Section measured is perpendicular to present coastline. (A) Note the vertical 

position of clasts (a) and opposing imbricate dips (b). (B) Schematic cartoon illustrating 

mode of slumping. (I) Emplacement of gravel sequence onto clay. (2) Displacement of clay 

due to loading of overlying gravel followed by slumping into the accommodation space 

created by the displacement. 
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Zone of dessicated 
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Figure 3.9: Deposits of Sub-facies A4. Locality G19: (A) Horizontal interbedded clay and 

silt. Section measured is perpendicular to present coastline. Person for scale = 1.7 m. (B) 

Locality G29: Close up of wave ripples illustrating seaward dipping foreset. Section 

measured is perpendicular to coastline. Pencil for scale = 15 cm. (C) Locality G19: Bun'ows 

in clayey silt. Scale = 10 cm. (D) Modern example of Sub-facies A4 along the banks of the 

Orange River immediately landward of a sand barrier beach. Spade for scale = 0.9 m. 
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Figure 3.10: Cross-section of 025 trench depicting main characteristics of the coarser­

grained units of Facies A. Section is perpendicular to the present coastline, whilst T -sections 

are parallel. 
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1=1 Clay 
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~ Intertidal deposits with landward-dipping foresets 

Rl Cross-stratification 

1* 1 Herringbone cross-lamination 

" Sub-facies 

Figure 3.11: Modern analogue of Facies A setting. (A) Aerial photograph of modern gravel 

barrier spit at Fisherman's Beach, Nova Scotia, Canada (source Carter et ai. , 1989). Note the 

wave refraction towards the spit head. Sub-facies A 1 represents the seaward-facing intertidal 

zone; Sub-facies A2 represents the subtidal gravel armoured inlet platform as described by 

Carter et al. (1989); Sub-facies A3 is the intertidal gravels at the spit-recurve and Sub-facies 

A4 is the lagoonal environment. (B) Schematic block diagram illustrating geometry of the 

Facies A gravel barrier spit at G25. Note the radial growth of Sub-facies A3 in comparison 

to the more consistent linear growth of Sub-facies AI. 
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Figure 3.12: Schematic section looking down-drift through the gravel barrier spit at G25 

illustrating depositional environments . Sub-facies Al and A3 are intertidal deposits; A2 

represents subtidal inlet deposits and A4lagoon deposits (source Spaggiari et al., 2006). 
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Figure 3.13: Hypothetical depositional model for Facies A. (A) Sand and gravel is moved 

alongshore by longshore drift. The sand fraction is entrained more easily and deposited at 

the spit head as a broad shallow subtidal platform where the sediment is moulded into 3-D 

megaripples. The trailing gravel fraction is transported in the form of swash bars (gravel 

nesses of Orford et at. , 1991) welding onto the beach face (I) and at the spit head (2) where 

wave refraction periodically occurs. During fair-weather the dominant south-westerly wave 

approach has a greater effect on the growth and modification of the inlet platform with 

minor reworking of the spit recurves. Storm periods would, in contrast, promote higher 

energy levels and increase spit head reworking, subjecting the recurve gravels to swash and 

backwash processes. (B) Storm-driven waves approaching from the north-west quadrant 

would induce greater reworking. Here the angle of wave entry into the inlet would allow 

refracted waves to maintain higher energy levels and wave heights than those from the 

south-west quadrant. This will, firstly, transport coarse sediment from the shoreface, as well 

as from the spit platform into the back-barrier and secondly, induce more aggressive 

reworking of the recurve sediments. Sub-facies Al and A3 are intertidal gravel beaches; A2 

represents shallow subtidal sediments and A4 represents estuarine-lagoon sediments. (C) 

Modem example of complete wave refraction around a northerly orientated headland at 

Hottentots Bay along the Namibian coast, located approximately 320 km north of the study 

area. Google Earth satellite image, May 2009 - Data SIO, NOAA, U.S.A Navy, NGA 

GEBCO. 
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Figure 3.14: Summary of Facies A stratigraphic and palaeo-environmental framework based 

on lateral relationship. 
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Figure 3.15: General distribution of Facies B. Block diagram (A) illustrating distribution 

with localities of cross-sections mapped. Stratigraphy of Facies B in relation to other facies 

at G39.5 trench is shown in (B). Oblique aerial photograph (C) illustrating distribution in the 

field and stratigraphic relationships superimposed (photograph by courtesy of 1. Ward). 
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Figure 3.16: Boulder bed of Facies B. (A) Schematic block diagram illustrating distribution 

of boulder bed. Note the truncation of variable footwall types. (B) Locality G 19: Close-up of 

Facies B showing boulder framework with infilling cobble to pebble gravel. Yellow safety 

hat for scale = 28 cm in length. Section measured is perpendicular to present coastline. 
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Figure 3.17: General stratigraphic correlation of Facies B with other facies based on fossil 

assemblages. Marker pen for scale = 14 cm. 
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Figure 3.18: Hypothetical emplacement model of Facies B. (A) Schematic diagrams 

illustrating deposition of the transgressive lag. (a) Boulder component added to a shoreline 

where it forms the most seaward margin of a gravel foreshore setting (Bluck's, 1967 outer 

frame). Increased longshore drift energy levels due to storms would promote size sorting. (b) 

Trail of boulders left behind in shoreface setting as shoreline migrates landward under a 

rising sea-level. Clast lithologies reflect different sediment types over which the shoreline 

migrated. Tl to T3 represent different depositional time frames. (B) Modem example of 

outer frame boulders (a) emergent during low tide along the Uniab coastline, Skeleton 

Coast, Namibia. Person for scale = 1.6 m. (C) Alongshore boulder sorting with large to 

medium boulders in foreground grading to small boulder to cobble-size gravel in 

background. Modern gravel beach along coastal road between Gordons Bay and Rooiels 

Bay, Western Cape, South Africa. Person for scale = 1.8 m. 
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Figure 3.19: Palaeo· environmental summary of Facies B. Note the 'absence of palaeo­

current data due to the lack of sedimentary structures. 
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Figure 3.20: General distribution of Facies C. Block diagram (A) illustrating distribution 

with localities of cross-sections mapped. Stratigraphy of the sub-facies based on vertical 

relationship is depicted in (B). Oblique aerial photograph (C) illustrating distribution in the 

field and stratigraphic relationships superimposed (photograph by courtesy of J. Ward) . 
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Figure 3.21: Cross-section of G29 trench illustrating vertical and lateral arrangement of sub­

facies with palaeo-current directions . Section is perpendicular to present coastline. 
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Figure 3.22: Geometry of Sub-facies Cl sedimentary units. Laterally arranged (A) and 

vertically stacked (B) units where the coarse disc- and blade-rich gravel sheet has been 

preserved. (C) Vertically stacked units where the coarse disc- and blade-rich gravel sheet is 

absent. Note the repetitive arrangement, which is the more common geometry seen in 

section. 1 = coarse gravel sheet dominated by spheres, 2 = cross-stratified gravel , 3 = coarse 

gravel sheet dominated by discs and blades. 
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Figure 3.23: Sphere-rich gravel sheet of Sub-facies C1. Locality G29: (A) Sub-horizontal 

stratum comprising coarse gravel up to boulder size. Note predominance of spherical clasts. 

Hammer for scale = 29 cm. Section measured is parallel to present coastline. (B) Closer 

view of the gravel texture illustrating the infill (IC = infill clasts) of a cobble to boulder 

framework (CF = coarse framework). Scale = 10 cm. (C) Modern example along the coastal 

stretch between Gordons Bay and Rooiels Bay in the Western Cape, South Africa. Note the 

boulder-sized spheres and infilling fabric. Person for scale = 1.8 m. (D) Distribution of 

gravel shapes at G29 using a Folk form diagram (a) (Sneed & Folk, 1958; modified after 

Blott & Pye, 2008). Red squares represent individual clast measurements (n = 22). 

Simplified version of Blott & Pye's (2008) ternary diagram (b) illustrating position of 

grouping against basic clast shapes using Zingg's (1935) terminology. See Appendix B, 

Section 1.2.5 for explanation of ternary diagrams. 
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Figure 3.24: Cross-stratified gravel of Sub-facies C 1. Locality G29: (A) Normal grading 

culminating in a blinding fabric. CBF = coarse basal fabric, FBF = fine blinding fabric. 

Section measured is perpendicular to present coast line. Ruler for scale = 25 cm. (B) Close­

up of CBF illustrating open framework and lack of matrix. Scale = 10 cm. (C) Rose diagram 

for palaeo-current direction of all Sub-facies Cl cross-stratified gravel and laminated sand at 

trench G29 as recorded in Table 3.5. 
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Figure 3.25: Disc-rich gravel sheet deposits of Sub-facies CI. Locality G39.5: (A) 

Horizontal stratum comprising disc- and blade-shaped clasts. Section measured is 

perpendicular to present coastline. People for Scale = 1.7 m. (B) Closer view of gravel fabric 

in section. Scale = to cm. (C) Modern example on surface at Terrace Bay along the Skeleton 

Coast, Namibia. Note similar fabric to that observed in study area. Scale = to cm. (D) 

Distribution of gravel shapes at G29 using a Folk form diagram (a) (Sneed & Folk, 1958; 

modified after Blott & Pye, 2008). Red triangles represent individual clast measurements (n 

= 22). Simplified version of Blott & Pye's (2008) ternary diagram (b) illustrating position of 

grouping against basic clast shapes using Zingg's (1935) terminology. See Appendix B, 

Section 1.2.5 for explanation of ternary diagrams. 
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Figure 3.26: Cross-stratified gravel of Sub-facies C2 with foresets dipping landward. (A) 

Locality G29: Note the normal grading where coarser gravel forms the base of foreset strata 

(i) and distal interfingering with clay and silt (ii). Section measured is perpendicular to 

coastline. (a) = cross-stratified gravel of Sub-facies Cl, (b) = coarse sphere-rich gravel of 

Sub-facies Cl, (c) = cross-stratified gravel of Sub-facies C2, (d) = clay and silt deposits of 

Sub-facies C2. (8) Locality Chameis: Younger gravel sequence of Eemain age displaying 

similar landward dipping sediments (see also Millad, 2004). Hammer for scale = 29 cm. 

Section measured is perpendicular to present coastline. (e) Rose diagram for palaeo-current 

direction of all gravel foresets of Sub-facies C4 shown in Table 3.6 and of sand at trench 

G25. 
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Figure 3.27: Load structure in Sub-facies C2 clay deposits_ (A) Large clay raft distorting 

underlying clay (a) interbedded with si lt layer (b) . Note deformation of clay laminae (c) and 

flame structure (d) 'mushrooming' below upper clay layer (e). Pencil for scale = 15 cm. (B) 

Schematic cartoon illustrating mode of deformation. (I) Emplacement of clay raft with Sub­

facies C2 cross-stratified gravel onto clay. (2) Disarticulation of clay due to loading of 

oversized clay raft, distorting underlying laminae and forming flame structure. 
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Figure 3.28: Schematic diagram of a gravel barrier beach illustrating the different settings, 

their sub-facies and modern analogues thereof. (A) Locality: Terrace Bay, Skeleton Coast, 

Namibia. An evolving outer frame (coarse spherical gravel sheet of Sub-facies Cl) 

recognised by the accumulation of coarse spherical-shaped clasts. Person on outer frame 

deposit for scale = 1.6 m. Note the sorting process through 'overpassing' where the large 

spherical clasts are being rejected to finally accumulate at the beach toe. (B) Locality: 

Terrace Bay, Skeleton Coast, Namibia. A modern gravel swash berm (cross-stratified gravel 

of Sub-facies CI) in the middle sector of the beach, dipping steeply seaward. In section, this 

part of the face will be represented by cross-stratification with steeply seaward-dipping 

foresets. Person for scale = 1.9 m. (C) Locality: Terrace Bay, Skeleton Coast, Namibia. 

Modern analogue of a coarse disc- and blade-rich gravel sheet of Sub-facies Cl. Note the 

predominance of blade- and disc-shaped clasts. Person standing most seaward for scale = 
1.9 m. (D) Locality: Ballantrae, Scotland (photograph by courtesy of B. Bluck). Modern 

gravel washover fans (cross-stratified gravel of Sub-facies C2) extending landward into a 

back-barrier lagoon (clay and silt deposits of Sub-facies C2). Note the fan shape of the 

deposits . 



40 



Figure 3.29: Sorting fabrics in modern and ancient sediments with schematic model to 

illustrate normal grading. Note that RC = rejected clast. (A) Diagram illustrating normal 

grading sorting process. (I) Coarse basal fabric (CBF) creates template for clasts to lock into 

existing fabric. (2) Clasts considerably smaller than CBF are rejected (RCI) by filtering 

through openwork framework. The next generation of clasts, once locked into CBF, creates 

a smaller template than the CBF fabric. Similarly, clasts significantly smaller than the newly 

created fabric, filter through as reject clasts (RC2). In contrast, clasts much larger than the 

fabric are also rejected where they roll off the gravel carpet (RC3). (3) Growth of the fine 

blinding fabric (FBF) continues once the smaller clasts have locked into the available fabric. 

Misfit clasts much larger than the modal size of the blinding fabric will be rejected (RC3). 

(4) If supply of modal gravel is consistently abundant, the larger misfit clasts (arrowed) can 

be buried by the finer gravel carpet. (B) Locality: Terrace Bay, Skeleton Coast, Namibia. 

Modem example of normal grading process seen at surface. Fine particles are locked into a 

coarser fabric to generate a template for the growth of a gravel carpet comprising uniform 

sized clasts, leading to normal grading. Notebook for scale = 19 cm in length. (C) Similar 

process recorded in Sub-facies CI cross-stratified gravel where gravel size decreases upward 

into a blinding fabric. Section measured is perpendicular to present coastline. Ruler for scale 

= 25 cm. (D) Locality: Terrace Bay, Skeleton Coast, Namibia. Rejection and burial of misfit 

clasts at surface on modern beach. Note the partially buried cobble (arrowed). Scale = 10 

cm. (E) Buried misfit clast in finer gravel carpet of Sub-facies CI cross-stratified gravel as 

seen in section. Section measured is perpendicular to present coastline. Scale = 10 cm. 
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Figure 3.30: Clay clasts within beach sediments. (A) Locality G 19: Clay clasts within sand 

beaches of Sub-facies Cl. Scale = 10 cm. Section measured is perpendicular to the present 

coastline. (B) A selection of armoured clay clasts on the modern sand beach at Oranjemund 

near to the Orange River mouth, Namibia. Scale = 10 cm. 
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Figure 3.31: A modern analogue of the Sub-facies C2 clay and silt depositional setting in 

Oranjemund, Namibia. (A) An aerial view (looking south) of the present Orange River 

mouth illustrating (a) present barrier beach, (b) Holocene barrier beach and (c) Estuarine­

lagoon, (d) back-barrier pond. (B) A close view of back-barrier pond illustrating the 

distribution offiner sediments. Vehicle for scale (circled). 
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Figure 3.32: Cross-section of G29 trench depicting main characteristics of the sub-facies. 

Section is perpendicular to present coastline. 
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Figure 3.33: Summary of Facies C stratigraphic and palaeo-environmental framework based 

on a vertical succession where there is maximum preservation of sub-facies. 
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Figure 3.34: General distribution of Facies D. Block diagram CA) illustrating distribution 

with localities of cross-sections mapped. Stratigraphy of the sub-facies based on vertical 

relationship is depicted in (B). Oblique aerial photograph (C) illustrating distribution in the 

field and stratigraphic relationships superimposed (photograph by courtesy of J. Ward). 
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Figure 3.35: Con'elation of sub-facies in columnar cross-sections measured from the G39.5 

excavation. Sections are perpendicular to present coastline. 
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Figure 3.36: Sub-facies Dl sand. Locality G39.5: (A) Tabular cross-stratification with 

foreset-aligned pebbles (a) and pebble-lined scours (b). Scale bar =10 cm. (B) Rose diagram 

illustrating palaeo-current directions of the sub-facies at G39.5 trench. Columnar cross­

section illustrates stratigraphic position of Sub-facies Dl (see also Figure 3.35). Section 

measured is perpendicular to present coastline. 
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Figure 3.37: Sub-facies 02 sediments. Locality G39.5: (A) Trough cross-stratification in 

granule beds and (8) erosion of underlying Sub-facies 01 sediments by trough cross­

stratified sand. Pebble-filled scours characterise the truncation surface. Rose diagrams 

illustrate palaeo-current directions for coarse to very coarse sand (e) and granule fraction 

(D) of Sub-facies at G39.5 trench. Scale bar = 10 cm. Section measured is perpendicular to 

present coastline. Columnar cross-section illustrates stratigraphic position of Sub-facies 02. 
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Figure 3.38: Sub-facies D2 gravel beds. Locality 039.5: (A) Lensoidal geometry of gravel 

sheet. Survey staff for scale = 1.2 m. (B) Close-up of gravel exhibiting crude cross­

stratification. Note truncation of underlying sediment. Scale bar = 10 cm. (C) Rose diagram 

illustrating palaeo-current directions of gravel at 039.5 trench. Columnar cross-section 

illustrates stratigraphic position of Sub-facies D2. Section measured is perpendicular to 

present coastline. 
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Figure 3.39: Sand units of Sub-facies D3. Locality 039.5: (A) Bioturbated sand exhibiting 

crude planar cross-stratification (a). (B) Trough cross-stratified sand lenses in basal gravel 

sheet (a) with foreset aligned pebbles (b). Scale bar = 10 cm. Rose diagrams illustrate 

palaeo-current directions for (e) planar and (D) trough cross-stratification at 039.5 trench. 

Columnar cross-section illustrates stratigraphic position of Sub-facies D3. Sections 

measured are perpendicular to present coastline. (E) Representation of clast shapes in the 

Sub-facies D3 gravel sheets using a Folk form diagram (a) (Sneed & Folk, 1958; modified 

after Blott & Pye, 2008). Simplified version of Blott & Pye's (2008) ternary diagram (b) 

illustrating position of grouping against basic clast shapes using Zingg's (1935) terminology. 

See Appendix B, Section 1.2.5 for explanation of ternary diagrams. Red circles (n = 15) 

represent clasts from the north-eastern (landward) part of trench whilst black diamonds (n 

= 14) represent the south-western (seaward) part. 
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Figure 3.40: Modern comparative of Sub-facies 01 subaqueous dunes . (A) Planar cross­

stratified beds of Sub-facies 01 at G39.5. Scale bar = 10 cm. Section measured is 

perpendicular to present coastline. (B) Modern 2-D subaqueous dunes at a depth of 60 m 

below msl photographed during JAGO dive nr. 591 (1999), Halifax dive site (photograph by 

courtesy of L. Apollus). Ripple height as per recordings is approximately 0.5 m (Jacob, 

1999). (C) Side scan sonar image of rippled bed observed during JAGO dive nr. 591 (1999; 

image by courtesy of L. Apollus). Wave length of ripples is roughly one metre at a depth of 

60 m below ms!. (D) Locality map illustrating position of Halifax dive site in relation to 

study area. 
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Figure 3.41: Orbital velocity (Ud) in crnls vs. grain diameter (D) for threshold of sediment 

movement from Komar & Miller (1975) . 
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Figure 3.42: Threshold velocity for initiation of grain movement (after Komar & Miller, 

1974) and bedform (rippled and flat) zonation (after Dingler, 1974). The diagram was 

sourced from Clifton (1976) to illustrate bedform initiation of modern subaqueous dunes in 

fine-grained sediment of 0.17 mm for an orbital velocity (Ud) of 20 crnls (0.2 rnIs) and 

average wave period of 12.5 seconds as shown in Table 3.10. 
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Figure 3.43: Threshold velocity for initiation of grain movement (after Komar & Miller, 

1974) and bedform (rippled and flat) zonation (after Dingler, 1974). The diagram was 

sourced from Clifton (1976) to illustrate bedform initiation of Sub-facies D I in medium­

grained sediment of 0.35 mm for an orbital velocity (Ud) of 26 cm/s (0.26 mls) and average 

wave period of 12.5 seconds as shown in Table 3. 10. 
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Figure 3.44: Schematic diagrams (not to scale) illustrating depositional setting of Facies O. 

(A) Inferred bedforms for Sub-facies 01, 02 and 03 (source, Harms et al., 1975). Lower­

case letters in bedforms correspond to those in the foreshore to shoreface block diagram. (B) 

Inferred direction of depositional currents of (a) southerly wave approach, (b) northerly­

directed longshore drift and (c) offshore-directed rip currents. 
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Figure 3.45: Summary of Facies D stratigraphic and palaeo-environmental framework based 

on vertical relationship. 
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Figure 4.1: Fence diagram showing stratigraphy of ED area barrier deposits. The vertical 

and horizontal stratigraphic setting is illustrated in (A). Their planforrn distribution is shown 

on a Google Earth satellite image (B; May 2009 image - Data SIO, NOAA, U.S.A. Navy, 

NGA GEBCO. Note that the shoreface sediments are not shown in (B). 
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Figure 4.2: Fence diagram and conceptual models illustrating relationship of beach forms to 

bedrock 'F' cliff. Note the elevation difference between the bedrock platform and 

transgressive lag in the fence diagram (A). Conceptual models in (B) to explain elevation 

difference as discussed in text. (Bl) Elevations for both the bedrock platform and base of 

barrier beach (which includes transgressive lag) should be similar if their development was 

contemporaneous. (B2) Where the 'F' cliff and associated bedrock platform are positioned 

landward and considerably higher than the barrier beach as seen in the study area, their 

emplacement was not contemporaneous. (B3) Contemporaneous emplacement of 'F' 

beaches resulting in a disjointed configuration at the bedrock/palaeo-river mouth boundary. 

The barrier beach is emplaced farther landward due to a higher migration rate than the 

'fixed' beach fringing the bedrock cliff. (B4) Emplacement of the 'E' beach at a lower 

elevation with an associated disjointed configuration where the 'E' barrier beach is 

positioned slightly seaward of the 'F' cliff. Note that although evidence for a second cUff 

CE' cliff) is lacking, it is not unlikely that this cliff feature would have been cut during the 

'E' transgression (see Section 4.3, Stage 4 on 'E' transgression). 



"\ , j 
• } .-• • • • ~ {l' 

, 
", ! < j ~ i il. .. .. 0 E 

~ ~ ~ ~ 
" " 

, 
" " ~ 

0. 

~ ~ ~ ~ 
5 e m 

~ ~ p ~ 

\A' I 
~" 

'1 

~ 
~ -& .8 u 

t !l [ g ~ ] ~ 
~ ~ "~ ~ • ~ • ~ ~ ~ ~ 

i ~ 
'iii j J " 0 " ~ ~ ~ <II 

DrnrmO u l;! ~ 
m i3 m m 

~ 
! 

.~ 
D 

~ 

< 
~ 

1 
~ 

.~ 
~ 

" ![ I 

.. 
j 

-.J i 
--l '\ : • 

:: /~ 
u j ~ 

~ 

l! 
~ !l . " . 
'f 

1 J'l 1 .. 
~ E 
~ 

58 



Figure 4.3: Uniab Delta, Skeleton Coast, Namibia. (A) Oblique aerial view of the fan-delta 

showing a prominent wave-cut cliff. Source, and with kind permission, Krapf (2003). (B) 

Closer view of the fan-delta and fringing gravel beach that forms the shoreline. Gravel is 

supplied to the beach through erosion of the fan-delta sediments. 
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Figure 4.4: General stratigraphic setting of Neogene and Quaternary age coastal deposits 

from some localities along the Atlantic coastline of South Africa and Namibia. (A) 

Stratigraphic correlation of deposits of different locations and ages illustrating decreasing 

age with diminishing elevation. The representation illustrates the difficulty in elevation 

correlation for similar-age deposits older than 400,000 BP, whilst a tighter correlation is 

evident in the younger deposits. The MA 1 90 m Package deposits are not included as they 

are absent within this area. Note that the representation is not to scale. Sources of 

information are Hallam (1964), Ward (1984), bCPether (1994, 2000), Gresse (1988), 

obcPickford & Senut (1999), dRogers et al. (1990), efMillad (2004) and fCompton (2006). (B) 

Simplistic diagram illustrating the superimposition of sea-level cycles in order of priority. 

