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ABSTRACT

This thesis 1s comprised of sedimentological and geochemical studies of seven 7m
core sediments retrieved from the Namagualand Muodbelt, South Africa. The purpose
of this research is to contribute to the evidence for environmental change during the
late Quaternary in the southern Africa from the analyses of continental shelf sediments
and more specifically, to examine feasibility of using Namaqualand mudbelis as a key
to understanding late environmental dynamics of both terrestrial and marine

environment.

Namaqualand mudbelts seem to have been deposited during the last 10 000 years.
Chrono- and lithostratigraphy, coarse-fraction and geochemical apalyses suggest the
following sedimentary development on the Namaqualand offshore:-

An early period of deposition dominated by marine conditions off the coast, but with

significant input in the north {Orange Delia) and south (off Kleinsee).

There is a fining upcore sequence from the Orange Prodelta southward to the inner
shelf {off Kleinsee). This {ining-upward sequence is generally indicative of shoreward
transgression of the sea (rising sea-level).  As sea-level rises (shoreward
transgression), finer-grained deeper water deposits migrate landward and are

deposited over shallower water deposits.

While the Orange River might be a major source of sediments on the Orange River
Delta, marine contribution is increasingly important far south of the Orange Delta {off
Kieinsee). In addition, berg winds and local ephemeral Namaqualand rivers are also

increasingly important.
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CHAPTER ONE

1.1 Intreduction and Background fo the Study

The elucidation of cmvironmental change globally is increasingly regarded as an
important goal, since only through knowledge of the way environmental conditions
have fluctuated over time may we effectively manage the contemporary environment.
Analysis of, for example, pollen in sediments is a most useful tool in the study of
environmental changes, and can extend our knowledge of environmental systems and
help to establish the sequence of events and the amplitude of the environmental
changes that took place in the past. In addition, Meadows (1995) notes that, although
environrental changes impact on both terrestrial and roarine environments, much data
on the nature of the past fluctuations in climate (and their resultant impact on other
components of ccosystems} stems from research conducted only in the terrestrial
situation. However, because of its general semi-aridity and seasonal climates, records
of past environmental changes are relatively sparse in southern Africa and there are
comparatively few siles where lopg continpuous sequences of sediments have
accumulated and facilitate a detailed reconstruction of environmental history. The
continental shelves on the other hand, appear to offer genuine opportunities for tracing
environmental change through the late Quaternary through investigations of sediments
which have accumulated, derived ultimately from the terresirial situation. If is against

this background that it was found logical to seek new insights into the scale and nature



of past environmental changes in the sediments, derived from the major fluvial

systems of the sub-continent and deposited on the continental shelf.
1.2 Namaqualand Mudbelt

As it has been mentioned earlier, the continental shelf sediments derived from fluvial
systems of the subconiinent offer opportunities  for the reconstruction of
palagoenvironments, ‘ami Namaqﬁaiand Mudbelt 15 particularly important because it
represents the thickest and the most\pemancnt fine-grained deposits on the west coast
-of southern Africa. In addition, it is representative of muddy sedimentary bodies

supplied by a nearby Orange River.

The study area\lies off the northern part of the west coast of South Africa. It
constitutes part of a feature known variously as the-Namaqualand , Orange River or
simply west coast mudbelt (Birch et al, 1986) (Figure 1.1). It extends from the
Orange Prodelta to the inner-shelf mudbelt, between the Orange and Buffels River

(Figure 1.2). A number of palasoenvironmental research opportunities manifest

themselves within this region:

- The Orange River has been discharging vast quantities of sediment onto the
continental margin for about 125 million years, i.e. since West Gondwanaland rifted
apart from East Gondwanaland, in the Early Cretaceous (Dingle and Hendey, 1984;
Brermmer et al., 1990).

- A thickness of over 7 km of sediment has accumulated in this region (Orange Basin)

since the Early Cretaceous (Dingle and Hendey, 1984).
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- The Orange River drains approximately forty percent of southern Africa’s land
surface (Dingle ez al.,, 1987), and the west coast mudbelt arguably forms a very
important sink for soil eroded from large areas of this sub-continent, in particular,

from the Orange River catchment (Rogers, 1977).