See text for explanation. (C) Locality map depicting general positions of deposits illustrated 

in the stratigraphic representation. 
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Figure 4.5: Beach-ridge plain. (A) Modem example of a beach-ridge plain in Findhorn, 

Scotland, developed during barrier spit progradation (image by courtesy of B. Bluck). 

Although, the image is of a sand-dominated spit, similar coastal features in gravel would 

have existed within the study area during Plio-Pleistocene times. (B) A schematic diagram 

(not drawn to scale) illustrating a cross-sectional view (X to Y in A) of the beach-ridge plain 

and the internal structure if the sediment is gravel-dominated as seen within the study area. 
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Figure 4.6: Conceptual models for river mouth deposition in a wave-dominated setting. (A) 

Deposition within a setting where high river discharge is frequent and exerts a groyne effect. 

Slightly modified after Bhattacharya & Giosan (2003) with the incorporation of 

amalgamated barrier ridges after Rodriguez et al. (2000). 

(I) Deposition on subaqueous part of delta during flood. Channel levee deposition from 

riverine plume generates strong groyne effect, blocking up-drift sediment to induce beach­

ridge plain deposition. Thus longshore drift feeds beach-ridge plains, whilst river input is the 

source to coastal features down-drift of river mouth. Note that the beach-ridge plain 

progrades in concert with channel extension. (2) Bar formation at the mouth forces 

distributaries to bifurcate and subaqueous linear barrier-bars are moulded by the wave 

energy. (3) Linear barrier-bars coalesce and emerge as a barrier island to 'roll ' landward, 

attaching to the mainland. A new bay-head delta may develop in the sheltered lagoon behind 

the barrier island. Note that the direction of longshore drift is represented by the white 

arrow. 

(B) Deposition in a setting where high river discharge is infrequent and incompetent against 

a strong unidirectional longshore drift as envisaged for the Orange River setting. 

Compilation from Bhattacharya & Giosan (2003), Seethararnaia et al. (2005) and Rey et al. 

(2009). 

(I) Formation of channel margin bars on ebb-shoal during flooding. Bars coalesce to 

nourish migrating spit and confine inlet channel landward of spit. Note that the main channel 

in the ebb-shoal can be unconfined and hence migrate. A preferential accumulation of 

sediment on the up-drift side of the ebb-shoal due to the dominant longshore drift direction 

results in a down-drift deflection of the river mouth. (2) Down-drift spit growth continues 

with the inlet and ebb-shoal migrating in the same direction. (3) Once channel loses 

gradient, a loss in transport power promotes deposition (channel back-filling) and 

encourages the channel to occupy a more direct route to regain gradient through spit 

breaching. (4) New spit develops and growth is re-initiated with a down-drift deflection of 

the river mouth. Coupled with the destruction of the old ebb-shoal, the older spit is de­

activated and its attendant inlet is sealed with time. Note, white arrow = direction of 

longshore drift; black stippled arrow = direction of channel flow; stippled black lines = 

submerged features such as ebb shoal (rounded polygon) and inlet channel (parallel lines); 

light grey stippled feature = former positions of ebb-shoal. 
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Figure 4.7: Modem example of a deactivated bamer in Oranjemund, Namibia. Oblique 

aerial view (2003) of the present Orange River mouth setting, looking northwards towards 

the study area. A deactivated barrier, now an abandoned remnant, is positioned landward 

and protected from the wave energy by a younger, active barrier feature. Note that CUtTent 

sea-level along the west coast of South Africa and the Namibian coast is rising (see Hughes 

et aI., 1991) and thus the shoreline depicted in the aerial photograph is an expression of a 

transgressive system, which is also evidenced from the washover deposits. A similar setting 

of batTier abandonment and isolation is envisaged for the study area. Solid black arrow in 

photograph depicts river flow direction. For measure of scale, length of de-activated barrier 

is approximate I y 700 m. 
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Figure 4.8: Hypothetical model for the genesis of the barrier spit stratigraphy. Cross-section 

of trench (1) and conceptual block models (2) illustrate development of a vertical 

stratigraphic sequence (3). Note that ebb-tidal and flood-tidal deltas have been omitted from 

the block diagrams. In river-dominated estuaries, as in the case of the Orange Ri ver, these 

features are poorly developed or absent due to strong wave energy and weak tidal currents 

(Cooper, 2002). Block models depict the evolutionary path of the study area only. The 

preserved deposits are therefore a small representation of the greater coastal feature as 

shown in the schematic diagram (4) that illustrates a lowstand phase, following a forced 

regression. The depositional signatures of the last two were not preserved. Information for 

diagram sourced from Dominguez et al. (1987). Cross-sections of each depositional model 

are shown in (5), whilst the sea-level and sedimentation behaviour is illustrated in sine curve 

diagrams (6). 
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Figure 4.9: Hypothetical model for the genesis of the barrier beach stratigraphy. Cross­

section of key trench (1) and conceptual block models (2) illustrate development of a 

vertical stratigraphic sequence (3). Note that ebb-tidal and flood-tidal deltas have been 

omitted from the block diagrams. In river-dominated estuaries, as in the case of the Orange 

River, these features are poorly developed or absent due to the strong wave energy and weak 

tidal currents (Cooper, 2002). Cross-sections of each depositional model are shown in (4), 

whilst the sea-level and sedimentation behaviour is illustrated in sine curve diagrams (5) . 
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Figure 4.10: Schematic illustration explaining the genesis of barrier spit deposits as 

discussed in Section 4.4. (A) Emplacement and progradation of most landward barrier spit 

(BSI). (8) Growth of emerging barrier (BS2) seaward of and isolating barrier BSI from 

open coast. Estuarine-lagoon setting develops seaward of BS I. (C) Transgression and 

erosion of older barrier spit features, leading to emplacement of barrier spit BS3 and 

stacking of foreshore environments. Note that the only evidence of this erosive event is 

limited to the foreshore gravels. (D) Isolation and abandonment of barrier spit BS3 by 

emerging barrier feature (BS4) seaward of BS3. The development of an estuarine-lagoon 

allows stacking of back-barrier sediments into a 5 m thick clay sequence. 
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Figure 5.4: Average grade distribution in Facies B (transgressive lag). Illustrations depict 

stone density in intervals of I spht (A), whilst broad contouring (B) depicts zones of grade 

variation. Block diagram (C) and locality plan (D) portrays position of mineralised area. 
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Figure 5.5: Average stone size distribution in Facies B (transgressive lag). Illustrations 

depict average size in intervals of 0.5 cts/stn (A), whilst broad contouring (B) depicts zones 

of average stone size. Block diagram (e) and locality plan (D) portrays position of 

mineralised area. 
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Figure 5.6: Dispersion graphs for Facies B (transgressive lag) grade and stone size data, 

The graphs illustrate dispersion about the mean for both grade (A) and stone size (B) with 

frequency distribution graphs included as insets. 
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Figure 5.7: Average grade distribution in Facies C (gravel barrier beach). (A) Vertical 

coloured lines illustrate stone density (spht) in intervals of I spht, whilst broad contouring 

(B) depicts zones of grade variation. Block diagram (C) portrays position of mineralised 

area. 
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Figure 5.8: Average stone size distribution in Facies C (gravel barrier beach). (A) Vertical 

coloured lines illustrate distribution of average stone size (cts/stn) in intervals of 0.5 cts/stn, 

whilst broad contouring (8) depicts zones of average stone size. Block diagram (C) portrays 

position of mineralised area. 



..J 
W 

Slone size (cls /sln) 

• >2 

l1li 1.5-2.0 

D 1.0-1.5 0 
_ 0.5-1.0 

. 0-0.5 

D o 

Average diamond size 

I Exceplional Large average size 

LJ Large average size 

Cl Sub -facies 

Landward 

Seaward 

i39.5 

of'-C 
I!!I Facies B 

o Facies A 

0."- o~om 
~ fluvial sediments 

o 
Gl 

o Area of mineralisation under study NOIe: Facies D excluded from diagram 

G25 

Landward 

19 

[mamSI 

o 300m 

G19 



Figure 5.9: Comparison of diamond results from foreshore and backshore settings In 

Facies C (barrier beach). (A) Graph illustrating diamond and boulder size association in 

Sub-facies Cl (beach toe). (B) Comparison of grade (spht) and (C) stone size (cts/stn) in 

foreshore and backshore depositional sub-environments. (D) Map illustrating locality of 

mineralised area. 
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Figure 5.10: Dispersion graphs for Facies C (barrier beach) grade (spht) data. The graphs 

illustrate dispersion about the mean for outer frame (beach toe; A), beach face (B) and 

washover sub-environments (C) with frequency distribution graphs included as insets. In the 

beach face graph (B), red crosses represent the middle sector of the beach face, whilst black 

dots correspond to the upper beach. The higher values correlate mostly to the upper beach 

face as discussed in the text and circled blue in the frequency distJibution graph. Note the 

high number of zero values within the washover data. 
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Figure 5.11: Dispersion graphs for Facies C (barrier beach) stone size (cts/stn) data. The 

graphs illustrate dispersion about the mean for outer frame (beach toe; A), beach face (8) 

and washover sub-environments (C) with frequency distribution graphs included as insets. 

In the beach face graph (8), red crosses represent the middle sector of the beach face, whilst 

black dots correspond to the upper beach face. Note the similarities in the frequency 

distributions of the beach face and outer frame (beach toe) with the influence of outliers. 
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Figure 5.12: Grade versus sample size for barrier beach settings. Note that the sample 

support size is generally similar and although considered small for alluvial diamond 

sampling, the graph nonetheless depicts a dominance of higher grades in the upper beach 

face as demonstrated through basic statistics in Section 5.2.3. Note, Toe = beach toe (outer 

frame), UBF = upper beach face, MBF = middle beach face, WO = washover. 
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Figure 5.13: Average stone size and grade distribution in Sub-facies 03 (storm gravel 

sheets). Illustrations depict average size in intervals of 0.5 carats per stone (A) and stone 

density in intervals of 1 stone per hundred ton (B) . Note that broad zonation of results is not 

depicted due to the lack of mineralization trends. Block diagram (C) and locality plan (D) 

portrays position of mineralised area. 
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Figure 5.14: Dispersion graphs for the Sub-faces D3 (storm gravel sheet) grade and stone 

size data. The graphs illustrate dispersion about the mean for both grade (A) and stone size 

(B) with frequency distribution graphs included as insets. 
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Figure 5.15: Diamond value (US$/ct) baseline data for estimating ED Area diamond values . 

The graph illustrates diamond values (2003, 2008 and 2009 tenders) from palaeo-Orange 

River and marine deposits. The latter is immediately south of the study area in 

Namaqualand, South Africa. I to 2 = shallow marine deposits along Atlantic Coast, 3 and 4 

= onshore littoral deposits along Atlantic Coast, 5 and 6 = Baken Mine Orange River 

deposits, 7 and 8 = Richtersveld Orange River deposits, 9 and 10 = Silverstream Orange 

River deposit. Diamond values are sourced from: Trans Hex (2009) for I to 2 and 5 to 8, 

Alexkor (2009) for 3 and 4, Martineau (2008) for 9 and Venmyn (2007) for 10. 
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Figure 5.16: Bubble chart illustrating ED Area deposits ton value (U$/ton) against grade 

(cts/ton). Note that the grade is expressed as carats per ton (cts/ton) in this instance to allow 

for establishing ton values . Size of bubble is related to average stone size, whilst white 

numbers correlate to ranking of facies potential presented in Table 5.9. Grey stippled circles 

designated A and B correspond to populations of lower and higher potential, respectively, as 

discussed in the text. 
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Figure 5.17: Composite mineralisation diagram illustrating overall average grade and stone 

size for different depositional sub-environments in barrier spit and barrier beach deposits. 

The diamond results recorded in Tables 5.1. 5.2, 5.4 and 5.7 were combined to illustrate the 

composite mineralisation diagram (source Spaggiari et ai. , 2006). 
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Figure 5.18: Composite mineralisation diagram illustrating statistical summary of average 

grade (spht) against average stone size (cts/stn). Mention must be made that the barrier spit 

data have been excluded given the small number of samples that do not allow a statistical 

comparison. Note that the plots for the beach toe (outer frame) and middle beach face are 

similar where the distribution is confined predominantly to less than 10 spht (left of red, 

vertical, stippled line), whereas the distribution for the upper beach face is greater than 10 

spht (right of red vertical stippled line). The transgressive lag, storm gravel sheet and 

washover plots are similar with distributions predominantly less than 5 spht (left of red 

vertical stippled line). The first two are shoreface sheet-like bodies. However, both the 

transgressive lag and beach toe (outer frame) plots illustrate a greater occurrence of stones 

larger than 1.5 cts/stn (above blue, horizontal, stippled line). These sub-environments are 

considered contiguous where the transgressive lag has its origin in the outer frame setting. 
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Figure 5.19: Summary of hypothetical diamond mineralisation processes in a barrier beach. 

Average diamond size (A) and diamond concentration (B) for the barrier beach sub­

environments are graphically presented. The characteristics of diamond accumulation are 

tabulated for each depositional sub-environment in (C). Note acronym MLW = mean low 

water. 
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Figure 5.20: Summary of hypothetical diamond mineralisation processes in a barrier spit. 

Average diamond size (A) and diamond concentration (B) for the barrier spit environment 

are graphically presented. (C) The characteristics of diamond accumulation are tabulated for 

each depositional sub-environment of a barrier spit. Note acronym MLW = mean low water. 
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Figure 6.1: Regional distribution of onshore diamondiferous palaeo-littoral deposits. The 

general distribution encompasses their entire stratigraphy, ranging from Eocene to Holocene 

age. Information sourced from Hallam (1964), Keyser (1972), Tankard (1975), Miller & 

Seely (1976), Ward (1984, 2000), Pether (1986, 1994,2000), Gresse (1988), Schneider & 

Miller (1992), Pickford & Senut (1999), Roberts & Brink (2002), Franceschini & Compton 

(2004), Spaggiari & Ward (2004), Miller (2008). 
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Figure 6.2: Stratigraphic representation of diamondiferous palaeo-shorelines along the 

Atlantic Coast of South Africa and Namibia. A generalised perspective of the degree of 

preservation and dominance of depositional environments are also shown. Information 

sourced from Hallam (1964), Keyser (1972), Pether (1986, 1994,2000), Ward (1984, 2000), 

Gresse (1988), Corbett (1989), Pickford & Senut (1999), Roberts & Brink (2002), 

Franceschini & Compton (2004), Miller (2008), P. Gresse (pers.com., 2010), W. Macdonald 

(pers.com., 2010) and J. Ward (pers.com., 2010). 
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Figure 6.3: Regional distribution of 30 m Package (Plio-Pleistocene) onshore palaeo-littoral 

deposits . Their general distribution and the dominant depositional environments are also 

presented (see also Figure 6.2) . Note that where two depositional environments are recorded, 

the first is dominant. Information sourced from Hallam (\964), Keyser (1972), Miller & 

Seely (1976), Ward (1984, 2000), Pether (1986, 1994,2000), Gresse (1988), Schneider & 

Miller (1992), Pickford & Senut (1999), Franceschini & Compton (2004), Millad (2004), 

Spaggiari & Ward (2004), Compton (2006) and Miller (2008). 
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Figure 6.4: Average diamond size and average grade distribution within Plio-Pleistocene 

and younger littoral deposits along the Namibian coast. (A) Regional perspective of the 

down-drift diamond size decline from the Orange River mouth to southern Angola. Data 

sourced from Schneider & Miller (1992), Spaggiari & Ward (2004) and Bluck et al. (2005). 

Note that the average diamond size trend is a combination of data from different age 

shorelines and thus does not reflect a particular shoreline age. (B) Diamond size and grade 

trend for only MA I within the Sperrgebiet, southern Namibia. The map illustrates different 

deposit types in a down-drift direction, whilst the graph depicts factorised diamond size and 

grade trends (modified after Schneider & Miller, 1992). Note the 'spiky' trends with an 

overall size decrease and increase in grade. The last is expressed as grade in carats per 

square metre (cts/m2
; after Schneider & Miller, 1992). Similar to the graph in (A), the 

trends are a combination of data from different age shorelines and thus do not reflect a 

particular shoreline age. 
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Figure 6.S: Diamond size decline since the Plio-Pleistocene. (A) Comparison of diamond 

size frequency distribution from study area (Plio-Pleistocene barrier beaches) with that from 

Holocene barrier beaches within the same palaeo-river mouth setting. Note the higher 

percentage of smaller stones in the Holocene barrier frequency distribution. The size 

frequency distribution data are tabulated in Appendix B, Section \.3 .2, Table B2. (B) 

Hypothetical model for diamond size decrease through time since the Plio-Pleistocene with 

changing gravel size. Rejected diamond pool (RJP!) is recycled into a coarse gravel barrier 

where the larger than average diamond size is retained (RTP!). The rejected pool of smaller 

diamonds (RJP2) from this barrier beach is recycled into a younger barrier having a smaller 

gravel size where the retained diamond population is smaller (RTP2). This recycling and 

trapping process promotes a progressive decline in diamond size allied with decreasing 

gravel size. Note that where larger diamonds are not trapped in the coarsest gravel 

framework (i.e. rejected from RTP!), they will be rejected throughout the recycling process 

through time. RJP = rejected diamond population, RTP = retained diamond population. 

90 



Figure 6.6: Hypothetical model for diamond recycling process during sea-level fluctuations. 

(A) Delivery of coarse sediment during highstand (normal regression) induces shoreline 

progradation at sea-level position I (SLl) . Note that the older submerged diamondiferous 

deposits are confined to shelf regions. (B) Older deposits on shelf are reworked and 

diamonds recycled into regressive shorelines that 'step down' seaward as regression 

proceeds (sea-level positions SLl-4). Each regressive shoreline will have a diamond size 

and concentration trend similar to the shoreline at SLl in (A). Note that there is no 

significant diamond introduction from the Orange River at this time, but sediment supply is 

at its maximum. There is some diamond contribution from the erosion of older higher-lying, 

landward shorelines. These are eroded in concert with the rejuvenation of ephemeral 

streams. (C) Subsequent to a lowstand (normal regression), the entire suite of regressive 

shorelines are reworked on the transgression (sea-level positions SLS-8). In addition to this, 

the transgressive barrier that is stationary at a particular point in time and space (SLS-8) is 

also reworked as barrier 'rollover' proceeds landward under a rising sea-level. Therefore, 

multi-recycling of diamonds are seen during the transgressive phase where diamonds 'leak' 

out into the littoral and others finally accumulate in barrier sediments once sea-level is 

stationary to perpetuate shoreline growth on a normal regression. Note that the shoreline at 

SL8 has transgressed beyond that at SLl. (D) Position of the shoreline at SL8. Here, 

diamond preservation will be greatest if the next sea-level cycles do not extend beyond sea­

level 8 on a subsequent transgression. 
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Figure 6.7: Hypothetical model for diamond emplacement in barrier deposits confined to 

river mouth settings where fixed trapsites are absent. (A) Representation of the 16 m stacked 

barrier deposits within the ED area showing zones of expected higher diamond 

concentrations. Note that the diamond concentration in this figure is expressed as carats per 

hundred tons (cph!). (B) General sea-level curves depicting growth of batTier deposits and 

time frames of maximum diamond input. (C) Diamond emplacement model when there is 

minor diamond contribution from the palaeo-Orange River. (1) Diamonds are sourced from 

pre-existing submerged shorelines during sea-level fall and introduced to an evolving 

shoreline on a transgression. (2) Maximum preservation of the diamond pool is achieved at 

the onset of barrier beach progradation when there is an increase in sediment deli very. Here 

the diamonds are 'sealed' off from further 'leakage' to the littoral as the coastline extends 

seaward, abandoning the earlier prograded sequences. (3) During the establishment of a 

younger shoreline on the next transgressive cycle, diamonds are recycled from the older 

barrier beach through erosion as the younger barrier beach migrates landward. (4) Maximum 

preservation of the diamond pool is once again achieved at the onset of progradation. Note 

that the pool of diamonds preserved in the younger barrier beach is less than that in the older 

barrier considering the lack of replenishment. Consequently, as the barrier beach complex 

youngs, sediment accumulation increases with a concomitant decrease in diamond quantity. 

The minor regressions that are in part responsible for barrier build up have not 'farmed' a 

significant reservoir of diamonds. 
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APPENDIX A 

PUBLICATIONS BY AUTHOR 



DEC LARA TION OF CO-AUTHOR CONTRIBUTION 

Part of the work presented in this thesis has been previously published. Although some of 

these pub lications have co-authors, the work appearing in this thesis is entirely my own. Mention 

must be made that these publications prior to the thesis undertaking were presented for peer­

review to test the ideas on gravel barrier beach and barrier spit diamond mineralisation; a first of 

their kind. All study material was collected, analysed and interpreted by the principal author, and 

were expanded on by him in the thesis. This expansion has evolved the thesis considerably, 

introducing new concepts on barrier preservation and stratigraphy at the fluvial/marine interface, 

sea-level behaviour during 30 m Package (Plio-Pleistocene) times and diamond mineralisation 

processes within barrier structures. These new concepts and models are to date, unpublished. 

The role of co-authors and their contributions throughout the study are as follows: 

1) Co-authors provided assistance during the initial stages of the project when the study area 

was identified as an economic target requiring evaluation for future mining. This formed 

part of Namdeb's exploration programme. During this exploration phase the author 

identified the area as a potential economically biased post-graduate study and developed the 

exploration work to an academic study. 

2) Consequently, co-authors took on supervisory roles and were not part of the research once 

the academic study commenced. Both had specific areas of speciality and input relating to 

(i) the regional setting and (ii) detailed gravel beach assemblages as seen in the publications. 

3) Co-authors continued to provide scientific rigour to Namdeb's exploration programme, as 

well as teach and supervise company staff. In the course of these duties, they also co­

supervised and/or assisted a number of M.Sc. projects and a Ph.D. dissertation related 

directly to the Namibian mega-placer. These joint publications provided the setting initially 

of the OR mouth to marine transition and also recorded some of the progress made during 

the course of unravelling the Namibian mega-placer which, by nature of the various postings 

(see list in acknowledgements), took quite a few years to finish. 

4) During this extended period, the co-authors did not continue working on the study area after 

the author was transferred to another country. 
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Abstract 

The Orange River. the principal conduit transporting diamonds from hinterland sources to the Namibian coast in post­
Cretaceous times, is characterised by an extreme wave dominated delta that has given rise to a progression of coarse rudaceous 
littoral deposits preserved onshore for > 150 km north of the mouth. Under the long-lived, prevailing vigorous wave, wind and 
northward longshore drift regimes, the Orange River outfall has been reworked into, amongst others, a series of economically 
viable, diamondiferous Plio-Pleistocene onshore gravel beach deposits. These placers comprise spits and barrier beaches in the 
proximal reach within the palaeo-Orange River mouth that, after ca. 5 km northwards, merge into extensive but narrow linear 
beaches that, in tum after ca. 70 km, give way to pocket beaches. Gravel and diamond size decreases northwards away from the 
ancestral Orange River mouth. The linear and pocket beach types have considerably higher diamond content but lower average 
diamond stone size than the two proximal units that are characterised by low diamond grade but comparatively large average 
diamond size. Given the ri sk of delineating low grade alluvial diamond deposits accurately, we present here sedimentological 
reconstructions of the subtidal, intertidal and supra-tidal facies that constitute the spit and barrier beach sequences, based largely on 
face mapping of exploration trenches and open-cast, mine cuts, as well as the resu lts of large tonnage, sampling campaigns. 
Diamond distribution is also linked convincingly to basic littoral processes that were operational within the palaeo-Orange River 
mouth during the complex transgression that gave rise to the + 30 m package in Plio-Pleistocene times. In both the spit and barrier 
beach settings, the intertidal deposits prove to be the most promising targets whereas the subtidal sediments are the least economic. 
The constant raking associated with coarse, cobble- boulder-sized gravel foreshore deposits in an energetic micro-tidal wave 
regime increased the average diamond stone size in the intertidal deposits to J to 2 carats per stone (cts/stn), but the lack of fi xed 
trapsites (no competent footwall with in the palaeo-Orange River mouth at that level) prohibited the accumulation of substantially 
enriched diamondiferous gravels. Consequently, grades of only 1.S to 6 carats per 100 tons (cpht) are realised. The highest grades 
(2 to 6cpht) are found in the landward-facing, intertidal beach deposits on the spits where gentle reworking in that sheltered 
environment had somewhat enriched and preserved the diamond content. Significantly, the low average stone size of ca. 0.5cts/stn 
in this lower energy setting probably reflects that of the general diamond population available at that time. In contrast, the sand-rich 
subtidal deposits in the spit sequence return the lowest grades (0.1 to O.5cpht), similar to those in the slightly younger, subtidal 
transgressive boulder lags of the barrier beaches. However, the stone size in the spit subtidal sediments is also low (0.1 to 0.5 cts! 
stn) due to the highly mobile, fine-grained character of those deposits, whereas that in the subtidal transgressive lag is large (2 to 
3 cts/stn) as a result of the local, semi-pennanent turbulence associated with the boulder-sized clasts in these gravel sheets. 

• Corresponding author. 
E-mail address:Spaggiari .Renato@debeersgroup.com (R. I. Spaggiari). 

0169-1368/$ - see front matter iCJ 2006 Elsevier s.Y. All rights reserved. 
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Diamond distribution is therefore also influenced by littoral facies and associated beach types, in addition to the spatial and 
temporal parameters that have already been documented for the onshore marine placers of the southern Namibian coast. 
© 2006 Elsevier B.Y. All rights reserved. 

Keywords: Marine diamond placer, Namibia; Orange River; Plio·Pleistocene; Gravel 

1. Introduction 

Along the southwest African coast, diamonds were 
first recorded at Liideritz on the Namibian sector in 1908 
and on the South African side ofthe Orange River in 1909, 
although it was only in 1925 that this latter fmd led to 
subsequent development (Hallam, 1964). In Namibia, 
mining operations have extended for ca. 300krn north­
wards from the Orange River mouth (Fig. I), producing 
over 75 million carats of diamonds over some 94 years -
95% of which are gem quality, making this the richest 
diamond placer known (Schneider and Miller, 1992; 
Oosterveld, 2003). Up to the late 1990s, this portion ofthe 

ATLANTIC 
OCEAN 

.­
LQderitz / 

/ 

Namibian coast ("Sperrgebief') had produced more than 
55% of the + 130 million carats of alluvial diamonds 
mined in southern Africa, the bulk of which (ca. 73%) has 
been derived from Cainozoic littoral marine deposits 
(Oosterveld, 2003). To date, the most economic of these 
deposits have been the Late Cainozoic onshore "raised 
beach" placers lying in the narrow, ca. 110 krn long strip 
between the Orange River mouth and Chameis Bay that, 
today, forms Mining Area No. I for which a mining 
licence is held by Namdeb Diamond Corporation (Pty) 
Ltd (Hallam, 1964; Ward et aI., 1998). In response to the 
vigorous longshore marine and southerly wind regimes 
(Rogers, 1977), a distinct gradation in these onshore 
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littoral deposit types is evident northwards away from the 
Orange River mouth . In the proximal setting for some 
5 Ian north of the palaeo-Orange River mouth, gravel spits 
and barrier beaches predominate, giving way to linear 
beaches for another 70 km or so, that in turn grade farther 
northwards into pocket beaches that typify the distal 
extremity (Fig. I; Apollus, 1995; Spaggiari et ai., 1999, 
2002; Bluck et ai., 2001 ). This down-drift pattern is also 
reflected in a decrease in gravel and diamond size 
northwards away from the mouth of the Orange River 
(Hallam, 1964; Sutherland, 1982; Schneider and Miller, 
1992; Apollus, 1995). 

Apart from confidential internal reports and field 
guides (e.g. , Rogers et ai., 1990; Ward etai. , 1998, 2002), 
little has been available to the public on this remarkable 
placer deposit. Early publications (e.g., Merensky, 1909; 
Kaiser, 1926; Williams, 1932), were concerned mainly 
with the deposits on the northemmost tail of the diamond 
distribution in the areas around Bogenfels and Liideritz 
prior to the discovery ofthe main linear beach deposits in 
1928. Consequently, the first overall substantial con­
tributions were made by Hallam (1964) and Stocken 
(1978). Subsequent reviews (e.g., Sutherland, 1982; 
Schneider and Miller, 1992) largely used these earlier 
data to, inter alia, highlight the northward logarithmic 
size decline in the diamond population along the 
Namibian coast away from the Orange River mouth. 

In this paper, we focus on the proximal setting, 
presenting the sedimentary facies and diamond distri­
bution in the gravel spits and barrier beaches that formed 
within the accommodation space provided by the 
palaeo-Orange River mouth during the Late Pliocene 
to Earliest Pleistocene. From the rare presence of the 
zone fossi l, Donax rogersi, these coarse-grained depos­
its are correlated with the + 30 m marine package 
preserved intermittently elsewhere along much of the 
southwestern African coast (SACS, 1980; Pether, 1986; 
Ward, 1987; Gresse, 1988; Pether et ai. , 2000; Marais et 
ai., 200 I; De Beer et ai., 2002). 

2. Regional setting 

Since at least Middle Eocene times, the Orange River 
has transported diamonds in its coarse sediment load from 
kimberlitic and sedimentary sources in the hinterland of 
southern Africa to the Namibian sector of the Atlantic 
Coast (inter alia, Cornell, 1920; Kaiser, 1926; Stocken, in 
press; Van Wyk and Pienaar, 1986; Corbett, 1996; De Wit, 
1999; Ward et ai. , 2002). In contrast, the Late Cretaceous 
outfall of the precursor Orange River was fine-grained, 
feeding into a large delta offshore that was well developed 
by ca. 90 Ma (Wickens and McLachlan, 1990; Ward and 

Bluck, 1997; Aizawa et ai., 2000), and was thus unlikely 
to be diamond bearing. This shift from fme- (silt to clay) 
to coarse-grained (gravel to sand) deposition at the mouth 
of the ancestral Orange River reflected a regional sub­
continental uplift in the Late to End Cretaceous that 
initiated deep fluvial incision that has continued intermit­
tently through much of the Cainozoic. By this time, all of 
the known diamond-bearing kimberlite pipes in southern 
Africa had already been emplaced, many of which, 
notably those of Cretaceous age, were within the drainage 
network of the Orange basin (Gurney et ai., 1991). These, 
and the diamonds yielded by the erosion of older 
kimberlites and sedimentary sources within the Orange 
River drainage basin, thus provided the supply to the 
southern Namibian coast. This fluvial incision, particu­
larly that in Early to Middle Tertiary times, was 
instrumental in the erosion of the landscape and the 
accelerated distribution of the diamonds to the coast 
(Jacob et ai. , 1999; Ward et ai., 2002). 

The modem Orange River has a wave-dominated 
delta that is subjected to a vigorous northward longshore 
drift under the prevailing southerly wind regime 
(Rogers, 1977), a setting that has persisted for much 
of its Middle to Late Tertiary history when eoarse­
grained sediment was being debouched into the Atlantic 
Ocean. In tlle present coastal regime, 90% of the waves 
have a height which falls in the range 0.75 to 3.25m 
with an average of 1.75m for winter and 1.5m for 
summer (Rossouw, 1981 ; De Decker, 1988). The 
persistence of high energy conditions throughout most 
of the year (Hay and Brock, 1992) highlights the 
vigorous regime of this coastline and the adjacent shelf. 
In contrast to the extreme wave energy, the tidal range is 
only 1.8 m at Oranjemund, making this a micro-tidal 
coast (Davis, 1972). Significantly, from examinations of 
the internal structures of older, Cainozoic beaches there 
is no reason to assume a different tidal range during their 
formation from the Late Tertiary to Quaternary (Gresse, 
1988; Pether, 1994; Spaggiari et ai. , 1999). The present 
coastal redistribution system, active for at least the last 
43 Ma, has thus separated the coarser and finer sediment 
fractions from the Orange River outfall (Fig. 2). The fine 
fraction is believed to move largely north (Birch et ai., 
1991; Grey et ai., 2000) and west out to the continental 
shelf edge where it forms extensive mud sheets 
(Bagguley, 1996). The sand, much of which is retained 
within the breaker zone, moves northwards along the 
coast in a belt that is usually not more than 3 km wide. 
At a number of points, and particularly at changes in the 
orientation of the coast, sand is blown off the beaches 
onto the land where it accumulates, under desert 
conditions, in the main Namib Sand Sea (Rogers, 
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Fig. 2. Map showing the sediment dispersal paths for gravel , sand and finer sediment on the continental shelf. 

1977; Corbett, 1989, 1996). The gravel fraction, 
however, has accreted as a series of narrow beaches 
which, in their various forms, have built up the coast for 
over 150 Ian north of the Orange River mouth (Hallam, 
1964; Bluck et a1., 200 1). 

Since the Middle Eocene, there have been substantial 
changes in sea level from a high at ca. 180 metres above 
sea level (masl) followed by a regional and well 
documented Oligocene low which is thought to have 
had a profound effect on the western African drainages 
and their supply of sediment to the coast (Serrane, 
1999). Younger fluctuations between + 90 masl and 
about - 120 masl occurred between the Miocene and the 
Late Pleistocene, with current sea level being reached 
after a short-lived,+ 2 masl Holocene high at ca. 5000 
years BP (Siesser and Dingle, 1981; Dingle et a1., 1983; 
Pether, 1986; Pether et a1. , 2000). With there being a 
copious supply of gravel following the post-Cretaceous 
incision, particularly in Neogene times, accompanied by 
a vigorous coastal wave system, the littoral sediment 
dispersal and accretion pattern typical of the Quatemary 
is no different to that of the Tertiary. The effect of the 
sea-level changes on a fairly wide continental shelf was 
to repeat the Present to Pliocene gravel beach accretions 
over a substantial width of this shelf. In Mining Area 

No.1, the onshore expression of the Plio-Pleistocene sea 
level high stands is demarcated by a series of distinctly 
lUdaceous littoral marine deposits at elevations ranging 
from an older Pliocene suite at + 10 to ca. 30 masl, to a 
Mid-Pleistocene unit at 8 to 10masi through to a Late 
Pleistocene record at + 4masl and the Holocene high at 
+ 2masl (summarised in Pether et a1. , 2000). 

3. Results of recent mining and sampling 
programmes 

Onshore, in Mining Area No. 1 (Fig. 1), the Cainozoic 
marine deposits have been well-exposed in extensive 
sampling trenches that are > 1000 m long, 1 to 10m wide, 
and, in places, > 15m deep. There are also excellent 
exposures in the retreating mine faces dug during current 
diamond mining operations. Tn our study area close to the 
palaeo-Orange River mouth, we have monitored and 
mapped mine faces and sample trenches intermittently 
over the last 8 years. In addition, old records and mine 
plan sections for this area are available since 1947. This 
unusually extensive and detailed dataset has been 
combined to yield composite cross-sections which 
extend from the highest gravel beaches in the east to 
the shoreface deposits in the west, enabling accurate 
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reconstructions ofthe internal structures of the rodaceous 
spits and barrier beaches in the proximal setting close to 
the palaeo-Orange River mouth (Spaggiari et aI., 1999, 
2002). Diamond data were derived from 200 to 1500 ton 
samples taken in the various littoral facies making up the 
two principal marine gravel deposits within the palaeo­
Orange River mouth setting. These samples were treated 
through a dedicated sampling facility and their concen­
trates sorted in a secure geological laboratory on Mining 
Area No. I. As there is little or no known subsidence 
recorded for the southern Namibian coast during the Late 
Pliocene to Holocene interval, the development of 
sedimentary sequences depends primarily on sea-level 
changes for accommodation space, aided in this instance 
by the presence of the palaeo-Orange River mouth. The 
beach structures are also related principally to the 
interaction between Orange River sediment supply and 
sea-level fluctuations . 

4. Marine deposits. and their inferred 
sub-environments along the Southern Namibian 
Coast 

The morphology, dynamics and growth of gravel 
beaches have been investigated by a number of workers 
(see Pye, 200 I; Orford et aI. , 200 I, for reviews). After an 
initial and preliminary study by Bluck (1967) the internal 
structure of gravel beaches has been recognised only 
within the last few decades (Orford, 1975; Maejima, 
1982; Massari and Parea, 1988; Williams and Caldwell, 
1988; Postma and Nemec, 1990; Sherman et aI. , 1993; 
Bluck, 1999; Bluck etal., 200 1; Neal etal. , 2001 ). There 

ZONE A 
SUBTIDAL DEPOSITS 

ZONES 
INTERTIDAL DEPOSITS 

now exist a number of criteria for the recognition of such 
beaches and Bluck (1999) recently established a 
hierarchy in beach sedimentation, beginning with clast 
assemblages (sheets of gravel classified according to the 
various clast shapes and sizes) that were then combined 
into beds and bed assemblages (a series of structurally 
related clast assemblages), the resultant pattern of their 
association in tum characterising known gravel beach bed 
forms. This identification procedure enables diamond 
grade (expressed here as carats per hundred tons ~ cpht) 
and average diamond size (expressed here as carats per 
stone ~ cts/Sln) to be related to beach structure and hence, 
ultimately, littoral processes building such gravel units 
(sensu Bluck, 1999). Not only is a visual aid to diamond 
placer quality thus generated, but a better understanding 
of marine placer formation is also gained. In this regard, 
further insight was gleaned from the formation and 
structure of modem gravel beaches derived from the 
destruction of the Unjab delta along the northern 
(Skeleton) coast of Namibia in the vicinity of Terrace 
Bay. These Skeleton Coast beaches are formed under 
similar wave and tidal conditions as envisaged for the 
palaeo-beaches in Mining Area No. I farther south. 

Gravel at the shore accumulates in three major 
regimes and their deposits are divided into three main 
units (Bluck et aI., 200 1): 

Unit A Subtidal deposits of gravel and sand; 
Unit B Intertidal deposits, which includes all the gravel 

beaches, including the supra-tidal areas; 
Unit C Back barrierlbeach deposits, such as lagoonal 

sediment found landward of the beaches. 

ZONEC 
BACK BARRIER DEPOSITS 

selection 

/~~;~~~~~=__ was~v.r dettas <1 -:::---- lagoon 

cro •• ·.tratlfled 
sand with basal boulder 

lag{cf.flg.11) 

Fig. 3. Schematic representation of the various depositional environments of a barrier beach. A = Subtidal deposits, with A I- A3 represenling 
depositional sub-units discussed in the text. B = Intertidal deposils (see text). C = back barrier (see text). 
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4.1. Unit A: subtidal deposits 

A range of subtidal deposits was exposed in the 
sampling trenches, as well as in the active mine faces, 
and these could be traced into the ancient gravel beaches. 
Deposits at the fine end of the range comprise sands, 
commonly with cross-strata that may display a bimodal 
dip orientation. Those beds, sometimes with abundant 
shell debris (much of which is broken), are thought to be 
the equivalent of the shallow marine, mega-rippled sand 
fields described south of the Orange River mouth by De 
Decker (1988). In addition there are sand sheets up to 3 m 
thick which are heavily bioturbated but with sufficient 
internal structure remaining to be identified as subtidal in 
origin. These latter deposits suggest that there were 
situations in the aggressive shelf where there was 
sufficient protection for sands to accumulate, or for 
older sand sheets to have escaped erosion for long 
enough to have supported in-fauna. 

At the other extreme of the range and with many 
gradations between, are deposits comprising an alterna­
tion of sand and gravel sheets that contain progressively 
more gravel towards the toes of the ancient gravel 
beaches. These sheets of gravel are thought to have been 
displaced principally from the seaward edges of the 
gravel beaches during storm conditions, and as such, are 
often enriched in large spherical clasts which represent 
the most mobile of clasts on the beach. In some 
exposures they are clearly seen to occupy broad 
channels in which the gravel is lenticular rather than 
sheet-like. These channel deposits are likely to have 
been generated by rip currents. The schematic associ­
ation of these various units is outlined in Fig. 3, where 
the subtidal deposits (e.g. sub-unit AI in Fig. 4A) are 
seen to dominate the western exposures, in the direction 
of the present-day ocean. 

4.2. Unit B: intertidal (beach) deposits 

The structurally complex intertidal unit has a great 
range of bed assemblages and sub-environments of 
deposition. Not only is there a range of foreshore 
deposits, but the morphology and structure of the gravel 
bars themselves (of which the foreshore forms part) are 
also quite diverse. Along the Sperrgebiet coast, Bluck et 
a!. (200 I) recognised essentially four gravel beach types 
which, in order of decreasing sediment accretion rate 
are: spits, barrier beaches, linear beaches and pocket 
beaches - all identified on the basis of the range and 
combinations of bed assemblages. However, the one 
characteristic that links them all and serves as a clear 
factor in their identification is the degree of shape 

Fig. 4. Examples of Plio· Pleistocene subtidal units, southernmost 
Mining Area No. I, Namibi a. CA) Distal shoreface sand deposits (A I 
sub-unit), in places with bi-polar cross stratification and thin beds of 
gravel. Measuring stafT"" 1.2m. (B) Sand sheets with abundant 
bioturbation and thill gravel sheets CA2 sub-unit). (C) Stonn deposits 
of sand and inter-stratified gravel (A3 sub-unit). The gravel, with 
coarse spherical clasts and a mixture of shapes in the finer fraction. is 
probably recycled off the seaward margins of beaches during stonn 
periods. A I- A3 refer to the depositional units shown in Fig. 3. 

sorting of the gravel clasts. Most gravel beaches show a 
remarkable clast shape segregation where large oblate to 
discoidal clasts together with small clasts of various 
shapes accumulate at the beach crest, and large equant or 
spherical clasts and small discoidal and other shaped 
clasts accumulate at the base of the intertidal zone. The 
beach surface can then be seen as a wide zone of varying 
steepness where particle selection according to shape 
and size is taking place in response to the vigorous wave 
swash and backwash energy. Beach progradation 
consequently deposits a sequence containing large 
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discs at the top and large spheres at the base (Bluck, 
1967, 1999). 

Gravel beaches differ substantially in morphology 
and therefore in sedimentary environments that influ­
ence the distribution of coarse and fine sediment (Figs. 
3, 5 and 6). The following zones have been recognised 
(cf. Bluck, 1967, 1999): 

- near the seaward toe of the beach is the infill zone, 
where clasts, raked from the beach, fill the open 
framework of large spherical clasts that comprise the 
outer frame (sub-unit B I in Figs. 3 and 6). Large 
spherical clasts, because of the ease with which they 
roll on the steep beach surface, are segregated and 
displaced seaward onto the toe of the beach. In the 
record, these are commonly recognised by clast­
supported framework gravels that display compara­
tively poor clast shape and size sorting and also by flat 
stratification where large, in-filled sphere frameworks 
alternate with beds of smaller spheres and sand. There 
is a considerable range in the degree of clast shape and 

size sorting, dependent largely on sediment supply 
and the reworking of older beach gravels. 

- the infill zone commonly merges landward into an 
inclined surface that is often a mixture of sand and 
gravel. This is the zone of selection pavements where 
clasts of various sizes and shapes are sorted 
hydraulically to accumulate on the beach in the 
form of seaward inclined strata with good size and 
shape segregation (sub-unit B2 in Figs. 3 and 6). 
Stratified marine gravels normally originate in this 
zone. Cusps may develop here but are more 
commonly found in the next landward zone. 

- landward of the selection pavements, lies the zone of 
cusps and berms (sub-unit B3 in Figs. 3 and 6; Fig. 5) 
that have steep surfaces and construct beds far 
steeper than those of the selection pavements; 
consequently the degree of sorting achieved is 
much higher (Fig. 5D). These fairly steep beds dip 
seaward, in the direction of beach progradation and 
are characterised by extreme shape/size sorting. 
These structures, invaluable in determining the 

Fig. 5. Cusp and berm structures (B3 sub-unit) from Recent and Pleistocene gravel beaches, Namibia. (A) Cusp development in modem gravel 
beaches with 1 = coarse assemblage of spherical and rod shaped clasts (crown); 2 = finer assemblage of discs and blade shaped clasts (imbricate 
shadow), Unjab delta, Skeleton Coast. (B) Section of prograding cusp in Plei stocene beaches showing coarse crown (1) and fine shadow (2), 
southernmost Mining area No. 1. (C) Modem gravel berm with steep seaward dipping face (1). Note the displacement of coarse clasts by the more 
dominant and uniformly sized finer gravel in a process of fabric rejection (2), Terrace Bay, Skeleton Coast. (D) Section of seaward dipping 
progradational berms (I) in Plio-Pleistocene gravel beaches, southernmost Mining Area No. I. Displaced cobble-sized clasts (2) arc isolate in the 
dominant finer-sized clasts. Measuring staff= 1.2m. 
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Fig. 6 . Schematic representation of average diamond grades (carats per hundred tons = cpht) and sizes (carats per stone = cts/stn) within a Plio­
Pleistocene gravel barrier sequence, based on data co llected within the palaeo-Orange River mouth, southernmost Mining Area No. I, Namibia. A 1-
A3, BI - B4 and CJ - C2 refer to depositional sub-units shown in Fig. 3. 

accretion directions of beach gravel sheets when seen 
in section, are also useful in gravel beach recon­
struction. At the beach crest, large disc and blade 
clasts accumulate to yield a large-disc zone (sub-unit 
B4 in Figs. 3 and 6). 

Variations on this pattern of zones are quite 
common, not only in the beach surfaces seen along 
the Namibian coast, but also in sample and mine cut 
sections. The area where the pavements and cusps 

A B 

form may be replaced by a single, steep zone (berm) 
which is strike-aligned along the coast with very little 
sign of cuspate development. Wave action here is 
vigorous and the persistent steep slope generates a 
backwash that is so strong that maximum clast shape 
and size sorting is achieved. 

The distribution of diamond grades (cpht) and sizes 
(cts/stn) in the Late Pliocene- Early Pleistocene + 30 m 
intertidal beach sequence preserved within the palaeo­
Orange River mouth is illustrated schematically in Fig. 6. 