It has therefore been assumed that the west coast or Orange River mudbelf represents
an ideal source of information on Quaternary environmental changes and landscape

dynamics (Meadows ez al, 1997).

1.3 Previouns Investigations

Although the Namaqualand Coast has attracted scientists of many disciplines since the
discovery of diamonds scventy vears ago, most earlier regional investigations of the
continental margin were undertaken in response to the discovery of diamonds between
the Orange River and Kleinsee (Figure 1.2} and at the Groen River Mouth (Hoyt et.
al., 1965; 1969} and were mainly concerned with economically interesting gravel (2
mm)} fraction., This resulted in the dearth of information about the fine-grained
sediments. Amongst the early researchers in this region are Wagner and Merensky
(1928) who took the lead by describing the geology of the deposits exposed in the
early prospects along the coast. This was followed by detailed studies by the Marine
Diamond Corporation (MDC, now known as De Beers Marine) in 1961. Bedrock
topography, sediment distribution and sediment composition on the inner shelf and
the Quaternary development of the shelf were studied in detail during MDC’s marine

prospecting in diamond concession areas (Wright, 1964; Hoyt, ef ¢f, 1965; Hoyt et al,

L



1969; Murray, 196%9; Murray ef al., 1970; (’Shea, 1971). Camiogton and Kensley
{1969) also made a valuable contribwtion to the undesstanding of the mollusc-rich

stratigraphy of Namaqualand coastal deposits.

Information on the composition, distribution and deposition of Holocene sediments on
the continental margin of southern Africa is provided by several workers. Amongst
those who made a significant input to the understanding of production, dispersal and
deposition of the Holocene sediments, as well as their significance in the
reconstruction of palaeoclimaies on the continenial margin are Dingle (1973a; 1973b;
1973¢), Birch (1975}, Rogers (1975), Birch e al. (1976), Rogers (1977), Tankard and
Rogers {1978), Embley and Morley (1980), Siesser and Dingle {(1981), Pether (1983),

and Dingle and Hendey (1984).

Recent research off the Namagualand Coast includes De Decker’s (1987) study of the
geology of the imner shelf between the Orange River and Wreck Point (Figure 1.2).
The continental-shelf sediment provenances, deep-ocean basin sediment patterns,
tectono-sedimentary features and the bathvmetry of both the South-East Atlantic and
South-West Indian Oceans were summarized by Dingle ef al., (1987). Verfaille (1987)
focused on the innershelf mudbelts, off South Africa, focusing on the Orange River
mudbelt, In his Honours Project, Verfaille (1987} characierized sediments in these
mudbelts and identified their dispersal patterns. Dremner er al. {1990) investigated
the dispersal of sediments deposited on the Orange Delta during the major flood of the

Orange River in 1988,



A review of the marine-geclogical data available for the sea floor beneath the
Benguela Ecosystemn was undertaken by Rogers and Bremner (1991). Woodborne
(1991} described the geology and Late-Quaternary history of the inner shelf just north

of the Buffels River off Namaqualand.

Most recent research on the continental shelf, relevant to this study, are the works of
Bremner and Willis (1993), who investigated the mineralogy and geochemistry of the
sediments from the Namibian continental shelf, just north of the study arca. Pether
{1994) presented a record of the sedimentology, palaeontology and stratigraphy of
coastal-plain deposits of the western margin of southern Africa obtained from

diamond-mine excavations at Hondeklip Bay (Fig. 1.2).

Gray (1996) conducted a preliminary palynological investigation of the surficial
terrigenous sediments of the Namaqualand deltaic mudbelt with the aim of
establishing whether the upper sediment of the mudbelt is modemn. Her results
implied that indeed, the upper sediment is modemn. Mabote ef al, {1997} presented a
summary of the preliminary results of the present research, and related sedimentary
structures, texture and composition of mudbelt deposits to depositional and post-

depositional processes.

This lack of knowledge, in particular of the <63um fraction presents the opportunity
for further palaecenvironmental research (Beltagy et al, 1972; Diester-Haass, 1975
and 1976; Johnson, 1979; Lever and McCave, 1983; Pokras and Mix, 1985} within

the subdisciplines of sedimentology and geochemistry. Hydraulic-size analysis of the



«<63um fraction in particular, would prove useful in the interpretation of sediment

dysamics in the predominantly muddy areas (Felhaber, 1984).

1.4 Aims and Objectives

The broader aim of this research is to contribute to the evidence for environmental
change during the late Quaternary in the southern Africa from the analysis of
continental shell sediments. More specifically, to examine feasibility of using
Namaqualand Mudbelis as a key {o understanding late Quaternary environmental
dynamics of both terrestrial and marine environment. The late Quaternary period is
the most recent geclogical time period and therefore the one which most records are
clearest and most complete. It is presumed that the amount and type of terrigenous
material which is transported from the continent to the ocean reflects changes in the
terrestrial environment (Diesler-Haass, 1976} which are integrated with fluctuations in

the marine situation.

By applving a philosophy of the present approach to environmental analysis, which is

basically traditional in the sense that modern depositional environments provide the

‘key to the past’ in examining stratigraphic successions preserved in the geological

record {Leeder, 1982}, and principles of sedimentological and geochemical analysis, it

is hoped that the following objectives will be realised:

% To establish a detailed chronostratigraphy and test or confirm the Holocene age of
the superficial deposits of the mudbelt,

% To establish a detailed lithostratigraphy of the superficial deposits of the mudbelt,



% To examine particle size distribution and composition of the mudbelt sediments,

¢ To determine and interpret various sedimentary properties which are found in the
terrigenous sediments of the Orange Shelf,

% To relate these sedimentary properties to environmental changes, processes in the
depositional environment and anthropogenic activities or influence,

4 To see whether the muds found on both the Orange Prodelta and the inner shelf of
Namaqualand are part of the same modern depositional event or whether they
represent different periods of deposition with possibly different mineralogical and
geochemical compositions and,

4 To investigate the origin of Orange Shelf sediments and where possible,

palacoclimate of the source arca and conditions at the environment of deposition

through mineralogical, geochemistry and biogenic analyses.

The terms, “terrigenous™, “biogenic” and “authigenic” particles are frequently used in

this study. Whenever used, the terms should be interpreted as follows:-

$ Terrigenous sediments refer to all particles derived fmﬁl land and transported as
solids to depositional basins (Boggs, 1995),

# Biogenic sediments refer to sediments of organic origin, and

# Authigenesis is a general name for the growth of minerals in sediments (Leeder,

1982). 1t includes both growth of minerals initially present in the sediment and

formation of new minerals. Such minerals are termed authigenic minerals.

In summary, this chapter provides a general outline of the aims of this research project

which eventually translate themselves into more specific objectives. Generally, the



aim of this research is to deduce environmental changes in the southern Africa from
the analysis of continental shelf sediments, with specific reference to the
Namaqualand mudbelt, It is proposed in this chapter that the Orange River (or
Namaqualand} mudbelt represents an ideal source of information for the
reconstruction of late Quaternary environmental changes. Chapter Two now places

the Namagqualand mudbelt into its wider regional context.



CHAPTER TWO

REGIONAL SETTING

2.1 Introduction

The nature and style of sediments result primarily from a2 combination of two
phenomena viz. climate (lerrestrial and oceanographic), and continental-shelf
physiography (Dingle et al. 1987). These phenomena need to be outlined as a

prerequisite for understanding dispersal and sedimentation on the continental shelf.

2.2 Climate

The climate on the West Coast of southern Africa dictates the quantity and relative
proportions of terrigenous, biogenic and authigenic material potentially available for
deposition in the sea. Moreover, their discharge, dispersal and sedimentation on the
continental shelf are strongly influenced by seasonal and regional variations in
meteorological and oceanographical climate. In addition to this, Rogers (1977) notes
that long-term meteorological observations of climatic patterns enables one to

speculate on possible palaeoclimatic patterns.



A general description of these complex climates, derived from Schulze (1965), is
presented in this section, whereas the effect of climate on dispersal and sedimentation

of shelf sediments will be discussed in the following chapters.