Fig. 7 . Wash-over deposits (el sub-unit) in Modem and Pleistocene gravel beaches. (A) Modem wash-over delta, Ballantrae, Scotland. (B) Section of 
a Plio-Pleistocene wash-over sequence, Cl, exhibiting landward dipping foresets interfingering with finer lagoonal sediments, C2. Southernmost 
Mining Area No.1, Namibia. C I and C2 refer to depositional units shown in Fig. 3. 
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4.3. Unit C: back-barrier/beach deposits 

In contrast to the foreshore, back beach deposits -
found landward of the large-disc zone and beach crest 
- comprise mainly landward dipping surfaces (cf. 
Orford and Carter, 1982; Massari and Parea, 1988; Blair, 
1999). On modern barriers, gently inclined surfaces, 
beginning at the beach crest terminate in wash-over 
deltas characterised by steeply dipping foresets prograd­
ing towards the land (Fig. 7). These foresets often lack 
the size and shape sorting of the cusp and berm deposits 
with which they could otherwise be confused (cf Fig. 
5B and D; CI in Fig. 7). Moreover, the more gently 
inclined surfaces (top-set equivalents) also tend to lack 
the extremes of size and shape sorting seen in foreshore 
deposits. The delta gravels, which commonly interfinger 
with the sands deposited in the low ground behind the 
barrier (C2 in Fig. 7), are essentially the product of 
wash-over during high tide, accompanied by storm 
conditions where the back-barrier area is filled with 
water. 

5. Proximal gravel palaeo-beaches of Southern 
Mining Area No.1 

As mentioned earlier, and on the basis of their 
internal structure, four types of gravel beaches have 
been recognised in the Plio-Pleistocene littoral record 
along the southern Namibian coast (Fig. 8; Spaggiari et 
aI., 1999,2002). In the south, gravel spits are present, as 
are barrier beaches, in this ca. 5 km wide proximal 
setting within the palaeo-Orange River mouth. N0l1h­
wards, beyond these deposits, are the extensive linear 
beaches that, after some 70 odd km, give way to pocket 
beaches (Fig. 8). Of these beach types, only spits and 
barrier beaches that are developed within the palaeo­
Orange River mouth are discussed further (1 and 2 in 
Fig. 8). Moreover, these southern, proximal deposits 
also host related boulder-cobble gravel sheets that cut 
across the local stratigraphy, forming additional impor­
tant potential trap sites for diamonds. 

5.1. Gravel spits 

Gravel spits are recognised in a series of trench 
sections where their 3-D geometry has been fully 
established (Fig. 9; Spaggiari et aI., (999). Landward 
they are replaced by, and are seen to interdigitate with, 
thick and fairly extensive mud and silt deposits of 
lagoonal origin (C2 in Fig. 9). The gravel spits are 
characterised, at their tips, by hemispherical radial 
gravel-growth building to the north-northwest and 

parallel with the coast (cf. Nielsen et aI., 1988; Hiroki 
and Masuda, 2000; Bluck et aI. , 2001 ; Fig. 9). The 
gravel, in sections which bisect this hemisphere of 
growth (i.e., at the north-northwestward migrating tip 
of the spit), interfingers with, and partly overlies, 
subtidal gravelly sands with bi-polar cross-stratifica­
tion. This is the principal growth point of the spit 
which builds over the sand bars created by tidal 
currents in the channel that connects the lagoon, 
formed as a result of its development (sub-unit Al in 
Fig. 9B), to the open sea. 

The gravel deposits accumulating both landward and 
seaward of the coast-parallel spine of the spit (sub-unit 
B3 in Fig. 9B) have amongst the longest and steepest 
foresets on the southern beaches within the palaeo­
Orange River mouth. These foresets also display some of 
the most mature gravel fabrics on the Namibian beaches, 
both past and present, with sphere-rich and disc-rich clast 
assemblages in a whole range of grain sizes. Such well­
developed sub-units are interpreted to have formed on 
steep foreshores, such as those seen at Terrace Bay on the 
Skeleton Coast in northern Namibia (see Fig. 5). As 
commonly found on present-day active spit heads, the 
gravel strata that envelop the lens of subtidal sand are 
often mixed with gravel sheets slumped into the spit­
head channel. The textural maturity of the gravel on the 
landward dipping foresets is partly achieved by wave 
refraction around the spit head. 

Landward of this gravel structure, and partly inter­
fingering with it, lies an extensive sheet of red (aerobic) 
and green (unaerobic) mud deposited in the lagoon 
formed by the extending spit (Fig. 9). The spits, building 
to the north, cut off large sectors of the coast to convert 
them into lagoons. Spits are known to be amongst the 
fastest growing of the gravel bar forms: recorded rates of 
growth for short periods running at > 150m/year (e.g., 
Steers, 1937; Carr, 1969). 

Gravel spits may undergo morphological change 
during their growth (cf. Orford et aI., 1991), commonly 
becoming narrower on continued extension. When the 
supply of gravel is finally cut off or reduced 
considerably, the spit may become detached from the 
land, converting to a barrier beach which may then 
migrate onshore. This type of evolution is recognised in 
some of the Plio-Pleistocene beach sections where 
gravels, ascribed to barrier beaches that are not known to 
pond extensive lagoons, are seen to rest on eroded and 
extensive lagoonal deposits (Fig. II ). 

The distribution of diamonds in the spits (Fig. 10) 
shows a clear decreasing stone size through the 
sedimentary units when traced landward. The greater 
stone size in the intertidal zone is probably related to the 



484 R.I. Spaggiari e( al. / Ore Geology Reviews 28 (2006) 475-492 

active barrier abandoned barrier 

~~::. 
~ .' 

o Distribution 01 onshore marine deposits 

CD Zone of spits 

@ Zone of barrier beaches 

@ Zone of linear beaches 

@ Zone of pocket beaches 

Fig. 8. Distribution of four main Pia-Pleistocene gravel beach types along the southern Namibian coast. Sp its (I) are found. along with barrier 
beaches, in a zone of rapid sediment supply and where the area of beach accretion is widest. Barrier beaches (2) dominate the proximal setting 
whereas linear gravel beaches (3) follow in a trend where the width of gravel beach accretion and sediment supply is reduced. Pocket beaches (4) 
tenninate the coastal gravel accretions to the north-northwest. 

higher energy conditions persisting thcre, as will be 
discussed later. The maximum grade is found in the 
landward dipping foresets. 

5.2. Barrier beaches 

Barrier beaches are characterised by landward 
dipping foresets produced by wash-over deltas and by 
berms and cusps that grow in the opposite, seaward 
direction (Bluck, \999; Bluck et aI. , 2001 ; Fig. 3; '2' on 

Fig. 8). This type of gravel beach is seen in the higher­
lying, slightly younger parts of the southern, proximal 
sections and mostly to the north of the zone hosting the 
spits. Barrier beaches are also characterised by contain­
ing cores of sediment that are often finer-grained than the 
beach itself. The sediment cores may be cross-stratified 
and are considered to have been produced by subtidal 
balTiers migrating landward and building intertidal bars. 
In places, and probably also related to the initiation of the 
beach, the barrier is cored with a sandy foreshore deposit. 
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Fig. 9. Section and interpretation or Plio-Pleistocene spit deposits within the palaeo-Orange River mouth, southernmost Mining Area No. I, Namibia. 
(A) Simplified trench section through Plio-Pleistocene gravel spit showing different units of sedimentation. Al = subtidal deposits, 83:= intertidal 
deposits and C2 represents lagoonal clays and si lts. (8) Interpretation of A, showing schematic plan and section of spit. AI, 83, and C2 refer to 
depositional sub-units discussed in A. Arrows schematically demarcate longshore extension of the gravel spit, accompanied by seaward and landward 
progradation of intertidal deposits. 

Farther to the north-northwest, the barrier beaches are 
replaced by almost continuous coastal accretion 
backed by a bedrock cliff. In contrast to the situation 
at the palaeo-Orange River mouth, the accommodation 
space here was limited and wash-over fan deposits are 
rare. Farther south, on the Namaqualand coast near 
Port Nolloth, wash-over deposits related to bedrock 
ridges have been reported where accommodation 
space was created by embayments in the coastline 
(Gresse, 1988). 

This lateral, northward change along the coast from 
spits and barrier beaches in the southernmost proximal 
setting to linear beaches farther north, is accompanied 
by an overall reduction in the width of the Plio­
Pleistocene accretionary beaches (Figs. I and 8). This is 
taken to indicate a northward decrease in sediment 
supply to the beaches, a factor that may be the dominant 
control on the change in growth form of the gravel 
beaches away from the palaeo-Orange River mouth 
(Bluck et ai. , 2001). 

5.3. Gravel sheels produced during transgression 

Two different types of deposits record transgressive 
events in these Plio-Pleistocene gravel beaches (Fig. 
11 ). The first type, generally found associated with the 
proximal, southernmost beaches, comprises sheets of 
coarse cobble- to boulder-sized gravel, mostly <2m 
thick, with three important characteristics: 

- host patches of gravel with a disorganised fabric; 
- no recognisable internal structure; and 
- commonly incorporating large « I m size) clasts of 

partly lithifled mud (Fig. li B). 

These coarse gravel sheets truncate the underlying 
strata at a low, but distinctly landward-rising, angle (Fig. 
II ). Such gravel sheets are interpreted to have been 
produced during transgression, where marine erosion at 
the base of a shoreward-migrating gravel beach or spit 
has cut into the lagoonal mud lying behind a barrier or 
spit. Although the mud could also have come from mud 



486 

SUB.nOAL 
OEPOSITS 

.000 
INTER'T1OAL 
DEPOSITS 

R.I. Spaggiari et al. / Ore Geology Reviews 28 (2006) 475- 492 

LAGOONAL 
DEPOSITS 

~~~~, -;::--;---~ .. 
00/ 0 10 • 

. . 

~ C2 

~~~~.~.cz .. =c.~.:C7.~~O,,' 
• ..' 0 0 

/'0 " --. . . . . . 

AVERAGE GRADE IN 
CARATS PER 

HUNDRED TON ICPHn 

<XX> >2.0 <6.0 

0<> >0.5 <2.0 

<> >0.1 <0.5 

AVERAGE DIAMOND SIZE 
CARATS PER STONE ICTSISTN) + >1.0<2.0 

• >0.1 <0.5 

Fig. 10. Schematic representation orPlia-Pleistocene spit showing distribution of average diamond grades (carats per hundred tons = cpht) and sizes 
(carats perstane = cts/stn), based on data collected from within the palaeo-Orange River mouth, southernmost Mining Area No. 1. AI, 83 and C2 
refer to the depositional units shown in Fig. 9. 

Fig. 11. Schematic section and photographs of Plio-Pleistocene transgressive beach deposits produced during barrier migration on rising sea level, 
southernmost Mining Area No. I, Namibia. The seaward part of the bamer is marked by a coarse gravel sheet containing large spheres rejected from 
the landward migrating barrier. (A) Boulder gravel (I) truncating older deposits (2). (8) Mixture of cobble-gravel and boulders (I) truncating lagoonal 
clays (2). Dotted lines highlight large, rip-up clay clasts. Scale= 0.25m. 
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flats developed at the palaeo-Orange River mouth, long 
distance transport in this vigorous coastal regime seems 
unlikely. The disorganised fabric is probably the result 
of the rapid reworking of the older gravel during 
transgression, and the enrichment in discs observed in 
places may be the result ofthe preferential movement of 
these clasts towards the shore during that transgressive 
event. 

The second type of gravel sheet is distinctively 
different in that it comprises clasts that are often 
conspicuously larger than those of the adjacent, related 
beach and display exceptionally mature fabrics (Fig. 
Il A) . This gravel type rarely incorporates clay- silt beds 
and invariably can be traced landward into a barrier or 
linear beach that marks the point of maximum 
transgression. Commonly, these gravel sheets also 
grade vertically into a regressive (seaward growing) 
beach system and, in that sense, mark the beginning of a 
new phase of beach building. In these circumstances, the 
transgressive lag sheet becomes the outer frame of the 
seaward building beach and, in both transgression and 
regression, represents the gravel sheet constituting 
reworked coarse, spherical and easily rolled clasts of 
the pre-existing beach( es). Such gravel sheets are thus a 
composite deposit, being the combined product of both 
transgression and regression. 

In some instances (e.g. , in Fig. II ), these coarse 
sheets are areally extensive, cutting across a wide 
variety of footwall types ranging from silt to gravel 
and, in general, dipping gently towards the present 
coastline. It is possible that such gravel sheet deposits 
represent major marine transgressions that character­
ise the coastal deposits of the Pleistocene world-wide. 
However, their distribution near to the palaeo-Orange 
River mouth, and hence the product of fluvial outfall, 
may also reflect a fluctuating sediment supply. 

6. Diamond concentration in the Plio-Pleistocene 
littoral deposits within the palaeo-Orange River 
Mouth 

6.1. General considerations 

As indicated earlier, there is now general consensus 
that the bulk of the southern Namibian diamonds were 
introduced to Atlantic littoral environments via the 
Orange-Vaal drainage since at least Middle Eocene (ca. 
42Ma) times (inter alia, Cornell, 1920; Kaiser, 1926; 
Stocken, 1978; Van Wyk and Pienaar, 1986; Corbett, 
1996; De Wit, 1999; Ward et aI., 2002). During this 
time, both diamond supply and average diamond size 
varied considerably, with clues to these changes being 

recorded in the terraces and incision periods of the 
Lower Orange Valley (Van Wyk and Pienaar, 1986; 
Jacob et aI., 2001 ). Available evidence suggests that the 
diamond population in the Eocene was generally finer­
grained and possibly less abundant than that recovered 
from the younger Neogene deposits. Maximum dia­
mond outfall appears to have occurred just prior to a 
main aggradational phase dated to the early Middle 
Miocene at ca. 17.5Ma (Pickford et aI., 1996a,b), 
whereafter grades dropped throughout the rest of the 
Miocene and Plio-Pleistocene to a minimum in the 
present day. In partial contrast, the average stone size 
increased after the maximum outfall, peaking in the 
Pliocene- Early Pleistocene. Consequently, the great 
abundance of diamonds recovered from the Plio­
Pleistocene beaches north of the river could therefore 
not have been sourced directly from the Orange River 
and an alternative, more local source has to be found for 
them. The principal, immediate source for these 
diamonds is interpreted as the reworking of pre-existing 
Cainozoic beaches, which in tum represented the 
destruction of former Orange River fan-delta deposits. 
These are known to be present in the offshore and, in 
places, thought to have been present onshore but have 
since been reworked into younger deposits. 

The northward longshore drift system that created 
the onshore Plio-Pleistocene gravel beaches, and 
displaced the former Orange deJta(s), has existed 
since at least the Middle Eocene (summarised in 
Pether et aI., 2000). Recent sampling of relict fluvial 
sediments with a characteristic Eocene clast assem­
blage (sensu Kaiser, 1926) in the palaeo-Orange mouth 
has returned a dia-mond grade (0.5 cpht) and an 
average stone (0.4 cts/Sln) size that is less than 50% 
of that found in the overlying Plio-Pleistocene beaches 
(1. M. Loubser, pers. comm., 2002). This trend 
continues northwards into the Kolmanskop area of 
the northern Sperrgebiet where Eocene-derived dia­
monds run at ca. 0.1 cts/Sln, in contrast to the 0.2 to 
0.3 cts/stn returned from younger Late Cainozoic 
deposits along the current coast and immediately 
offshore (Merensky, 1909; Kaiser, 1926; Hallam, 
1964). It is therefore inferred that all the deposits 
formed during the transgressions and regressions that 
have taken place since the Eocene potentially had a 
similar diamond size decline to the north as is evident 
in the onshore Pliocene- Holocene beaches. 

It also follows that the data assembled by Hallam 
(I 964), Sutherland (I982) and Schneider and Miller 
(I992), demonstrating a size decline in the diamonds 
northward along the coast from the Orange River mouth, 
are characterising an older pattern with geologically 
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younger manifestations thereof. Thus the present north­
ward decrease in diamond size is a modification by Plio­
Pleistocene processes of a diamond size trend that 
characterises a pre-existing suite of beaches deposited 
and destroyed by repeated transgressions and regressions 
which affected this coast, as well as the adjacent shelf, in 
post-Cretaceous times. In addition, diamond supply via 
the Orange River into the Atlantic Ocean has also 
fluctuated since the Eocene. The Eocene deposits are 
characterised by low grades and small average stone 
sizes, whereas those of Early to Middle Miocene age host 
the peak in both grade and average stone size, that is 
followed by a marked decline through the Plio­
Pleistocene to the modem river setting. The diamonds 
have therefore been re-distributed onto the Plio-Pleisto­
cene beaches from a complex source, but under varying 
conditions of strong northward longshore drift in an 
energetic littoral setting since at least the Eocene. 

Data, particularly from onshore but also supported by 
offshore results, demonstrate that, in addition to a south 
to north variation in stone size and grade, there is also an 
east to west trend. As demonstrated by Hallam (1964), 
beaches that developed at different levels, and hence at 
different times, yield different diamond grades- a 
feature that is evident along much of the Namaqualand 
and southern Namibian coasts (cf. Gresse, 1988; Rogers 
et aI., 1990; Marais et aI., 2001 ). 

The Namibian subaerial littoral placer is therefore 
seen as a ca. 300 km long, northwards tapered wedge of 
sediment showing two significant variables in diamond 
distribution, namely, an overall diamond size decrease to 
the north and subsidiary to this, a heterogeneous 
distribution of diamonds recycled from past sea-level 
stands. However, from the mining and sampling 
operations, a third important control on diamond size 
and grade distribution can be discerned - one related to 
sub-environments of deposition within the host littoral 
setting. With the recognition of sub-units of beach 
sedimentation as discussed above it is now possible to 
explore the significance of this third variable. 

6.2. Variation in diamond grade (carats per 100 tons = 

cpht) and stone size (carats per stone = cts!"tn) of the 
Plio-Pleistocene littoral deposits within the palaeo­
Orange River mouth 

In the Pliocene to Holocene onshore littoral deposits 
of Mining Area No. I, good grades (> 100cpht) with 
average stone sizes ranging from I to 0.5 cts/stn are 
found within the linear and pocket beaches that are 
floored and/or cliffed with competent Late Proterozoic 
rock types conducive to fixed trapsite formation 

(Hallam, 1964; Apollus, 1995; Jacob, 2001 ). In contrast, 
the gravel spits and barrier beaches within the palaeo­
Orange River mouth rest on an incompetent fluvial 
sedimentary footwall that does not promote the devel­
opment of fixed trapsites. Significantly, but unsurpris­
ingly, therefore, gravel spits and barrier beaches have 
considerably lower diamond grades than the linear and 
pocket beaches (Figs. 6 and 10). 

Within the beach environment, Hallam (1964) noted 
that the best grades occur at the top and bottom of these 
deposits, analogous to heavy mineral concentrations on 
the present beaches. The results of the sampling 
campaigns in the palaeo-Orange River mouth area 
(summarised in Figs. 6 and 10) provide new insights 
into the diamond distribution of gravel spit and ban'ier 
beach settings during the Plio-Pleistocene. Using the 
criteria already discussed, these gravel beach deposits 
are ascribed to the various zones of accumulation as 
seen on present-day beaches along the Skeleton Coast 
and elsewhere. This approach has the advantage of 
being able to infer the conditions under which the gravel 
accumulated and therefore the conditions under which 
diamonds were retained. 

6.3. Intertidal (beach-face) deposits 

Within the palaeo-Orange River mouth, the proximal 
seaward-facing intertidal deposits in the spit and barrier 
beach settings (beach face, zone B, Figs. 6 and 10) have 
some of the higher grades of the littoral deposits (0.5 to 
2cpht), as well as a larger than average stone size (I to 
2 cts/stn). This zone is subject to the highest wave 
energy, with swash and backwash raking sediment 
continuously over the rough gravel surface. Turbulence 
generated here, particularly when backwash runs over a 
rough surface, makes these sites ideal areas for intensive 
sorting. This is clearly demonstrated by the extreme 
clast shape-size-sorting seen there and by the thick 
accumulations of garnets observed in this setting on the 
gravel beaches along both Mining Area No. I and the 
Skeleton Coast. 

Sediment erosion within the intertidal zone is 
common. Replacement of beach gravel, sometimes to 
depths of up to a meter in storm conditions, means that 
the sediment exchange with the offshore, or with other 
regions of the beach, is considerable. Consequently, 
there are few places where diamonds can accumulate, 
after repeated sorting events over a long period, in 
order to ultimately generate an unusually rich placer 
deposit. Here, and elsewhere on the beach, the main 
method of diamond retention is therefore considered to 
be by percolation through the often very large gravel 
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framework pore-space. Diamonds may then descend 
through this framework until they reach a level where 
the pore-size is too small to allow them further 
passage. 

The main role played by the intertidal zone is thus 
likely to be in concentrating diamonds on the beach 
surface by an intensive sorting processes when wave 
conditions are favourable. Such concentrates produced 
on the beach may then be moved into the immediate 
offshore during beach breakdown or thrown higher up 
on the beach. From there, the diamonds may remain as 
a relatively concentrated assemblage, be diluted by 
additional sediment introduced to those sub-environ­
ments or even be removed completely by longshore 
drift currents. 

6.4. Back-barrier and landward:facing spit deposits 

Whilst the intertidal deposits of the beach face and 
toe are subject to a great deal of reworking, those of the 
wash-over deltas, the crests of beach ridges and, to some 
extent, the landward regions of spits are usually either 
storm produced or developed during spring tides. Once 
deposited, these sediments are rarely reworked, imply­
ing that their diamond population represents a reason­
able measure of the ratio of diamond to gravel 
transported within waves that break periodically over 
the crest of the beach. In the back-barrier zone, wash­
over delta grades are generally low at I to 1.5 cpht with a 
small average stone size of 0.5 to I ctslstn (Fig. 6). 

In the case of spits, the landward- facing beaches have 
the highest gnades (2 to 6 cpht) but the smallest average 
stone size (0.1 to 0.5 ctslstn; Fig. 10). These deposits are 
subject to more reworking than the wash-over deltas 
because waves refracted around the spit-head produce 
orthogonal waves running parallel to the beach face, but 
in a southerly direction. These southward moving 
waves, albeit with greatly reduced wave height, gently 
rework the steep , landward-facing beaches, often 
washing out the finer-grained sediments, resulting in 
only moderate concentration of the placer. Once 
deposited, diamonds appear to accumulate without 
significant further modification by large-scale erosion 
- an observation supported by the minimal upgrading 
in average stone size of the landward-facing beaches 
(0.1 to 0.5 ctslsln) compared to the seaward-facing 
beaches on the spit (I to 2cts/sln). 

6.5. Subtidal, transgressive boulder lags 

During the landward migration of a beach, the 
coarsest and most mobile clasts, notably the large 

spheres, accumulate at the beach toe. As this landward 
migration proceeds, e.g., during a transgression or a 
period of minimal sediment input and hence local 
erosion, this area of coarse clast accumulation progres­
sively becomes the depositional surface of the subtidal 
zone. Diamonds washed seaward from the steep 
intertidal zone, as well as those that might accumulate 
from subtidal sorting, are retained here. With the local 
turbulence being controlled by clast size, which in this 
proximal setting is of boulder size (Fig. 11), only the 
largest diamonds (2 to 3 ctslstn) are retained but grades 
are invariably poor (0.2 to 0.5 cpht). 

Given the mobility and fine-grained nature of the 
sand-dominated subtidal deposits associated with spit 
elongation, it is not surprising that these deposits return 
the poorest results from both a grade (0.1 to 0.5 cpht) 
and average stone size (0.1 to 0.5 ctslstn) perspective. 
Even in the proximal setting within the palaeo-Orange 
River mouth, clast and grain size play an important role 
in determining diamond concentration. 

The sampling campaign, combined with a detailed 
analysis of sedimentary facies, therefore highlighted 
several important points: 

I. Diamonds are abundant in littoral sediments that 
migrate northwards. They are derived from multiple 
sources, including the Orange River, its former fan­
deltas and associated beach deposits. 