The climate on the West Coast is largely influenced by meteorological forces that

originate offshore in the Atlantic and Southern Oceans (De Decker, 1987).

A stable South Atlantic Anticyclone (high-pressure region) usually lies relatively close
to the West Coast, forming anticyclonic conditions at about 30°S, whereas cyclonic
cells form in the belt of Westerlies, between 35°S and 40°S (Figure 2.1). These
pressure regions experience seasonal shifting (Schulze, 1965; Shannon, 1985;

De Decker, 1987; Woodborne 19913,

During surnmer, the South Atlantic Anticyclone shifts polewards to about 35°S. This
shifting causes the sequence of southerly gales, coastal upwelling, fog and arid climate
along the west coast (Schulze, 1965). The presence of low-pressure cells travelling
south along the west coast during summer increases the pressure gradient at the coast

and hence powerful gales result.

During winter, when the Scuth Atlantic Anticyclone has shifted about 5°
equatorwards, cyclonic lows travelling eastwards in the Westerlies are able to
encroach more directly upon the west coast, with periods of three to six days, creating
storm conditions and gale-force northwesterly winds that usually last for several hours

(MNelson and Hutchings, 1983). Cyclonic winter rain is precipitated orographically on
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the Western Cape mountains and on the Great Fscarpment as far north as the Orange

River, where it falls as a gentle drizzle.

The aridity of the west coast is primarily due to the lack of summer rains that reach
the region from the east coast, the presence of a temperature inversion at 600 to
1800 m and the presence of cold upwelled water at the coast (Taljaard and Schumann,

1940).

The cold upwelled water has an aridifying effect on the coast by condensing the
overlying moist sea air, and forming coastal fog banks. This condensation limits
coastal moisture capacity and enhances the stability of the inversion. The aridity of
the Namaqualand coastal plain is evident in the low undulating topography of
Pleistocene and Holocene parabolic and brachanoid dunes (Tankard and Rogers
1978), stabilised by xerophytic scrub cover (Strandveld) that atiest to the persistence
of strong desiccating southerly winds and suggest greater aridity during Pleistocene

hypothermals (glacials).

2.2.1 Winds

The climate of the West Coast is also influenced by winds which affect the dispersal
and deposition of sediments off the coast. The significance of winds (through climatic
changes) on the discharge, dispersal and deposition of terrigenous sediments onto the

continental shelf cannot be over-emphasized.
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During summer, the West Coast is affected by strong southerly winds in the form of a
curved anticyclonic flow associated with the South Atlantic High (Figure 2.1). This
curved anticyclonic flow is guided by the coastline, because of the arndity of the
coastal piain acts as a thermal barrier to cross flow {Nelson and Hutchings, 1983) and

by orography of the continental escarpment.

The climatology of the West Coast is further affected by warm, offshore winds known
as “bergwinds” and the passages of coastal low-pressure cells. Bergwinds occur most

commonly during autumn and spring.

A large high-pressure system forms periodically over the interior of the subcontinent
(southern Africa) as stated by Shannon and Anderson {1982). This high-pressure
system causes air to move offshore from the interior, warming in the process. These
adiabatically-warmed bergwinds entrain large volumes of sediment and hence make a
significant sediment contribution to the shelf (Shannon and Andersop, 198Z;
Woodbome, 1991). Shannon and Anderson (1982) give an estimate of 50 x 10°
tonnes for a single event and this is of the same order of magnitude as Bremner e af.
1990: Bremner and Willis (1993) estimate (60x 10° tonnes) of the Orange

River’smean annual sediment input to the sea.