2. Gravel spits and barrier beaches within the palaeo­
Orange River mouth are ineffective in retaining 
diamonds - they ultimately move northward under 
the vigorous longshore drift regime. 

3. Where there are permanent trapsites, which create 
sufficient turbulence, diamonds are extracted from 
this passing bed-load and concentrated. 

4. Beaches are not as efficient in trapping diamonds as 
other surfaces, in particular, fixed bedrock trapsites 
such as those found in the Late Proterozoic bedrock 
underlying the linear and pocket beaches (Hallam, 
1964; Apollus, 1995; Jacob, 200 1) or those preserved 
in terraces of the ancestral Lower Orange River 
(Jacob et ai. , 1999). Thus, by generating long-lived 
sites of turbulence, fixed trapsites accumulate and 
retain many generations of diamond within that 
portion of the sedimentary system, thereby increasing 
both grade and average stone size significantly in 
those, invariably small, areas. 

7. Summary of conclnsions and core interpretations 

1. The Plio-Pleistocene + 30m littoral package within 
the palaeo-Orange River mouth is a low grade, large 
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average stone size diamond placer that was deposited 
at a time when there was a minimal input of 
diamonds from the Orange River. In order to account 
for the diamonds in these deposits, it is postnlated 
that additional diamonds were sourced from pre­
existing beaches, dominantly from the seaward­
but also, in places, from the landward-side. These 
pre-existing beaches had a northward decrease in 
diamond size that was probably inherited, but 
enhanced, during their accumulation on the Plio­
cene- Holocene beaches. 

2. The low grades of the littoral deposits within the 
palaeo-Orange River mouth, lower by several orders 
of magnitnde compared to the classic linear and 
pocket beaches farther north along the littoral drift 
system, are attributed to the incompetent footwall 
and consequent paucity of fixed trapsites, as well as a 
general northward movement of the smaller dia­
monds through longshore drift. In contrast to the 
grades, therefore, the higher average diamond size in 
these southernmost deposits is linked to their close 
proximity to the palaeo-Orange River outfall both 
prior to, and during, the Plio-Pleistocene. 

3. In the proximal littoral setting within the palaeo­
Orange River mouth, the Plio-Pleistocene seaward­
facing intertidal deposits in both barrier beaches 
and spits provide the most promising targets with 
grades ranging from 0.5 to 2cpht and average stone 
sizes ranging from I to 2 cts/stn. Although 
effectively a mobile trapsite, this placer owed its 
accumulation largely to the intense s011ing associ­
ated with a coarse gravel foreshore environment. 
Maximum concentration (2 to 6cpht) was recorded 
in the landward-facing intertidal deposits of the 
gravel spits but the low average stone size (0.1 to 
0.5 cts/stn) affects these better grades adversely. The 
subtidal transgressive boulder lags yielded grades 
of similar range (0.2 to 0.5cpht) but the average 
diamond size of 2 to 3 cts/Sln is the largest of all 
the sub-units sampled in this proximal setting, thus 
increasing their interest rating substantially. The 
lowest, currently sub-economic grades (0.1 to 
O.5cpht) and stone sizes (0.1 to 0.5cts/stn) were 
returned from subtidal settings associated with 
gravel spits. 

4. By identifYing and relating internal sedimentary 
structnres to depositional facies regimes in this way, 
more accurate sampling, evaluation and mining of 
such low grade littoral placers can therefore now be 
undertaken. 

5. On the Namibian coast, therefore, diamond distribu­
tion and average stone size is shown to be linked 

directly to sedimentary facies in the Plio-Pleistocene 
beach types preserved within the palaeo-Orange 
River mouth. This additional control must be 
incorporated, along with the already known spatial 
decrease in diamond size northwards from the 
Orange River outfall and the east to west temporal 
heterogeneity in grade between Late Cainozoic 
beaches of different ages, in any evaluation of the 
Namibian coastal placer. 
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Quaternary diamond bearing beaches of southern Namibia 
R.I. SPAGGIARl', J.D.WARD' & BJ.BLUCKJ 

'NoJl1deb Diamond Co/pora/ion. Ply (LId). Oronjemlll1d, Namibia (E~/J1ail: r:moggiol'i(O'mamdeb.com.l1a) 

JDe Beers Aji'iea £\'ploration, CenturiolJ, South Africa 
JOivis;on a/Earth Sciences, University a/Glasgow, Glasgow G 11 8QQ, Seol/and 

In southern Namibia, diamond bearing gravel beaches 
nccumulated north of the Orange River under a highly 
energetic coastal regime during the Quaternary. The 
Orange River has transported diamondiferous sediment 
from the Kaapvanl craton, and its associated cover 
deposits, to the Atlantic Ocean since at least the Early 
Tertiary. A north-northwestward directed coastal dispersal 
system, driven by a vigorous southerly wind regime, hilS 

fractionated these sed iments such that:-

(i) Fine sediment (silt & clay) is transported onto the 
continental edge and northward in the offshore; 
(ii) Sand is dispersed along an inshore linenr corridor, 
tnpped by suitably oriented take-off points, which return 
much of it to the land as aeolinn dunes in a desert selling; 
(iii) Coarse clasts accrete to the shoreline as a series of 
beaches that begin immediately north of the Orunge River 
and then extend along the coast for >200 kIn. 

These beaches and the re-worked residues thereof, trap 
the diamond fraction brought down by the Orange River 
and constitute the main pincer in this unique diamond 
bearing deposit. Thus, the northward-dispersal results in a 
choracteristic logarithmic decline in grain size of both 
gravel and diamond size down-drift (to the NNW). In the 
main placer, a variety of gravel benches have recently 
been recognised, differing from eoch other in the 
nrrangement nnd type of basic gravel building blocks. 
These are defined on both texture and stnlcture, which are 
attributed to sub-environments of deposition. The beaches 

341 

have variable average diamond sizes, as well as variable 
grades within each building block and gravel bar lype. 
The highest diamond grades arc found in linear and 
pocket beaches; the lowest in barrier beaches and spits. 
On these low-grade barrier type gravel beaches. the 
highest diamond concentrations are confined to the 
intertidal zone, particu larly in the beach face. Here the 
main method of diamond retention is thought to be by 
percolation through a large gravel (cobble-boulder) 
framework pore-space. In contrast, the Inndward margins 
of gravel spits are characterised by high gmdes but wi th a 
reduced stone size. Deposition there was due to wave 
refraction around the spit hend which, because of 
attenuation, were long wave constructive rather than short 
wave destructive settings. 

The wash-over deli as, usually stoml produced or 
developed during high spring tides, are repositories of 
repeated diamond influx from the beach face. With very 
litt le sorting and re-erosion after deposition at the site of 
their accumulation, the diamond population in wash-over 
deltas was not subjected to further upgrading and thus 
displays the lowest grades of the ban'ier beach sub­
environments. The seaward facing beach surface is a zone 
of effective clast shape sorting, where diamonds ore also 
sorted and retained. However, it is notnbly a mobile 
surface, subject to much erosion and rebuilding. 
Consequently, the retention of diamonds on this surfnce is 
limited compared with the total amount sorted in this 
littoral environment. 
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sediments associnted wilh several lDIIlker tephra wyers and 1'(: doLa. Combined wilh the LlIhie typology, the Collowin& wltw"aJ 
StqLEnc.e, tharottaised by "type.Cossil" slone tools tIllS bc:cn cstablillhcd: edge polished IlXeS (30-2S 1;0). knives (27-16 ka). $fl\II1\. 
size poillts (16-14 bl). rnicrolilhs (14-12 kII) IIIld brpme points (12·10 b). Today, eomp.:uisons of re&icmol cluonolggy usins 
widesprcnd tephnI Jaycn us time ~ n:veal common fCilturrS Mid n:giooal differences in the UPJICT Palaeolilhic cultures. 1n 
Dddition, three potsherds discovered below !he AsiIJntI.OI."lIbozaWll Pwnia: 2 (CII.. 16 ka) III Ihe Shimomouchi site stimulale a. 
deb:Jte on the time of potl.cfy emer~ SUuz 1980s, lhe extended opplication of this rcsenrch melhod 10 lhe continen1Al port of 
easle:m ElUllSia. has c:stoblished IUIlOng many orcha.eologi!>ls recognition of !.be common tephrozone in this region. Wi~ 
tephnllayen with Japanese and Koremt origins bave bun tracal to Russia and CltiJul. as well a5 10 Japan and KOIQ. For e:wnp\e, 
AT n5h (24.25 ka) of Japanese origin was identified 8t some Palaeol ithic: sites in South Koren. and the rchslionWp5 between the 
AT il5b and an:hoeologjcnl oa:urrences twve discUS!lCd. In IIu: ncar future, it \\ilI be possible 10 ~ Pabeolithic chronology 
usiru; thc:se same marker Ieptva 11I'fCfS, even over a = o.Yndc:d W'eB, includinp.the Kwillsl:md..s and \he: Kmndlalb Penin$Ula. 

Chnngqing SONG &; Xiangjun SUN 

Institute of Botany, Cbincse Acodcmy of Sciences, Beijing Chinn 

POLLEN RECORDS ON TIlE HISTORY OF MIXED CONIFER AND HARDWOOD FOREST IN NORTHEAST CHINA 

This pilper dem~ willl history of the mixed conifer and hnrdwood forest in Nllrthcnst Chinll. Dated pollen r.,cmds published 50 

fnr indicnted tho!. forests oCthis kind wc:re t.lisuibuted in north IUld enst parts Qf Chml£bni MOUlltain I1bove 900m .:l.s.!. durinillhe 
warm period IIfHlIlocene. ca. 10 000 III :) 000-4 DOn SP. During the s:une ~od the lower altitude ofllll: region wn.~ c.-ov(1"ed with 
g!Ll'dwood foresl From I1boul 5 no BP in w.:tordance with generol climntic cooling. pine (TIWinly PillllS korvil!luis) be~n \0 

migrate. 

R SORENSEN (I),A MlJRRA Y (2). AK KAAYA (3)& M KlLASARA (3) 

( I) DqxlrImt:nt of Soillk. Water Sciences, Agric."\Iltural Univ.:rsity of NorMIY, Ms. (2) Depnrunt:nl of Geology, University of 
Aarhus. (3) Department of Soil Science. &lkoine Univermty of Agricultun<, Mllrogoro. Tanzanin. 

STRATIGRAPHY AND FORMATION OF A LATE PLEISTOCENE COLLlNlAl. APRON IN MOROGORO DISTRICT, 
CENTRAL TANZANIA 

Thick sandy colluvium hils fonned a1. \he fOOlSlopts of 0Ul inselbcrg of grllflitic gneiss in Centr:ll Tanznnia.. Ma.>timum 
observed lhid:nc:ss is 13 m. Medium \0 fme rnussivc nml lighl coloured slllU! Wldc:rJu)' a thin soil borizoo. AI npproxim:ltcly 4.5 m 
depth II di5continuous calcrete occurs ot the top of. brownish, medium 10 <:onrsc: sand wi th an im.'gul."lr LIpper OOUlldllry int~ted 
:1S:a stron&ly eroded surfi:lcc. Such cut nnd fill structures w=-e tkscnbed by Bothll (1996). Th;: cnlcrete o.nd the brownish snnd 
flI.ly represent ~1S of a pall11:OS01., IIpproximatdy 40 ka. old (1"'C4ung). TIJOSL t1atings give similnr results. Down 10 12.5 
m depth the deposit showoctolSionai weak Illycring of CUle granules ruuI very co,m;e sand in a genc:rally mcllhun to toi:lfS( 1tUISSi~ 
sand. At 13 m depth II ca.. 0 .3 ro thick silaele Ia}..,r occw:s. This is I\CQJ the present day groundwatcr sccpage--zone. which is fllUlld 
IIpprolcimatdy 1 U\ above the 1aIdcrl)'in& unweulllered gneiss III Ihi~ location. The: rlfl<' s:md (125 - 63 m) is only slightly 
\YCOlhen:d, with 'fresh' microcline und oligllc\.use feldspars. The mloer.l.togy is det~ by XRD- ru\d thin-sect.ioo unuIyses, 
coorl1lT"lf:d by total chemical WUlI)~ of selecled =plcs. n,., 'fines' « 10 m) conl1lin also amsilil:roble wnoW\b of slighlly 
WCIltb.:ml minemI fllOIterini mL'IOed with koolinite. A.sc:rie of five lUOSL-cI:!ting:.: illdic!.te Illat the deposit hns fonn"'" OYrl" :a 
period oCDpproximntely 90 ka. Lwnioesc.enec dating hils proven successflll in similar serlimenlS in KwaxuILl·NalJ.d . II is a.ssumc:d 
that sheet.wash is the d.omirumt type of sediment tr:msport. bill lome of the fme sand nnd silt llllly have ru\ IICOlian ongin. The 
calcrete ond corresponding paioeosol mOlY repra:nt ;In inlerstndial around 4U \:.e.. During the Holocene the colluvitll IIpI'On ha~ 
undergone Ikgradotion by a combinnlion of surface l."Josion :md episodic ground.w;)ter ravinntion. Prclimirwry results from thi~ 
seclion hllve been published. Similar inve!!tigolions hoLvc been l:4l1ied oul funhernortll in CenlnLl Tanzania. 

A SOWUNMl & PA OYELARAN 

Dep:a1lllent of Archueology.t Anthropology. University ofTbadnn. IhIlUun. Nigeria. 

HOLOCENE ENVIRONMENTS IN WEST AFRICA, wm-l PARTICULAR EMPHASIS ON NIGERIA 

SIISt;!t.\ on the limiled IlVPilable p;t.!ynoloaicnl, oceanographic, sedimentolol:icnl and archacologlC.1.1 dntu, the hwnun on:.! non­
hLlIIULl1 Holocene environment.<: in We!#. Africa MVC been ~Of\S1nICled. There wen: changes in the nnlurc nnd 1:>.11:1\1 of the 
lowlnnd rain forest ODd its cda.phic var1Mls on till: one hand und the SIIvnlUlll vege1lltions on lhe lither. These chllllgcs in \he: non­
hunun environments from the beginning of the Holocene to the pc:ritld ca. J SOO }1' SP:rcemoJ to hoL\·., bo!!llJlllinly due \0 clilJllltic 
fiLlC1uatioos; bolt then: IIlC strong inUictiocu from g..:ophys1cnl, sedim.:nto!ogicnl :wi poIynologiUlI l!Yideni:o:: that subsequent 
changes 'IW:I"C cmnpoUDded and aa;eo~ by bwnllll <ll."livilicl relllWd 10 pl.:utt cultiVlltion. 

RJ SPAGGlARJ (I), BJ BLUCK (2) &.10 WARD {I) 

(I) Namdcb Diamond Cmparution. OmnjemUlld. Nwnibi.:a. (2) Dc:pIlrunenl ofGeogrnphy 1Illt1 Topogtnphic Science, University of 
GJas&ow, Scotlmd. 

BEACHES, BARRIERS AND BARS: SEDIMENTARY FACIES OF EARLY PLEL'iTOCENE DlAMONDIFEROUS 
DEPOSITS WI11-tIN THE ORANGE RIVER MOIJl1-l., NAMIBIA 

In Namibill, the bulk or the diamond production 10 date hIlS bc:en den vcd filIm Quaternary mllrine deposits prcsc:rv~d between 
.:loout +3OmasI nnd -2OmasI. These marine deposits, whic:h extend north of the Cronge River mouth for some 1110 bn, rest 
unconfomlllbly on, Md an: backed by, late Proterozoic Gllriep Complex metasediments. In conlnlSl, the =mmodation splice 
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wilhin the Or:lJ1ge River wUey hIu promoted the preservntion of II Domu rog~rsi bearing (Early Pleistocene zone fossil), gr.Ivel 
bonier packog., lIS II di~ilU;t geomorphic fcntun: some 4 kin Ions. These barTier sediments directly overlie nuvinl dcposit~ of lin 
earlier course of the Oronge River. A number orprincipal facia comprising: !his Ceatur'e have been recognised lind nre dcsen'bed 
here:- 1. Shoreface gruvelnnd sand deposits: rencet the innuence of 0 northwnrd-directc:d longshore drift system :tIId the vigorous 
coosllll storm conditions lha1 prevaikd dng the Early Qu:1tcmary. 2. inlertidaJ grave! and sand deposits: IIccreLiOlWJ)l beaches 
and 'MI$hovefS dcpo$iled uMa- conditions of high sedimenl input in a lidol regime simiJlU" 10 that of the present day. 3. COIn<: 
grovel sbeclS: latcnslly pcl'3istmt beds thol truncate sediments of pre-existing banicr S)'Slerns i1I1d QI'C the ll'IIIlSifessive Jcs pudUCI 
of c:\.1e:nsive reworking lIS the burien migmte.d landward. 4. Gravel spits: seaward Il1Jd londWlLrd dipping gravel beaches, 
separnted by s.md}' tidal inlet deposits disploying II nonhward-directetl growth record. 5. &ck barrier deposits: rtne-grained 
sediments of the lagoooal environment lhat in places conuUn IllIlriPt: fonuninifem, which is indicative of mMW: nooding. Thus the 
IlIrge b.:trricr complo: preserved within the Omnge River Volley mouth mea comprises stacked a.ccretionary marine deposits of a 
coltSl.par.lllcl sy.>1an coeval with lb.: +JOm marine patbge that is well dislribUled alOOI: Ille southwestern AfriClln coasl BIlsc:d 
on the clast nssembllll:c, most of the mmen! for this bonier complex WIIS derived from the out!nll of Q Pliocene 10 Enrly 
Pleistocene palaeo-Onmge Rhu. 

MIltt SPONHEIMER (I, 2) &. Julia LEE· THORP (I) 

(t) Dept IIf Arcnneology, University orcllpe To\\1\, RSA. (2) Dept oC Anthropology, Rutgers Universily, USA. 

A C';C{ BOVID CRJlERJON FOR RECONSTRUC~G PLIO·PLEISTOCENE ENVffi.ONMENTS 

Bllvids nr., IIlnong Ille most frequl,:nlly usl:d pal\ll!O\.'JIvirolUnenllll indicators rlt Plio-Pleistocene hominid sit(!l. This stems partly 
from their ubiquity in the fossil n:eord, and bet;o.use c.'tlnle:mporiIfY IXlVid sp&ies are lId.:lpted for life in diverse habitats, including 
dcscrts, wc:tlands, and forests. TIus, bovids can provide a broat! =y Q( environmental infommtion for nmny early hominid sites. 
Frequently. researchers use the pt:rcenLnge of "nrid--adnpltd- bo\'ids (alcelnphines and anlilopi..no:) omong th., IlIto.! bovid 
assembJ.-:Jge lIS a h.llbitnl p-oxy: assemblages dominaled by ostensibly erid-adopled, grazing species are Msumtd to be indicolive of 
"open" environments (e.g. grasslands) while those thai. hove few are thought to indical;: more "e!osedH c:rwironrnents (e.g. 
woodlands). Recent mnrpholtl&ical and isotopic studies suggest, however, thaI the habitat preferences of modcm day bovids Itllly 
not have been ~ by their distont ancatllB, mnking il difficult to distinguish between "'aridfopen" IIIld "woodlnnd/closed" 
lo\inl: species in 11 fossil eootc, ... -t. Thus, methods of pnlaeoenvironmc:nLal reconstruction thM take IIllvant.:lge oC Ille ubiquity of 
bovids in the fonil record, \viIJ1out making undue psswnptions aboul till: behaviour which clarify the diets, and hence hnbitat 
rcquireuto:nts, of borids, withoullllllkin& assumptions llhoul the bebnvior of fossil ta.>:a, Qfe needed. One IIPptoud\ is 10 usc the 
p.:rn:nUlges of C) (Irces, bushes, lind Corbs) Md C.1 (tropknl grasses) p\.:lnl consuming bovilh I1tll sile, which can be measuml 
directly ~ing sIIlb\e aubon isotope analysis. AnnIysi~ of bo"ids in modem environments shows \h;I1 rdDtivcly ~closcd~ 
environments alWUYlI O)m~ more thnn 2O'K C} pI:mt tonsumi~ spt.>cia.il.sts, while rcl~tively "open~ environments nh\'tI)'! have 
more Ilum 3S% C~ p1lU11. spc:ci.llists. Applialtion of this method 10 the MnkoponsgQI Limcworks site shows 1hol il clusters ~Il 
\\; \hln -closed'" hu.biUlts, and completely oU\Side the I1IIlgt of modem "open" habiltltS. This result is in Qcc.ord:!nce with Il:Cent 
hnbilat reconstruction.s based llpon community ecology. Analysis of lhc Swnrtkrans bovids, howev<:r, suggests that it may ltIIly 
haYe been les!i "'open" 01 times (}wn previously suppoxd. 

SIuIllIiC SPRECKLEY (I). Julia LEE·TI-IORP (I) (Prcsenkr).t Karin HOl.MGREN (2) 

(I) Dept of Archa ... -olo£y, Unh'. of Cape Town, RSA. (2) Dept ofPhysi!:.:l1 Geogrophy, University ofStoci:holm, Sweden. 

A PALAEOENVIRONMENTAL RECORD FROM FICUS CAVE, NORTHERN PROVINCE 

Continuous, hil:h·resollltilln pulllCOClimotic records for Southern Africa.are rnn:. Rcc.,nlly, scvernl high·resclution 
spcleo1hcms studies have been reported Cor sitl.:S in the MlIkl1p;lnsgllt Volley, Northern Province. A staJuynitt from Ficus Cave, 
Mllkap!!.IlSgot Valley, known os F2, was onnlysed for stnb!e lighl o,,'Y~ and cnrbon cnmposition and g1C)' SCIlle (colour banding) 
using stnndartl SIUTIpting IIJ1d III\IIlytiCII.! tC(;hniquc:~. Absolut.: poJa~lIlcmperilrurcs Wl."re nol determined in this study because the 
oxygen islllOpic cllntcnl of ~ ~ptlge \\tlter could not be de!c:rminod, but Iht: ~Oi';O record indicated II grc:.IIt deol of vnrinbility, 
!ikcly lhc result of frequent shifts in 0"0 of min. Furthermore, II chlU1ge in colorotion in the l;fCy level pial due 10 the aIllOUIlI of 
Imppcd humic.s within the clllcium cllfbolUlte of the swJ.-:Jgmile, showed variation rerotcd to Ille one record. In general, thl:l"t was II 
not)ccoble com:btion between enriched SIlC VQluC!i and. dDr\;;cr bnnds, suggestin& .:l grmter proportion of C~ potss COYcf at those. 
times. Two n1pha speclS'OlllCU:r thorium-urnnium dules Wt:fI! detemlined, giving 205O!32t1 BP neur the top of the sllllagmile and 
43801: 610 BP nc:ur the botlom. The stalagmite Iuul et:aSI:d growing before rCInovnl. A ooticenble CMr.tl.:h:ristic or stalngmite F2 
was the mnny crust· or porous--like. intemnl laycn which resembled the outer crust of the: sLalagmitc.. on~ it h:ld iloppcd gtlIwing. 
These !ayc:n lii.-ely rqnscnt hiatus periods. oIthough the scarcity IIf dates lllIlkes the number and dut3tion of hiatuses uncle,;u-. Tho: 
mlne:ro.l form ofn is calcite, M dcterminal by FTIR spectroscopy. Both the tll\)'!:Cl1 and carbon isotope recwcb nn: characterised 
by cycJicnllhx;tu;Jtions lhat are broadly in phase with one IUIlltbtt. We deduce thot ....::um. moist lI.OIi grassy conditions prevnilcd 
during tk oldest pcriod{~400BP and older) IUld the yll~1."5! p;:riod of growth (20S0 OP and younger). Conditions between 2000 
;m\l4000 BP.:lDd aroillld 4400 BP 'Wttr Ih'y i:lnlI ctIOl, with n hi!hcr proportion or c) woodJand vcgetntion. At c. 4000BP, II bief 
moist period is observed coupled wilh II higher proportion of C~ grass COVCJ. 10 compnrison with sUllIIgmiles 'n IIJId TS from 
ntIU"b). Cold Air Clive, the Ficus sUllagmite sl!IIW$ 0 similarresponSc! 10 \YIIfm. wet, conditions, indicated by lhc grmter prllportions 
ofC~ grass cova. On th., other hlllld, it refkcis &miter proportioru; of e) 1"lnnts belwecIl000 and 4000 yn SP, pabnps rc!lecting 
v.'OOdier vcg<:t.:Ilion in the vicinity II(Fic;u.~ Clive, ~ Illnt time. 
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1. METHODS 

1.1 TRENCH EXCAVATION 

Trenches were excavated using a Caterpillar (CAT) 375 excavator with a boom reach 

of six metre and in all instances the entire marine successions were exposed. Where sediment 

thicknesses were greater than the reach of the excavator's boom, benching was necessary to 

expose the entire marine sequence. In some instances, subsidiary trenches were excavated at 

right angles to and intersecting the main trench to create a 'T-piece' . This provided a three­

dimensional view to facilitate mapping of the sedimentary sequences. 

1.2 FIELD MEASUREMENTS 

1.2.1 Palaeo-current measurements 

An inclinometer based on a technique proposed by Oasgupta (1995) was constructed 

out of durable Perspex and the relevant parts were secured with aluminium rivets; the 

dipmeter and spirit level were glued to the base plate (Figure B I). 

The accuracy of this technique was checked by comparing a number of readings using 

the inclinometer against readings derived from a different technique such as a Brunton 

compass. With a Brunton compass the line of strike was established and the attendant 

direction and dip angle were measured. Using the inclinometer, the line of strike and dip 

angle were determined using the instrument and the direction was measured with a Brunton 

compass. The comparison (10 readings) was conducted on exposed bedrock schist with good 

planar features and demonstrated that the inclinometer was 99.6% accurate. 
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@ Circular base plate that can be rotated . 

® Two extension plates that can be 
independently moved. All bolt fixtures 

are aluminum. 

© Spirit level. Using a protractor similar 
in size to the base plate, the spirit 
level was aligned with the 0·1 BO° line. 

@ Dipmeter.Aligned perpendiculartothe 

spirit level. 

® 

® 
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Using a three dimensional cut, the extension 
plates are placed along a bedding plane. 

Base plate is rotated until the spirit level 
indicates a horizontal disposition . This is the 
line of strike. The strike direction is established 
by al igning a Brunton compass parallel to the 
spirit level. The angle of dip is indicated by the 
dipmeter. 

Figure Bl: Inclinometer, based on Dasgupta' s (1995) design, used for palaeo-current 

measurements. The main components of the instrument and method of determining the 

attitude of a planar feature are described above. 

1.2.2 Data presentation 

The technique proposed by DeCelles et af. (1983) to ascertain the azimuth of trough 

cross-stratification was used to test the authenticity of palaeo-current results measured 

randomly from such structures. Where opposing limbs (left and right) of a trough structure 

were measured in the field, these were plotted on a stereo net using GEOrient © 2009 

(version 9.4.4; Holcombe, 2009). Two stereographic methods were applied as per DeCelles et 

af. (1983) proposal which yielded the same result. The first method considers the plotting of 

poles to planes where pole clusters represent opposing limbs. Thus, by determining the best­

fit girdle (great circle) of the poles, the azimuth of the trough is established where it is 90° to 

the best-fit girdle (pole to best-fit girdle). 

The second method incorporates the intersection of great circles that correspond to the 

individual poles. This provides an appreciable estimate of the trough axis orientation. Note 
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that corrections for tectonic effects are not required in both methods given that tectonics 

conditions were reasonably stable. The stereo net results showed that random measurements 

of trough limbs using the inclinometer, regardless of whether they were opposing limbs, were 

not significantly erroneous. In fact, when comparing the stereo net plots to the rose diagrams 

(representing measurements of numerous limbs from different trough structures), a variance 

of some 8° to 9° was noted (Figure B2). 
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Figure 82: Comparison of stereographic projections with rose diagrams. Trough cross­

stratification measurements for Sub-Facies D2 sand (A) and for Sub-facies D3 sand (8). Note 

that the ~ axis, representing the resultant direction, is the line of intersection of great circles 

and also perpendicular to the best fit girdle (see DeCelles et at. , 1983). 

B3 



APPENDIX B 

1.2.3 Palaeo-current data 

Facies A 

Sub facies Al (beach face) -

n dip (x") strike (x") dip direction (x") 

Trench G25. Gravel forests (seaward facing beach) 

I 23 154 244 

2 17 132 222 

3 19 131 221 

4 22 139 229 

5 22 144 234 

6 14 142 232 

7 20 146 236 

8 16 141 231 

9 16 135 225 

10 23 137 227 

II 18 133 223 
Trench G 15. Gravel foresets (seaward facing beach) 

1 26 135 225 

2 20 124 214 

3 25 136 226 

4 25 137 227 
Trench G19. Gravel foresets (seaward facing beach) 

1 20 128 218 

2 26 128 218 

3 15 188 278 

4 25 88 178 

5 16 153 243 

6 20 148 238 

7 21 158 248 

8 22 133 223 

9 13 166 256 

10 15 163 253 

11 15 173 263 

12 22 153 243 
Trench G9. Gravel foresets (seaward facing beach) 

1 13 178 268 

2 14 132 222 

3 14 147 237 

4 10 158 248 

5 22 128 218 
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6 12 133 223 

7 14 173 263 

8 17 133 223 

9 4 183 273 

10 19 131 221 

II 10 184 274 

Sub facies A2(lidal inlet! -

n dip (x' ) strike (x') dip direction (x' ) 

Trench 025. Herringbone cross-stratified sand foresets 

1 20 170 260 

2 28 158 248 

3 26 160 250 

4 29 128 218 

5 20 153 243 

6 20 174 264 

7 20 175 265 

8 21 173 263 

9 21 182 272 

10 26 133 223 

II 26 182 272 

12 21 130 220 

13 24 293 23 

14 20 312 42 

15 16 293 23 

16 29 298 28 

17 17 315 45 

18 22 308 38 

19 22 278 8 

20 21 291 21 

21 10 308 38 

22 II 303 33 

23 II 287 17 

24 26 128 218 

25 23 135 225 

26 29 134 224 

27 25 303 33 

28 25 280 10 

29 22 290 20 

30 24 293 23 

31 30 163 253 

32 20 306 36 
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33 24 323 53 

34 18 321 51 

35 17 313 43 

36 20 312 42 

37 25 324 54 

38 20 133 223 

39 16 132 222 

40 18 146 236 

41 17 178 268 

42 19 283 13 

43 23 306 36 

44 25 306 36 

45 22 308 38 

46 25 283 13 

47 20 295 25 

48 15 121 211 

49 20 128 218 

50 35 165 255 

51 32 162 252 

52 35 158 248 

53 31 175 265 

54 15 274 4 

55 10 289 19 

56 20 288 18 

57 18 313 43 

58 10 268 358 

59 22 143 233 

60 20 133 223 

61 20 121 211 

62 11 132 222 

63 25 148 238 

64 18 138 228 

65 24 118 208 

66 15 123 213 

67 22 146 236 

68 20 144 234 

69 20 11 3 203 

70 15 138 228 

71 23 153 243 

72 20 148 238 

73 23 138 228 

74 20 304 34 
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75 16 328 58 

76 20 288 18 

77 20 294 24 

78 20 278 8 

79 17 283 13 

80 18 293 23 

81 20 288 18 

82 10 278 8 

83 30 258 348 
Trench 025. Herringbone cross-stratified sand. 

Bounding planes 

I 19 248 338 

2 15 263 353 

3 15 250 340 

4 20 263 353 

5 15 248 338 

6 12 278 8 

7 20 258 348 

8 10 260 350 

9 8 278 8 

10 15 261 351 

II 14 283 13 

12 13 265 355 

13 14 261 35 1 

Sub facies A3(soit recurve) -

n dip (x') strike (x') dip direction (x') 

Trench G25. Gravel foresets (landward facing beach) 

I 13 8 98 

2 13 8 98 

3 27 8 98 

4 20 353 83 

5 14 350 80 

6 18 353 83 

7 18 18 108 

8 14 353 83 

9 20 38 128 

10 20 48 138 

11 20 68 158 

12 13 33 123 

13 21 58 148 

14 26 38 128 
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15 5 108 198 

Trench G19. Gravel forese!s (landward facing beach) 

I 17 320 50 

2 12 318 48 

3 13 327 57 

4 13 3\0 40 

Facies C 

Sub-facies C I (beach face) 

n dip (x') strike (x') dip direction (x') 

Trench G29. Sand forese!s (seaward facing beach) 

I 20 183 273 

2 20 198 288 

3 20 173 263 

4 20 158 248 

5 15 143 233 

Trench G29. Gravel forese!s (seaward facing beach) 

I 25 168 258 

2 25 1\8 208 

3 23 178 268 

4 30 188 278 

5 15 168 258 

6 20 148 238 

Trench G25 . Gravel foresets (seaward facing beach) 

I 22 108 198 

2 20 128 218 

Trench G19. Gravel forese!s (seaward facing beach) 

1 19 163 253 

2 20 138 228 

Sub facies C2 (washover) -

n dip (x') strike (x') dip direction (x' ) 

Trench G25 . Sand forese!s 

I 5 332 62 

2 11 287 17 

3 10 272 2 

4 9 329 59 

5 8 312 42 

6 1\ 332 62 
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7 16 303 33 

8 20 292 22 

9 9 331 61 

10 10 282 12 

11 14 302 32 

12 10 299 29 

13 11 283 13 

14 12 297 27 

15 5 296 26 

16 10 294 24 

17 11 272 2 

18 12 288 18 

19 15 306 36 

20 14 305 35 

21 18 282 12 

22 15 302 32 

23 9 299 29 

24 14 304 34 

Trench G 19. Gravel foresets 

1 20 248 338 

2 22 248 338 

3 20 253 343 

4 10 268 358 

5 10 223 313 

6 12 278 8 

7 15 248 338 

Trench G39.S . Gravel fOfesets 

1 15 315 23 

2 10 340 48 

3 15 315 23 

Facies D 

Sub fac ·es DJ(lo e sh face) - I W r are 

n dip (XO) strike (XO) dip direction (XO) 

Trench G39.S. Planar cross-stratified sand fOfesets 

1 5 332 62 

2 10 283 13 

3 9 352 82 

4 8 300 30 

5 12 327 57 

6 9 357 87 
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7 10 322 52 

8 15 297 27 

9 8 307 37 

10 5 300 30 

11 10 297 27 

12 8 337 67 

13 12 322 52 

14 10 330 60 

15 12 322 52 

16 10 322 52 

17 10 322 52 

18 9 352 82 

19 12 287 17 

20 10 302 32 

21 7 322 52 

22 12 322 52 

23 6 352 82 

24 6 352 82 

25 8 352 82 

26 11 332 62 

27 14 277 7 

28 24 252 342 

29 7 342 72 

30 7 322 52 

31 10 307 37 

32 11 302 32 

33 10 302 32 

34 5 297 27 

35 15 307 37 

36 5 297 27 

37 25 312 42 

38 25 322 52 

Sub-facies D2 (middle shoreface) 

n dip (x') strike (x') dip direction (x') 

Trench G39.5. Trough cross-stratified sand foresets 

1 10 258 348 

2 14 288 18 

3 15 288 18 

4 12 258 348 

5 17 258 348 

6 17 248 338 
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7 15 248 338 

8 22 268 358 

9 22 228 318 

10 22 288 18 

II 25 288 18 

12 28 288 18 

13 23 273 3 

14 25 268 358 

IS 25 233 323 

16 20 238 328 

17 20 213 303 

18 20 228 318 
Trench 039.5. Trough cross-stratified granule foresets 

1 18 263 353 

2 12 248 338 

3 30 278 8 

4 15 208 298 

5 25 248 338 

6 22 253 343 
Trench 039.5 . Trough cross-stratified gravel foresets 

I 10 308 38 

2 20 276 6 

3 20 303 33 

')ub facies D3 (uDoer shoreface) , -

n dip (xoJ strike (xoJ dip direction (xoJ 

Trench 039.5 . Trough cross-stratified sand foresets (base of D3) 

I 25 243 333 

2 23 218 308 

3 20 163 253 

4 20 278 8 

5 25 258 348 

6 12 153 243 

7 24 158 248 

8 17 238 328 

9 24 228 318 

10 10 218 308 

II 12 193 283 

12 15 258 348 

13 15 238 328 

BII 



APPENDIX B 

14 10 168 258 

Trench G39.5. Planar cross-stratified sand foresets (top ofD3 ) 

1 20 228 318 

2 18 218 308 

3 15 222 312 

4 22 217 307 

5 25 222 3 12 

6 15 232 322 

7 20 237 327 

8 25 219 309 

Trench G39.5 . Trough cross-stratified gravel foresets (base ofD3 ) 

1 24 163 253 

2 20 2 13 303 

3 15 213 303 

4 10 198 288 

5 14 163 253 

6 27 168 258 

7 20 158 248 

8 18 128 218 

Trench G39.5. Planar cross-stratified gravel foresels (top ofD3) 

1 18 128 218 

2 20 158 248 

Sub-facies D3 (UDDer shoreface clast imbrication) 

n strike (x') dip direction of pebble (x') palaeo-flow direction (XO) 

Trench G39.5. Imbrication of gravel discs and blades (top ofD3) 

1 330 60 240 

2 3 10 40 220 

3 320 50 230 

4 330 60 240 

5 340 70 250 

6 360 90 270 

7 330 60 240 

8 298 28 208 

9 330 60 240 

10 360 90 270 
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1.2.4 Grain scale chart 

The Udden-Wentworth grain scale (Udden, 1914; Wentworth, 1922) is universally 

accepted by most geologists as a means of classifying sediment grain size (see Packham & 

Neal, 2001). The chart presented in Figure B3 is taken from Packham & Neal (2001). In 

addition to the Udden-Wentworth class-s ize terminology, the chart also includes the modified 

terminology of Friedman & Sanders (1978). Note that where particles relate to a size of 

greater than 2 mm, but less than 4 mm, they are referred to as granules in this study as per the 

Udden-Wentworth terminology. 

Size Sed imentsize class Sed fmen! size class 

mm phi lermino logyof terminology of Friedman 
Wentworth (1922) and $anders(1978» 

Very Large Boulders 
2048 -11 

large Boulders 
1024 -10 

Medium Boulders 
512 -. Cobbles 

Small Boulders 
256 -. large Cobbles 
12. -7 

Small Cobbles r- Gravel 
64 -6 

Very Coarse Pebbles 
32 -5 

Coarse Pebbles 
16 -4 Pebbles 

Medium Pebbles 

• -3 
Fine Pebbles 

4 -2 
Granules Very Fine Pebbles 

2 -1 
Very CoarseSand Very Coarse Sand 

0 
Coarse Sand Coarse Sand 

0.5 
MediumSan d MediumSand I- Sand 

0.25 2 
FineSand Fine Sand 

0 .125 3 
VeryFineSand Very Fine Sand 

0 .063 4 
Very Coarse Silt 

0.031 5 
CoarseSil! 

0.016 6 Silt 
Medium Silt Silt 

0.008 7 
Fine$ilt 

0.004 • Very Fine Silt 
0.002 • Clay 

Clay 

Figure B3: Udden-Wentworth grade scale (Udden, 1914; Wentworth, 1922) after Packham 

& Neal (200 I). 
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1.2.5 Clast shape discrimination 

Various plots have been advocated for shape discrimination, these being: 

1) the Folk form triangle (in Sneed & Folk, 1958; cited in Illenberger 1991) using the Disc 

Rod Index (DR! = (a-b)/(a_c» versus cIa ; 

2) Illenberger's (1991) form triangle using the Corey Shape Index (CSI = c/-Y(ab) versus 

DR!; and 

3) Zingg's (1935) classification where (b/,) versus ('/b). 

Whilst disadvantages in the use of the above methods have been noted by various authors 

(Ill en berger 1991 , 1992; Benn & Ballantyne, 1992; Blatt & Pye, 2008), there is a general 

consensus that ternary plots are the more satisfactory method for discriminating shapes 

(Sneed & Folk, 1958; cited in Illenberger 1991 , 1992; Benn & Ballantyne, 1992). 

Consequently, the Folk form triangle modified by Blott & Pye (2008) was used in this 

study. Mention must be made that Blott & Pye 's (2008) modifications were mainly a re­

categorisation of the shape classes where different degrees of equancy (sphericity) are 

introduced and are represented by eight classes. However, their descriptive terms make it 

difficult to envisage the geometric implications_ For case of visualisation, the eight classes 

were grouped into four broad categories in this study; namely spheres, discs, blades and rods. 

For example, Blott & Pye's (2008) classes that show increasing equancy (sphericity), but still 

maintain a degree of flatness such as those from discoid through very oblate spheroid to 

oblate spheroid are grouped into a single class for disc-shaped clasts. Figure B4 illustrates 

this grouping. More significantly such a degree of shape discrimination as per the eight 

classes is not required for this study_ A more general measure to illustrate the dominance of a 

particular clast shape in beach ridges (disc and blade shapes) and beach toe environments 

(spherical shapes) as per Bluck's (1967) findings is adequate for this study. 
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0.4 0.6 0 .• 1.0 

DRI '" (a-b/a-e) 

[): Disc oid 

B- Bladed 

R" Roller 

PS '" Prolalespheroid 

Figure B4: Ternary plots for clast shape discrimination. (A) Data for beach ridge and beach 

toe environments (Sub·facies el) plotted on a Folk form diagram (Sneed & Folk, 1958). (B) 

Note the number of class types (ten classes) and the two data fields (red and blue polygons 

for beach toe and beach ridge, respectively) encompassing different clast shapes. (C) The 

same data plotted on a Folk form diagram (Sneed & Folk, 1958) modified by Blott & Pye 

(2008). (D) The diagram better illustrates the dominant clast shapes for the two data fields 

(red and blue polygons) where the beach toe environment is dominated by spherical clasts, 

whilst the beach ridge by discoidal clasts . By grouping similar classes as shown in (E) to 

derive at four main classes, a swift and more general appreciation of clast discrimination is 

gained. 
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1.2.6 Clast size data 

Sub-facies CI - beach toe 

a_axis in em b_3Xis in em c_axis in em 

20.0 17.0 S.O 

40.0 2S.0 16.0 

26.0 2l.0 12.0 

23.0 lS.0 12.0 

30.0 2l.0 13.0 

23.0 17.0 12.0 

2 l.0 14.0 10.0 

2S.0 13.0 12.0 

28.0 12.0 12.0 

22.0 lS.0 1l.0 

27.0 16.0 1l.0 

23.0 lS .0 13.0 

29.0 22.0 lS.0 

26.0 20.0 13.0 

26.0 lS.0 12.0 

2 l.0 19.0 13.0 

20.0 16.0 12.0 

27.0 16.0 13.S 

28.0 lS .0 12.0 

20.0 14.0 13 .S 

28 .0 12.0 12.0 

30.0 19.0 14.0 

30.0 22.0 lS .0 

Sub-facies Cl - beach ridge 

a_axis in em b_axis in em c_axis in em 

22.0 17.0 7.0 

20.0 lS.0 S.O 

20.0 1l.0 4.0 

20.0 l S.0 4.S 

2 l.0 16.0 4.S 

20.0 17.0 8.5 

22.0 16.0 6.0 

2l.0 lS.5 4.5 

18.0 13.0 S.O 

lS.0 13.0 4.0 

20.0 13.0 4.0 
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19.0 11.0 5.0 

20.0 \3.5 6.0 

20.0 16.0 7.0 

30.0 21.0 7.0 

20 .0 17.0 8.0 

22.0 10.0 6.0 

25.0 8.0 7.0 

16.0 14.0 4.5 

19.0 11.0 4.0 

16.0 10.0 4.5 

Sub-facies D3 - storm gravel sheets 

a_axis in em b_axis in em c_3xis in em Trench section 

20.0 8.0 7.5 

15.0 9.5 6.0 

10.5 6.5 4.8 

14.0 10.5 4.8 

13.0 7.0 2.5 ii 
11.5 8.0 2.5 " " " 8.5 5.0 4.0 ... 

0 

9.0 7.0 2.5 t 
'" 0-

13.5 9.0 5.0 E 
8.5 5.5 3.7 2 

~ 

'" 13.5 7.5 5.5 w 

8.5 7.5 4.0 

12.5 6.5 4.5 

12.7 5.0 5.0 

14.7 7.0 6.5 

10.0 5.0 4.0 

7.5 5.0 2.4 

6.5 5.0 2.5 

5.5 3.8 2.5 
-" 

6.5 4.4 3.2 u 
c 
" 8.4 3.5 3.4 " ... 

6.0 3.7 3.5 
0 
t 
'" 9.0 3.8 3.5 0-

E 
6.5 4.2 2.0 t;; 
8.0 4.0 1.8 " ~ 
6.5 5.0 4.0 

8.5 6.0 5.2 

7.0 4.0 2.8 

8.0 4.3 2.8 
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1.3 SAMPLE TREATMENT 

1.3.1 Sample treatment process 

In the diamond industry, Dense Medium Separation (OMS) plants use a heavy 

medium sllch as ferrosilicon to achieve an appreciable degree of diamond (specific density of 

3.51 glcm3
; Cairncross, 2004) separation from the lighter material (that has a specific density 

less than 2.8 glcm3
) through a cyclone (Chaston & Napier-Munn, 1974). Obviously other 

minerals with a similar or greater specific density than 2.8 glcm3 will also be included with 

diamond during the cyclone separation. The final product is a 'concentrate ' consisting of 

different heavy minerals, including diamond. Note that the term ' concentrate ' is lIsed loosely 

to describe processed material having a specific density greater than 2.8 g/cm3 Further 

processing of the 'concentrate' to remove diamonds only is accomplished by using a Flow­

Sort X-ray. 

The X-ray processing relies on the unique property of diamond in that it fl uoresces 

(emits light) when bombarded by X-rays (Hart, 2003). This allows effective separation of 

diamonds from the non-fluorescent material through a process of ejection. The X-ray 

' concentrate' comprising diamond and other non-diamond particles caught in the ejection 

process (Hart, 2003) are dried for final recovery . Here diamonds are removed manually by 

qualified sOiters in a high-security sorting facility. 

In mining operations not all diamonds are recovered. It is impractical and un­

economical to recover diamonds of every size fraction , particularly those at the finest end of 

the size spectrum. Thus, a lower screen size is used in the processing plants to restrict the 

recovery of a certain lower size. This size is dependent on the nature of the deposit and on the 

outcome of an optimisation study to determine the minimum size required. Usually this 

screen size falls within the range of 0.5-2.5 mm (Rom bouts, 1995). An optimum screen size 

also applies to the upper limit for the recovery of large diamonds and the size is set for 

recovering the largest diamonds that are in appreciable quantities. In Mining Area I (MA I), 

which includes the study area, the upper and lower screen sizes in the treatment plants were 

set to 2 mm and 25 mm, respectively. The above-mentioned discussion is a general view of 

the concept of OMS and X-ray treatment and obviously a number of processing procedures 

have been omitted. These are shown in the flow diagram in Figure B5. 
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1.3.2 Sample results - diamond data 

Samples from the earlier-phases were derived from trench sections that were either 5 

m long x 1.5 m wide (the 1950s sampling campaign) or from sections that were 50 m long x 

1.5 m wide (the 1970s megatrench sampling). These sampling sections were contiguous and 

thus the entire trench was sequentially sampled. 

Grade and stone size 

In this study, grade is calculated based on the stone density distribution (Sichel, 1973; 

Oosterveld et al. , 1987; Rombouts, 1995) and is a measure of the number of diamonds (or 

number of stones) per sample unit. Note that 'stone' is a term loosely used as a reference to a 

diamond (Sichel, 1973). A sample unit may be a trench section or a pit and is expressed in 

terms of volume (in m3
) or weight (in tons). The latter is preferred as it eliminates usage of 

figures with large decimals as would be the case when volume (m3
) or area (m2

) is applied for 

low grade deposits. Note that a global density of 1.8 glcm3 is used to derive at ton figures. 

Given that density values were not accurately measured for different material types where 

gravel and sand occur in various proportions, there may be a degree of error in tonnage 

calculations. 

All sample unit values are also normalised to 100 tons . Thus, grade (i .e. number of 

stones in a 100 tons) irrespective of the weight, co lour, shape and quality of the diamonds in 

a sample unit, is expressed as stones per 100 tons (spht; see also Sichel, 1973) in this study. 

Although the conventional approach for reporting grade is carats per hundred tons (cpht) 

and is an expression of the carat weight (ct) per sample unit, the number of diamonds per 

sample unit (i.e. stone density as discussed above) is favoured because a single large diamond 

with an anomalous carat weight is likely to skew a result when carats per hundred ton is 

considered. Note that carat weight (ct) is a measure of the size of a diamond and one carat is 

equal to 0.2 grams (Lynn et al. 1998). Some of the deposits studied are sheet-like in nature, 

having a two-dimensional configuration and thus metres squared (m2
) should be considered 

for grade calculations. However, weight (in tons) was used for these deposits to facilitate ease 

of statistical comparison with three-dimensional type deposits such as barrier beaches. 

The average diamond size for each sample unit, expressed as carats per stone (cts/stn), is 

calculated by dividing the total carat weight (cts) by the total number of diamonds (stones). 
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Sample support size 

The entire spectrum of diamond results, including negative values (barren samples) 

and outliers (results with values significantly higher than the background) was used in the 

basic analysis to demonstrate the' nugget' effect that is typical of diamond placers . Although 

sample support size varies significantly, two broad sizes are evident as illustrated in Figure 

86. These encompass the 1950s samples that are less than 100 tons and the 1970s megatrench 

samples that are larger than 300 tons with a range of sizes. At a smaller support size, such as 

the 1950s sampling, Duggan et al. (2007) point out that the grade distributions are highly 

skewed due to a large percentage of barren samples, which is evident in this study. A 

corollary of this is that the estimated grade is generally lower than the actual deposit grade 

(Duggan et ai., 2007). Note that the latter is customarily established from mining operations. 

Duggan e/ al. (2007) note that this effect does not necessarily imply biased sampling, but 

merely indicates that the average of such a distribution is likely to fall below, rather than 

above the actual grade. 

120 nr of samples = 261 
min = 23 tons 

100 max = 4572 tons 19505 sampling 
mean = 792 tons 

~ 80 I / std . dell . = 841 
< • , 60 
~ 

.:: 19705 megatrench sampling 
'0 I 

(Eni( 20 

\ 
0 ~ --- -- .-.- -

0 0 o~ 8 0 0 0 0 0 8 0 0 0 0 
0 o coo 0 0 0 0 0 0 0 0 0 
m ~ m N ~ ~ ~ v ~ 0 m ~ m N ~ ~ 

~ ~ N N N m m m m v v v 

sample size in tons 

Figure B6: Graphic illustration of the range of sample support sizes. Note the two main 

groups (circled in red). The size range of the 1970s megatrench samples is clustered between 

800 tons and 1,500 tons. Note the high dispersion of values aro und the mean (large standard 

deviation). 

However, when sample size is compared with grade (spht), the higher grades in this 

study are mostly associated with smaller samples, whilst the reverse is seen in the larger 

samples (Figure 8 7). While this trend may be a result of the variable sample size, a 

geo logical influence is considered an alternative explanation (Figure B7). The larger samples 

yielding lower grades correspond predominantly (90% of the samples) to sheet-like shoreface 
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deposits, namely storm gravel sheets and the transgressive lag. Moreover, these shoreface 

deposits have a higher percentage of sand that dilutes the sample material. The better grades 

in the sheet-like deposits as illustrated in Figure B7 are derived from the foreshore beach toe 

(outer frame) sub-environment. In contrast, the higher grades are returned mainly from gravel 

beach deposits, more specifically the foreshore beach face, which comprises thick 

accumulations of gravel. 

70 ft\ 
60 ~------
~ mostly beach deposits (beach face and washover) 

~50 U ./' 
~ :~ i~/7~------S:-;:h-'-ee:7t -d"-e'-:_~-'O-:CSj:-:tS·=(Shoref ace and beach toe) 

~ 20 - I - - --" -
1 

0 u.:-~::L.. -• .:.;; --.' _________ 
o «&@ hilt" ...-..-... .• ~ 

o 1000 2000 3000 4000 5000 

sample size in tons 

. gravel storm sheets - transgressive lag It. beach deposits . beach toe 

Figure B7: Grade (spht) versus sample support size. Note that the higher grades are mostly 

associated with smaller samples (foreshore beach face deposits), whilst the larger samples 

(sheet like deposits) yield lower grades. Better grades in the larger samples (black stippled 

circle) are the foreshore beach toe deposits. Note spht = stones per hundred tons. 

This geological influence is also apparent where a depositional sub-environment has 

been discreetly sampled using a range of sample support sizes, as illustrated in Figure B8. 

Here, samples from less than 80 tons to over 2,000 tons were collected from a beach toe 

(outer frame) sub-environment. When grades are compared with different sample sizes, the 

results show that the grades (spht) are broadly similar regardless of sample support size 

(Figure B8). Approximately 45% of all larger samples have grades (0-4 spht) similar to those 

from smaller samples, whilst the remaining percentage is only slightly higher (4-6 spht). Of 

interest is that the highest grades (>6 spht) are returned from the smaller support size. 
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Figure BS: Grade versus sample support size for beach toe. Note that the grades for different 

sample sizes are broadly similar. Spht = stones per hundred tons 

In light of the above discussion, several assumptions can be made when the sampling 

data, summarised in Table B I, is considered: 

I) Results for the barrier spit environment are supported by only a few stones. More 

importantly, only one trench within the study area was sampled and thus areal sample 

coverage is inadequate. Consequently, it can be argued that the sampling is 

unrepresentative. Nonetheless, being the first record of diamond mineralisation within a 

barrier spit, these results provide some indication of grade (stone density) and stone size 

distribution. Worthy of note is that the mineralisation patterns can be satisfactorily 

explained by depositional processes (see Chapter 5, Section 5.4). 

2) Sampling of the barrier beach environment is adequate in terms of areal coverage. 

Comparable sub-environments occurring throughout the study area were sampled, 

providing a good representation of diamond distribution. In addition the larger number of 

stones sampled, excluding the washover setting, is considered representative. However, 

the majority of the sample support size is small with 85% being less than 80 tons. Despite 

this, clear mineralisation trends are apparent when equal-sized samples from different 

depositional settings are compared with grade as di scussed in Chapter 5 and illustrated in 

Figure 5.12. The application of larger samples may result in improving the representation, 

but the mineralisation trends are unlikely to change. For example, the washover deposits 

(see Table BI) will remain uneconomical even if the number of samples or support size is 

increased. Their depositional setting and sedimentary make-up do not allow for economic 
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concentrations of diamonds (see Chapter 5, Section 5.4) and for this reason, Millad (2004) 

excluded such deposits from his study. 

3) Of all the environments, the transgressive lag has been better sampled given the large 

number of samples and support size, and a high stone count. Note that the sampling 

targeted the entire sheet of gravel with samples positioned contiguously along the full 

length of each trench. Although, the sampling is considered representative, the grade 

results may in fact be lower than the actual grade. The reason for this is the inclusion of 

barren material that dilutes the sample. Gravel extraction from these sheet-like deposits is 

difficult and in most instances a large amount of the enclosing sand would be incorporated 

into the sample. 

4) Sampling of the storm gravel sheets is equally representative. Notwithstanding the low 

number of samples, the areal sample coverage of these deposits is high with samples 

positioned in a similar fashion as discussed for the transgressive lag. In fact, the number of 

samples is related to the extent of the storm gravel sheet, which has a limited distribution. 

Unlike the other depositional environments, these results are supported by a high number 

of samples (as much as 81 %) that are greater than 1,000 tons. However, as in the case of 

the transgressive lag, sample dilution is expected. 

5) Even if the diluting sand in the transgressive lag and storm gravel sheet samples is 

removed, no appreciable grade increase is evident. The grade still remains below I spht, 

which is considered a poor result. Figure B9 illustrates the change in grade where sand 

dilution of 5%, 15% and 30% is removed. 

6.0 .,..---' 

S5 .~--------------------------

4.5 

:E 4 .0 

~ 3.5 -t-----~~~====================== ~ 3.0 
-g 2.5 ----­
C, 2.0 

1.5 -;---------------~~---_=--_=:::_--

1.0 -' - . A. - -·" 3 -- - ---- - - - --

0.5 t' _ _==----:::.==:===.~~.~2~.!'-:__=:::Q~. =;:::==i~, ::==:0:"'::: 1-0.0 I 0 :0:::,... , .0;-----:0. , 

500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 

average sample size in tons 

Figure B9: Corrected average grades for transgressive lag (solid squares) and storm gravel 

sheets (open squares). Red bars denote range of average grades. 1 = uncorrected average 

grade, 2 = removal of 5% dilution, 3 = removal of 15% dilution and 4 = removal of 30% 

dilution. 
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Table Bl: Sampling data summary 

Geological 
Total 

Total 
Total no No of Average Min Max 

Environment no of of barren sample sample sample 
setting 

stones 
carats 

samples samples size size size 

Beach face 61 69.00 3 0 1034 990 1067 

Barrier spit Tidal inlet 2 0.88 1 0 NA NA 207 

Spit recurve 220 104.43 3 0 590 230 1131 

Beach toe 817 113.53 40 9 636 34 3940 

Barrier beach Beach face 295 338.45 50 14 49 23 75 

Washover 21 24.00 33 21 60 34 69 

Transgressive 
632 916.73 107 21 1093 345 3274 

Shoreface lag 
Storm gravel 

82 51.06 31 7 1933 459 4752 
sheet 

Ton value (or in situ value) 

When the value of a deposit is considered, its ton value must be determined. 

Basically, it is the in situ value and is expressed as US dollars per ton (U$/ton; Hanson 

Westhouse, undated). To derive at the ton value two factors must be known; these being the 

average value or price of the diamond population within the deposit expressed as US dollars 

per carat (US$/ct) and the grade of the deposit expressed as carats per ton (cts/ton). The last 

determines the average carat weight per ton of ground. Note this grade application is different 

to stones per hundred ton (spht) as discussed earlier as it must be aligned with the method to 

calculate ton value. The basic formula for calculating ton value is therefore expressed as: 

Ton value (US$/ton) = average diamond value (US$/ct) X average grade (cts/ton). 

Data presentation 

As mentioned In Chapter I , Section 1.7, only basic statistical computations were 

undertaken. The raw data are merely presented in geographical space to gain an appreciation 

of spatial trends , which are displayed as broad contours for grade with intervals of one stone 

per one-hundred ton (I spht) and stone size with intervals of 0.5 carats per stone (0.5 cts/stn). 

Stone size frequency distribution (SFD) 

In order to derive at a stone size frequency distribution (SF D), diamonds are sized 

according to different sieve classes using screens with specific apertures. Thus, sieve 
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numbers that are commonly recorded in stone size frequency plots (see Figure 6.5) refer to 

standard round-aperture sieves. Higher sieve numbers correspond to larger apertures and in 

tum, to larger diamonds (see Millad, 2004). Stone size frequency is determined by the 

quantity of diamonds within each sieve class. The data used for comparing the stone size 

frequency distribution of Plio-Pleistocene barrier beaches (within the study area) with their 

Holocene equivalents are presented in Table B2. 

Table B2: Stone size frequency data from barrier beaches of different ages 

Plio - Pleistocene age Holocene age 

Sieve size Stns % fceq Stns % freq 

+23 2 0.2 5 5 

+21 10 0.9 11 11 

+19 46 4.3 10 10 

+ 17 3 1 2.9 9 9 

+ 15 26 2.5 16 16 

+ 13 143 13.5 19 19 

+ 12 153 14.5 9 9 

+ 11 320 30.2 12 12 

+9 2 10 19.8 3 3 

+7 81 7.7 3 3 

+6 30 2. 8 3 3 

+5 4 0.4 1 I 

+3 2 0.2 0 0 

Total 1058 100 3136 100 

1.3.3 Diamond data 

Facies A (barrier spit) 

Trench G25 

sample 
carats stones tons 

tons 
spht ctslstn environment 

nr normalised 

1 17.90 13 1067 10.670 1.2 1.4 intertidal (seaward facing beach) 

2 14.85 13 1046 10.460 1.2 l.l intcrtidal(seaward facing beach) 

3 36.38 35 990 9.900 3.5 1.0 intertidal (seaward facing beach) 

4 0.88 2 207 2.070 0.9 0.4 tidal channel 

5 81.93 173 1311 13. 110 13 .2 0.5 recurve (landward facing beach) 

6 15.42 39 230 2.300 17.0 0.4 recurve (landward facing beach) 

7 7.08 8 230 2.300 3.5 0.9 recurve (landward facing beach) 
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Facies B (transgressive lag) 

Trench G4 

G45 

/ G39.5 

/ 

/G35 

/ G19 
/

G29 G25 

/ /G14 G9 

/ G4 

/ 

sample 
carats stones tons 

DJ" 

1 4.31 5 1377 

2 6.08 9 11 32.2 

3 1.87 4 1407.6 

4 6.8 7 1254.6 

5 2.85 3 918 

6 50.38 3 864 

7 0 0 1378.8 

tons 

7 • 

normalised 

13.770 

11.322 

14.076 

12.546 

9.180 

8.640 

13.788 

6 
• 

sph! 

0.4 

0.8 

0.3 

0.6 

0.3 

0.3 

0.0 

5 
• 

3 . 
4 . 

cts/stn 

0.9 

0.7 

0.5 

LO 

LO 

16.8 

0.0 
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2 • 

1 . 

6. Samplenr 

environment 

Transgressive lag 

Transgressive lag 

Transgressive lag 

Transgressive lag 

Transgressive lag 

Transgressive lag 

Transgressive lag 
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Trench G9 

G45 

/ G39.5 

/ G35 
/ 

G29 

/ G25 
/ G19 

/ G14 
/ G9 

/ G4 

/ 

sample 
carats stones tons 

nr 

I 32.36 18 703.8 

2 7.\9 8 1071 

3 19.04 13 1224 

4 8.12 5 948.6 

5 8.69 8 1315.8 

6 9.89 4 734.4 

7 6.21 4 856.8 

8 1.88 2 1009.8 

9 1.16 I \315.8 

10 1.8 2 1132.2 

~ 
7 
• 

8 
• 

9 • 

10 
• 

tons 
spht 

normalised 

7.038 2.6 

10.710 0.7 

12.240 1.1 

9.486 0.5 

\3.158 0.6 

7.344 0.5 

8.568 0.5 

10.098 0.2 

13. 158 0.1 

11 .322 0.2 

• • 
6 
• 

ctslstn 

1.8 

0.9 

1.5 

1.6 

1.1 

2.5 

1.6 

0.9 

1.2 

0.9 
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1 

2 • 

3 . 
4 
• 

6. Sample nr 

environment 

Transgressive lag 

Transgressive lag 

Transgressive lag 

Transgressive lag 

Transgressive lag 

Transgressive lag 

Transgressive lag 

Transgressive lag 

Transgressive lag 

Transgressive lag 
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Trench G14 

G45 

/ 1 
G39.5 . 

/ G35 
2 / • 

G29 

/ G25 
/ G19 

J 
• 

/ G14 
4 

~ 
. 

/ G9 

/ G4 
• • 

/ , 
• 

7 
• 

8 
• 

9 • 

10 
6. Samptenr • 

sample 
tons 

tons 
sphl cts/stn environment carats stones 

normalised nr 

1 33.58 24 1377 13 .770 1.7 1.4 Transgressive lag 

2 24.68 20 1297.8 12.978 1.5 1.2 Transgressive lag 

3 11.25 17 1900.8 19.008 0.9 0.7 Transgressive lag 

4 17.04 9 112104 11.214 0.8 1.9 Transgressive lag 

5 14.27 7 1207.8 12.078 0.6 2.0 Transgressive lag 

6 6.72 4 136404 13.644 0.3 1.7 Transgressive lag 

7 7.37 5 759.6 7.596 0.7 1.5 Transgressive lag 

8 4.15 10 1539 15.390 0.6 004 Transgressive lag 

9 4.67 2 1398.6 13.986 0.1 2.3 Transgressive lag 

10 3.38 5 1211.4 12.114 004 0.7 Transgressive lag 
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Trench G19 

G.5 

/ , . G39.S 

/ G35 '. 
,- , . 

G29 '. 
/ G25 

/ G19 
'. 

6. 

/ G14 ~ '. 
/ G9 '. 

/ G. 
, . 

/ ". 
11 . 

" . 
" 

" . 
". 

u. 

" . 
". ' . Samplenr 

" . 

sample 
tons 

tons 
5ph! cts/stn environment carats stones 

normalised Dr 

1 28.78 11 1053 10.530 1.0 2.6 Transgressive lag 

2 18.27 7 1081.8 10.818 0.6 2.6 Transgressive lag 

3 3 4 660.6 6.606 0.6 0.8 Transgressive lag 

4 1.44 2 473.4 4.734 0.4 0.7 Transgressive lag 

5 0 0 424.8 4.248 0.0 0.0 Transgressive lag 

6 0 0 62 1.0 6.210 0.0 0.0 Transgressive lag 

7 6.19 10 83 1.6 8.3 16 1.2 0.6 Transgressive lag 

8 0 0 379.8 3.798 0.0 0.0 Transgressive lag 

9 0.36 I 1287 12.870 0.1 0.4 Transgressive lag 

10 1.36 5 1380.6 13.806 0.4 0.3 Transgressive lag 

II 0.65 2 1092.6 10.926 0.2 0.3 Transgressive lag 

12 0 0 840.6 8.406 0.0 0.0 Transgressive lag 

13 3.3 2 984.6 9.846 0.2 1.7 Transgressive lag 

14 0.17 I 927 9.270 0.1 0.2 Transgressive lag 

15 0 0 1175.4 II. 754 0.0 0.0 Transgressive lag 

16 0 0 1002.6 10.026 0.0 0.0 Transgressive lag 

17 0 0 1526.4 15.264 0.0 0.0 Transgressive lag 

18 1.33 I 1117.8 1l.l78 0. 1 1.3 Transgressive Jag 

19 0 0 1387.8 13.878 0.0 0.0 Transgressive lag 
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Trench G25 

G45 

/ G39.5 

/ G35 

//G/29 G25 

G19 

/ /G14 G9 

sample 
carats 

nr 

I 14.07 

2 22.62 

3 15.94 

4 29.7 

5 6.57 

6 6.87 

7 5.33 

8 4.58 

9 4.45 

stones 

17 

18 

15 

13 

3 

5 

7 

5 

3 

/ G4 

/ 

tons 

856.8 

1530 

1438.2 

819 

948.6 

1254,6 

673.2 

856.8 

702 

9 . 

tons 
normalised 

8.568 

15.300 

14.382 

8.190 

9.486 

12.546 

6.732 

8.568 

7.020 
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1 
• 

2 • 

3 • 

* 4 . 
, . 

6 
• 

7 . 
• • 

6. Sample nr 

sph! ctslstn environment 

2.0 0,8 Transgressive lag 

1.2 1.3 Transgressive lag 

1.0 1.1 Transgressive lag 

1.6 2.3 Transgressive lag 

0.3 2.2 Transgressive lag 

0.4 1.4 Transgressive lag 

1.0 0.8 Transgressive lag 

0,6 0.9 Transgressive lag 

0.4 1.5 Transgressive lag 

B31 



Trench G29 

G45 

/ G39.5 

/ G35 //G29 G25 

/ G19 

/ 

G'4 

sample 
carats 

or 
I 15 .26 

2 3.76 

3 18.1 

4 6.04 

5 12.42 

6 0 

7 0 

8 0.83 

9 0.37 

10 7.22 

II 0 

12 1.46 

13 0 

14 4.14 

15 0.34 

16 0 

17 0 

18 5.73 

19 0 

20 1.14 

stones 

6 

7 

5 

4 

12 

0 

0 

I 

I 

5 

0 

I 

0 

6 

2 

0 

0 

1 

0 

2 

/ G9 

/ G4 

/ 

tons 

725.4 

808.2 

1128.6 

826.2 

1103.4 

824.4 

531 

500.4 

680.4 

1090.8 

732.6 

745.2 

694.8 

1758.6 

1456.2 

11 84.4 

1062 

1422 

1670.4 

1800 
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'. 
'. 

'. 

'. 
'. , . 

'. 
'. 

". 
". 

". 
". 

". 
". 

". 
n. 

" 
". 

'. Samplenr 
ZOo 

tons ,phi cts/stn environment 
normalised 

7.254 0.8 2.5 Transgressive lag 

8.082 0.9 0.5 Transgressive lag 

11.286 0.4 3.6 Transgressive lag 

8.262 0.5 1.5 Transgressive lag 

11.034 l.l 1.0 Transgressive lag 

8.244 0.0 0.0 Transgressive lag 

5.310 0.0 0.0 Transgressive lag 

5.004 0.2 0.8 Transgressive lag 

6.804 0.1 0.4 Transgressive lag 

10.908 0.5 1.4 Transgressive lag 

7.326 0.0 0 Transgressive lag 

7.452 0.1 1.5 Transgressive lag 

6.948 0.0 0 Transgressive lag 

17.586 0.3 0.7 Transgressive lag 

14.562 0.1 0.2 Transgressive lag 

11.844 0.0 0 Transgressive lag 

10.620 0.0 0 Transgressive lag 

14.220 0.1 5.7 Transgressive lag 

16.704 0.0 0 Transgressive lag 

18.000 0.1 0.6 Transgressive lag 

B32 



Trench G35 

G45 

/ G39.5 

/ G35 

//G/29 G25 

sample 
carats stones nr 

1 111.46 60 

2 33.05 9 

3 2.23 3 

G19 

/ /G14 G9 

/ G4 

/ 

tons 
tons 

normalised 

1683 16.830 

1040.4 10.404 

1031.4 10.314 

3 
• 

sphl 

3.6 

0.9 

0.3 

2 
• 

1 
• 
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6. Samplenr 

cts/stn environment 

1.9 Transgressive lag 

3.7 Transgressive lag 

0.7 Transgressive lag 
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Trench G39.5 

G" 

/ 
, , 

G39.5 

/ 
, 

G35 , 
/ 

G" . 
/ G~ 

/ G19 

, 
, 

/ G" 
, 

/ G. 

<f5 
" 

/ o. " 
/ " 

" 
" 

n , 

", 
n 

" 
", 

" 
n , 

N , 

". Sampl.nr 

" 

sample 
carats 

tons 
'ph! ets/stn environment stones tons 

Dr normalised 

1 17.17 15 775.8 7.758 1.9 1.1 Transgressive lag 

2 3.62 2 925.2 9.252 0.2 1.8 Transgressive lag 

3 42.83 23 3274.2 32.742 0.7 1.9 Transgressive lag 

4 12 .5 10 2865 .6 28.656 0.3 1.3 Transgressive lag 

5 2.61 4 925.2 9.252 0.4 0.7 Transgressive lag 

6 15.36 8 525.6 5.256 1.5 1.9 Transgressive lag 

7 0.82 2 1375.2 13.752 0.1 0.4 Transgressive lag 

8 2.14 1 345 .6 3.456 0.3 2.1 Transgressive lag 

9 0 0 1396 .8 0.000 0.0 0.0 Transgressive lag 

10 2.16 4 1396.8 13.968 0.3 0.5 Transgressive lag 

1 1 1.73 1 540 5.400 0.2 1.7 Transgressive lag 

12 1.93 1 801 8.010 0.1 1.9 Transgressive lag 

13 0 0 498 .6 4.986 0.0 0.0 Transgressive lag 

14 0 0 103 1.4 10.314 0.0 0.0 Transgressive lag 

15 0 0 768.6 7.686 0.0 0.0 Transgressive lag 

16 1.29 2 1258.2 12.582 0.2 0.6 Transgressive lag 

17 0.77 1 1819.8 18.198 0.1 0.8 Transgressive lag 

18 0 0 1474.2 14.742 0.0 0.0 Transgressive lag 

19 0.28 1 1474.2 14.742 0.1 0.3 Transgressive lag 

20 4.87 4 1450.8 14.508 0.3 1.2 Transgressive lag 

21 2.18 1 1074.6 10.746 0.1 2.2 Transgressive lag 
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APPENDIXB 

Trench G45 

G45 

/ 1 

G39.5 • 

/ G35 
/ 2 

G29 • 

/ G25 
/ G19 J 

• 

/ G14 
/ G9 

~ 
4 

/ G4 

• 

/ 5 
• 

• • 

7 
• 

8 6. Sample nr • 

sample 
ca rats stones tons tons 

spht cts/stn environment 
IIr normalised 

I 57.01 43 1009.8 10.098 4.3 1.3 Transgressive lag 

2 5 4 734.4 7.344 0.5 1.3 Transgressive lag 

3 13.45 5 520.2 5.202 1.0 2.7 Transgressive lag 

4 16.63 13 673.2 6.732 1.9 1.3 Transgressive lag 

5 12.48 14 lID 1.6 11.0 16 1.3 0.9 Transgressive lag 

6 1.62 3 887.4 8.874 0.3 0.5 Transgressive lag 

7 3.07 10 1346.4 13.464 0.7 0.3 Transgressive lag 

8 0.94 4 979.2 9.792 0.4 0.2 Transgressive lag 
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Facies C (barrier beach) 

Trench GJ9 

Sea (SW} 

I '.m,""' I 

sample 
carats stones 

Dr 

I 0.00 0 

2 0.00 0 

3 0.00 0 

4 0.00 0 

5 3.60 3 

6 7.25 3 

7 0.35 I 

8 12.35 12 

9 15.80 14 

10 9.10 3 

II 6.95 6 

12 0.00 0 

13 2.10 2 

14 0.00 0 

15 0.00 0 

16 0.00 0 

17 0.00 0 

18 0.00 0 

19 248.77 122 

20 146.00 68 

21 135.80 80 

22 63.82 82 

tons 

33.75 

59.4 

59.4 

53.19 

47.25 

47.25 

40.5 

45.9 

40.5 

40.5 

46.44 

33 .75 

33.75 

22.95 

45.36 

29.16 

41.58 

29.7 

2056 

1415 

1615 

1804 

APPEN DIX B 

Land (NE) 

" I " I " 1& 116 54 3 1110; e 7 ij ~ 4 3 2 1 

Mega-lreoches(5D mlong ~ 1.5 mwide) I 1950$ trenctles(5 m l<>n9x1 ,5 mwi(je) 

tons 
'ph! cts/stu environment 

normalised 

0.338 0.0 0.0 washover 

0.594 0.0 0.0 washover 

0.594 0.0 0.0 washover 

0.532 0.0 0.0 washover 

0.473 6.3 1.2 washover 

0.473 6.3 2.4 washover 

0.405 2.5 0.4 washover 

0.459 26.1 1.0 beach face (upper to middle) 

0.405 34.6 l.l beach face (upper to middle) 

0.405 7.4 3.0 beach face (upper to middle) 

0.464 12.9 1.2 beach face (upper to middle) 

0.3 38 0.0 0.0 beach face (middle to lower) 

0.338 5.9 l.l beach face (middle to lower) 

0.229 0.0 0.0 beach face (middle to lower) 

0.454 0.0 0.0 beach face (middle to lower) 

0.292 0.0 0.0 beach face (middle to lower) 

0.416 0.0 0.0 beach face (middle to lower) 

0.297 0.0 0.0 beach face (middle to lower) 

20.556 5.9 2.0 beach toe 

14.148 4.8 2.1 beach toe 

16.146 5.0 1.7 beach toe 

18.036 4.5 0.8 beach toe 
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APPENDIX B 

Trench G25 

Sea (SVV) Land (NE ) 

I Sampltn, I " " " 2221201S1S11'6 ,5N 13 121 1 10 9 87 , 5 4 3 2 , 
T,.neh type Mega-1renches (50mlongx 1.5 mwide) 19505 lrenehe,(S m long x 1.Smwide) 

f 
sample 

carats 
tons 

spht cts/stn environment stones tons 
nr normalised 

1 0.00 0 65 .61 0.656 0.0 0.0 washover 

2 0.00 0 66.15 0.662 0.0 0.0 washover 

3 0.00 0 67.5 0.675 0.0 0.0 washover 

4 0.00 0 67.5 0.675 0.0 0.0 washover 

5 1.00 I 67.5 0.675 1.5 1.0 washover 

6 0.00 0 67.5 0.675 0.0 0.0 washover 

7 2.95 4 67.5 0.675 5.9 0.7 washover 

8 28.80 24 67.5 0.675 35 .6 1.2 beach face (upper to middle) 

9 20.85 IS 67.5 0.675 22.2 1.4 beach face (upper to middle) 

10 8.90 5 67.5 0.675 7.4 1.8 beach face (upper to middle) 

II 5.90 3 60.75 0.608 4.9 2.0 beach face (upper to middle) 

12 0.00 0 54 0.540 0.0 0.0 beach face (middle to lower) 

13 0.75 I 33.75 0.338 3.0 0.8 beach face (middle to lower) 

14 0.00 0 33 .75 0.338 0.0 0.0 beach face (middle to lower) 

IS 0.00 0 49.14 0.491 0.0 0.0 beach face (middle to lower) 

16 0.00 0 33.75 0.338 0.0 0.0 beach face (middle to lower) 

17 0.00 0 33.75 0.338 0.0 0.0 beach face (middle to lower) 

18 0.00 0 36.45 0.365 0.0 0.0 beach toe 

19 0.00 0 38.61 0.386 0.0 0.0 beach toe 

20 0.65 I 38.61 0.386 2.6 0.7 beach toe 

21 0.00 0 40.5 0.405 0.0 0.0 beach toe 

22 0.00 0 41.31 0.413 0.0 0.0 beach toe 

23 58 .89 37 720 7.200 5.1 1.6 beach toe 

24 41.87 28 979.2 9.792 2.9 1.5 beach toe 

25 31.47 39 765 7.650 5.1 0.8 beach toe 
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APPENDIX B 

Trench G29 

Sea (SIN) Land (NE) 

" " " " " 17 e: 15 ,. 13 2 1 I 10 8 , 1 I 5 • 3 2 1 

Mega-Irendlas(5Omlonox 1.5mwide) 19505 lranches(5 m lono)( 1.5mwide) 

sample 
carats stones tons 

tons 
'phi cts/stn environment 

nr normalised 

I 0.00 0 61.56 0.616 0.0 0.0 washover 

2 0.00 0 60.48 0.605 0.0 0.0 washover 

3 0.60 I 60.08 0.601 1.7 0.6 washover 

4 2.10 I 60.75 0.608 1.6 2.1 washover 

5 0.00 0 61.83 0.618 0.0 0.0 washover 

6 0.00 0 62.37 0.624 0.0 0.0 washover 

7 0.60 2 63.45 0.635 3.2 0.3 washover 

8 21.50 23 66.15 0.662 34.8 0.9 beach face (upper to middle) 

9 38.80 40 61.56 0.616 65.0 1.0 beach face (upper (0 middle) 

10 11.45 9 59.4 0.5 94 15.2 1.3 beach face (upper to middlet 

II 8.50 9 54 0.540 16.7 0.9 beach face (upper (0 middle) 

12 2.40 3 61.56 0.616 4.9 0.8 beach face (middle to lower) 

13 0.65 I 45 .36 0.454 2.2 0.7 beach face (middle to lower) 

14 0.00 0 3 1.05 0.3 11 0.0 0.0 beach face (middle to lower) 

15 1.20 2 35.1 0.351 5.7 0.6 beach face (middle (0 lower) 

16 4.75 2 33 .21 0.332 6.0 2.4 beach face (middle to lower) 

17 1.35 I 31.59 0.316 3.2 1.4 beach face (middle to lower) 

18 0.00 0 30.5 1 0.305 0.0 0.0 beach face (middle to lower) 

19 58.01 75 1775 17.748 4.2 0.8 beach toe 

20 8.65 6 2351 23.508 0.3 1.4 beach toe 

21 5.75 6 397.8 3.978 1.5 1.0 beach toe 

22 7.69 13 837 8.370 1.6 0.6 beach toe 

B38 



APPENDIX 8 

Trench G35 
Land (NE) 

r--

Sea {SVV) 

Sample nr " I " I " "1"I,.I"I"J"I"I"i"I,,I,.I. ... """ " """ '" . 8 7 6 5 4 3 2 1 

I Trtnch type I Mega-trenchl!s(50m long x 1.5 mwide) 1950strenches(5 mlongx 1.Smwide) 

sample 
carats stones tons 

tons 
spht cts/stn environment 

Dr normalised 

1 1.80 1 60.75 0.608 1.6 1.8 washover 

2 0.00 0 63.45 0.635 0.0 0.0 washover 

3 0.00 0 66.15 0.662 0.0 0.0 washover 

4 0.00 0 66.15 0.662 0.0 0.0 washover 

5 0.00 0 66.15 0.662 0.0 0.0 washover 

6 0.00 0 66.15 0.662 0.0 0.0 washover 

7 0.20 2 68.85 0.689 2.9 0.1 wash over 

8 7.10 10 72.09 0.721 13.9 0.7 beach race (upper to middle) 

9 6.00 11 68.85 0.689 16.0 0.5 beach race (upper to middle) 

10 10.25 5 62.91 0.629 7.9 2.1 beach race (upper to middle) 

11 7. 15 4 55.08 0.551 7.3 1.8 beach race (upper to middle) 

12 23.25 3 49.68 0.497 6.0 7.8 beach face (middle to lower) 

13 2.20 3 44.28 0.443 6.8 0.7 beach race (middle to lower) 

14 2.00 3 44.82 0.448 6.7 0.7 beach race (middle to lower) 

15 2.20 1 48.06 0.481 2.1 2.2 beach face (middle to lower) 

16 7.95 9 38.34 0.383 23.5 0.9 beach toe 

17 6.85 5 33.75 0.338 14.8 1.4 beach toe 

18 2.20 1 44.55 0.446 2.2 2.2 beach toc 

19 1.40 1 53.6 0.536 1.9 1.4 beach toe 

20 1.50 1 68.04 0.680 1.5 1.5 beach toe 

21 10.80 2 57.38 0.574 3.5 5.4 beach toe 

22 3.35 4 56. 16 0.562 7.1 0.8 beach toe 

23 0.30 1 56.3 0.563 1.8 0.3 beach toe 

24 2.50 4 56.43 0.564 7.1 0.6 beach toe 

25 0.00 0 56.7 0.567 0.0 0.0 beach toe 

26 2.00 1 56.7 0.567 1.8 2.0 beach toe 

27 1.00 I 54.54 0.545 1.8 1.0 beach toe 

28 0.00 0 52.92 0.529 0.0 0.0 beach toe 

29 1.10 1 53.46 0.535 1.9 1.1 beach toe 

30 0.00 0 52.65 0.527 0.0 0.0 beach toe 

31 62.77 46 918 9.180 5.0 1.4 beach toe 

32 65.00 64 1132 11.322 5.7 1.0 beach toe 

33 36.00 29 1346 13.464 2.2 1.2 beach toe 
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APPENDIX B 

Trench G39.5 

Sea{SW) Land (NE) 

$ . m Non, " I 19 I " ,ill" " ",,,, , , 7 ' 5. " , 
I Trench Iype I Mega-trenches (SOm longx l. Sm wid e) 1950s tranches (5 m long X 1.5 m wide) 

sample 
carats stones tons 

tons stns/100 
cts/stn environment 

nr normalised ton 

I 0.00 0 51.03 0.510 0.0 0.0 washover 

2 0.50 I 55.08 0.551 1.8 0.5 washover 

3 0.00 0 60.75 0.608 0.0 0.0 washover 

4 2.70 I 61.56 0.616 1.6 2.7 washover 

5 0.00 0 60.75 0.608 0.0 0.0 washover 

6 1.10 I 75.33 0.753 1.3 1.1 beach face (upper to middle) 

7 0.00 0 64.26 0.643 0.0 0.0 beach face (upper to middle) 

8 3.20 12 58.05 0.581 20.7 0.3 beach face (upper to middle) 

9 35.15 36 59.13 0.591 60.9 1.0 beach face (upper to middle) 

10 22.25 17 59.4 0.594 28.6 1.3 beach face (middle to lower) 

11 8.65 7 56.16 0.562 12.5 1.2 beach face (middle to lower) 

12 3.25 4 55.62 0.556 7.2 0.8 beach face (middle to lower) 

\3 0.80 I 55.35 0.554 1.8 0.8 beach face (middle to lower) 

14 0.50 I 48.06 0.481 2.1 0.5 beach face (middle to lower) 

15 1.30 I 51.3 0.513 1.9 1.3 beach face (middle to lower) 

16 0.00 0 53.73 0.537 0.0 0.0 beach toe 

17 0.00 0 53.46 0.535 0.0 0.0 beach toe 

18 14.25 12 3940 39.402 0.3 L2 beach toe 

19 28.39 11 550.8 5.508 2.0 2.6 beach toe 

20 33.57 36 1075 10.746 3.4 0.9 beach toe 

21 25 .23 31 700.2 7.002 4.4 0.8 beach toe 
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APPENDIX B 

Facies D (shoreface) 

Sub-facies D3 {storm gravel sheetsl 

Trench G19 

G45 

/ 
, . 

G39.S 

/ G35 

/ '. G29 

/ G25 

~ / 
3. 

G'9 

/ 
4 . 

5. 

'. Sample nr 
6. 

sample 
carats stones 

tons 
spht ctslstn environment tons 

Dr normalised 

1 1.3 2 1139.4 11.394 0.2 0.7 storm gravel sheets 

2 U8 1 153 1.8 150318 0.1 1.2 storm gravel sheets 

3 0 0 1080 10.800 0.0 0.0 storm gravel sheets 

4 0.95 1 1713.6 17.136 0.1 1.0 storm gravel sheets 

5 1.56 4 1816.2 18.162 0.2 0.4 storm gravel sheets 

6 1.56 5 2563.2 25.632 0.2 OJ storm gravel sheets 
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APPENDIX B 

Trench G25 

845 

/ G39.5 

/ G35 

/ 

1 . 
G29 

/ G25 

/ 
G19 

/ 3. 

4 

5. 

'. Samplenr 

sample Dr carats stones tons 
tons 

sph! ets/stn environment 
normalised 

1 2.27 3 853.2 8.532 0.4 0.8 storm gravel sheets 

2 2.27 12 1240.2 12.40.2 1.1 0.2 storm gravel sheets 

3 0 0 581.4 5.814 0.0 0.0 storm gravel sheets 

4 7.24 5 948.6 9.486 0.53 1.4 storm gravel sheets 

5 1.24 1 459.0 4.590 0.22 1.2 storm gravel sheets 

842 



APPENDIX B 

Trench G29 

G45 

/ G39.5 

/ G35 

/ 

'. 

G29 

/ G25 '. 
/ 

G19 

/ '. 

'. 

5. 

6. Sample nr 

sample 
carats stones tons 

tons 
spht ets/stn environment 

Dr normalised 

I 12.75 8 3135.6 31.356 0.3 1.6 storm gravel sheets 

2 2.66 4 2100.6 21.006 0.2 0.7 storm gravel sheets 

3 0.4 I 2525.4 25.254 0.04 0.4 storm gravel sheets 

4 2.02 3 2925 29.250 0.1 0.7 storm gravel sheets 

5 0.51 I 1949.4 19.494 0.1 0.5 storm gravel sheets 

B43 



APPENDIX B 

Trench G39.5 

G45 

/ 1 . 
G39.5 

/ G3' 
/ '. G'9 

/ G25 

~ / '. G19 

/ 
4 . 

'. 

6. 
6. Sample nr 

sample nr carats stones tons 
tons 

sph! ets/stn environment normalised 

I 0 0 4690.8 46 .908 0.0 0.0 storm gravel sheets 

2 0 0 4752.0 47.520 0.0 0.0 storm gravel sheets 

3 0 0 4100 .4 41.004 0.0 0.0 storm gravel sheets 

4 1.73 3 3387.6 33.876 0.1 0.6 storm gravel sheets 

5 0.94 2 2071.8 20.718 0.1 0.5 storm gravel sheets 

6 1.58 6 1269 12.690 0.5 0.3 storm gravel sheets 
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Trench G45 

G45 

/ 1 . 
G39.5 

/ G35 

/ 
2. 

G29 

/ G25 

~ / 
3. 

G19 

/ 
'. 

5. 

'. Samplenr 
6. 

sample 
carats stones tons 

tons 
sph! cts/stn environment 

nr normalised 

1 1.08 2 2172.6 21.726 0.1 0.5 storm gravel sheets 

2 0.69 2 2233.8 22.338 0.1 0.3 storm gravel sheets 

3 1.74 4 2050.2 20.502 0.2 0.4 storm gravel sheets 

4 2.86 1 1438.2 14.3 82 0. 1 2.9 storm gravel sheets 

5 0.28 1 918 9.180 0.1 0.3 storm gravel sheets 

6 1.65 5 1009.8 10.098 0.5 0.3 storm gravel sheets 
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APPENDIX C 

MARINE FOSSIL ASSEMBLAGE 

Macro-fauna: conglomerate boulder (30 m Package: Plio-Pleistocene age) 

Macro-fauna Identified by 

Burnupena rogersi Pether (2003) 

Spinucella praecingulata Pether (2003) 

Macro-fauna: conglomerate boulder (50 m Package: Early Pliocene age) 

Macro-fauna Identified by 

Chamelea krigei Pether (2003) 

Spinucella praecingulata Pether (2003) 

Micro-fauna: conglomerate boulder (50 m Package: Early Pliocene age) 

Foraminifera Identified by Estimated age (Ma) 
Lobatula lobatula (Walker & 

Dale & McMi lIan (2003) 
4.9 - 7.4 (see Franceschini & 

Jacob) Compton, 2004)* 

Quinqueloculina spp. Dale & McMillan (2003) 

Triloculina sp. Dale & McMillan (2003) 

Quinqueloculina cf curta Dale & McMillan (2003) 

Quinqueloculina cf vulgaris Dale & McMillan (2003) 

Ammonia cf parkinsoniana 
Dale & McMillan (2003) 

(D'Orbigny) 

Pararotalia nipponica (Asano) Dale & McMillan (2003) 
Early Pliocene (Dale & 
McMillan, 2003) 

Spiroplectinella sp Dale & McMillan (2003) 

Cibicidoides sp Dale & McMillan (2003) 

Elphidium cf crispum (Linne) Dale & McMillan (2003) 

Logena sp Dale & McMillan (2003) 
* Note that the 50 m Package along the Namaqualand Coast at Hondekhp Bay was dated by Pickford & Seout (1999) as Late 

Miocene to Early Pliocene based on the presence of un-abraded mammalian remains of that age within the marine sediments. 

This age closely correlates to the Strontium isotope date of Franceschini & Compton (2004) from the foraminifer Lobalula 

lobll tula ; a spec ies that also forms part of the 50 m Package assemblage along the Namaqualand Coast (Dale & McMillan, 

2003). 
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APPENDIX D: Locality of study area (1& 3) with oblique aerial view of ED Area (2; photograph by courtesy of J Ward). Block diagram depicting the vertical and lateral stratigraphic 

relationship of facies and sub-facies (4). 
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APPENDIX E: Reconnaissance map showing stratigraphic sections within ED Area. 

North bedrock-bank of 
palaeo.Orange River 

\ 
10 II 15~ 

Atlantic Ocean 

from hIstorical data 

15~ 10 1 ~ 
c $l' ... .,·...L..., b 
III I II 

5 ~,:' } ,,,'"' 0 
o (m) " " Facies B 

Facies A 

from historical data 

C$ '{ ~ ' b 
III I II 

5 l~~: " '\"'"'0 
o (m) "" .. JaCles B 

FacIes A 

~
Younger 'C' barner-beach 

" FaCies 0 

FaCies B from historical data 

o 
I 

10 c. f ~ b 
III I II 15~ 

5 ~." ~ Younger 'C' barrier·beach 

:: : Fac:iesD 

O(m) : :: FaclesB 

N 

+ 
1km 

I 

, , 
c. ,:t,....f:., b 

Facies 0 
Facies B 

Facies A 

Fluvial footwall 

" " 
" " " " 

" " " " " " 

Lithologies 

Gravel 

II Sand 

I ~-I Clay 

~ Clay rafts 

D Bedrock 

es ,; , f.' b 
III I II 
? ? ? 

Facies C 

Facies A 

Fluvial footwall 

from mine face 

".--
,/ --

I 
/ 
I 
\ 
\. 

/ 
/ 

/ 

" " 

,/ 

~ y , 

tsMb " 

FacIes C 

FacIes A 

Sedimentary structures 

I y I Trough cross-stratification 

I ~ I Tabular cross-stratification 

I » I Herringbone cross-stratification 

I I Horizontal lamination 

I~I Dessi~pti9D. .. qacks 

I s;J I Plant remains 

[IJ Roots 

I' I Horizontal burrows 

B Wave ripples 

I ~ I Mollusc fragments 

[OOJ Foraminifera 

I o:!P I Moderate bioturbation 

G39.5 

/---

? 

Sample trench 

Inferred boundary 

Unconformity 

Unknown -
removed by mining 

'....... /..- ............. 
- I 

/ 
/ 

/ 

/ 
/ 

/ 

111 1 11 , 

~
. Facies 0 , 

~:~:::! ' 
Bedrock footwall " ;~/ " : : 

...... / 5 cs.1r-f:.. b • I 
............. / 1111 l1FaclesD I 

....... / 0 (m) E:JFaCles B . I '--,/ I . 
Bedrock fo . twrll 


	SPAGGIARI-PhD-TR11-06 VOL 1.pdf
	SPAGGIARI-PhD-TR11-06
	SPAGGIARI R I DPHIL-TR 11-06a.pdf
	SPAGGIARI TR 11-06b
	SPAGGIARI TR 11-06c