Shannon and Anderson {1982) found, from Lansat -3 satellite images, that plumes of
wind-blown sediment may extend up to 150 km offshore, in a southwestward
direction, halfway across the continental shelf. The direction of these plumes is

determined by the climatic conditions giving rise to bergwinds and the orientation of
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dry river beds. These winds, which migrate as coastal lows, form between Alexander
Bay and Lideniz at the approach of Westerlies cyclones (low-pressure cells) and
travel down the coast (Kamstra, 1985) at a speed of about 750 km per day (Taljaard et
al., 1961). These coastal lows are confined by the escarpment and by subsidence
inversion. The warm offshore flow occurs ahcad of the Tow, while cool, onshore flow
and foggy conditions follow the passage of the calm centre. The coastal fog, which is
a common occurrence, due o the strong land/sea thermal conirast, plays an important
role in the ecology of the plants in the Namib, including the Namaqualand coastal
plain, as it supplements the meagre winter precipitation in the form of “mist rain”,

which usually condenses and falls during the night.

Namaqualand coastal winds intensily during the day, due to the sea-breeze effect as
the land warm up and veer towards the south or southwest depending on location and
season {Shannon, 1985). This author notes that winds are generally strongest during
summer and Kamstra (1985) reports an annual average wind speed of 5-6m/s at Port

Nolloth, in the study area.

2.2.2 Rainfall

Rainfall is responsible for erosion more particularly in the Upper Orange catchment
{(including Lesotho) and this enables the Orange River to discharge vast quantities of
sediment onto the western continental margin of southern Africa. Rainfalls of both the

Namaqualand coast and in the cffective Orange River catchment are discussed in this

sectiomn,
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(a) Namagqualand Coast

Wellington (1933) describes the Namaqualand coast as an arid winter-rainfall desert.
An average annual rainfall of 62mm is reported at Port Nolloth (Woodborne, 1991),
which is the rainfall station within the study area. This low precipitation is
supplemented by advective sea fog which occurs frequently on the coast and falls in

the form of “mist rain”™ as menticned above,

(b) Vaal-Orange Catchment (Effective Catchment)

The Orange River, which drains a major portion of southern Africa (Hoyt er al., 1969;
Embley and Morley, 1980), discharges large quantities of sediments onto the western
continental margin of southern Africa and has been doing so for the last 125 million
vears {1.e. since Africa separated from South America, there was no South Atlantic

Ocean before that) { Dingle and Hendey, 1984; Bremuer ef ai., 1990).

In order to gain an insight into the origin, erosion and dispersal of sediments
transported by the Orange River, attention must be given to the rainfall of the effective
catchment. Rainfall is one of the major factors that control sediment production
{Mabote, 1994). A brief analysis of the rainfall pattemn in the effective Orange River
catchment is presented, to provide a background for understanding the erosional and
depositional processes that are active in the catchment as well as around the river-
mouth area and the Orange Delta. This section is derived chiefly from Rogers (1977},
who gave a comprehensive review of rain formation in the Orange River catchment

arcd.
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The Orange River is one of the world’s major rivers (Rogers, 1977) and it is the only
river in the subcontinent to receive its ranfall on the eastern side of the continent and
to discharge via the west coast {Bremner er af, 1990} (Figure 2.2). The Lesotho
headwater is always considered the main source of the Orange River, with iis source
in the Drakensberg Highlands of the Bastern Lesotho at the Mont aux Sources (2926m

above sea level) (Wellington, 1955, Bremner er al., 1990; Bremuer and Willis, 1993).

The Orange River is 2 173 km long if measured from its spring near Mont aux
Sources to  its mouth at  Alexander Bay {Bremmner ef al, 1990}
The toial catchment area of the Orange River drainage basin is estimated to be 953
200 km? (Dingle and Hendey, 1984), but of this, only about 35% {i.e. approx. 333
620 km®) has a significant runoff (McMillan, 1987). This is due to the fact that much
of the northern part of the catchment les in the Namib and Kalahari Deserts, whereas
portions of the southern part are situated in the semi-arid Karco. Like other
subtropical rivers, the Orange River has a highly erratic discharge fed by summer
rainfall (Rogers, 1977} and, when considered together with its main tributary, the
Vaal, it delivers a mean annual runoff of 11.1 x 10°m” and 17 x 10%° of sediment to

the South Atlantic Ocean (Bremner ef al., 1990},
The Orange River is divided info the Upper Orange, above the Vaal confluence, the

Middle Orange between the Vaal confluence and Aughrabies Falls and the Lower

Orange between the Falls and the sea (Wellington, 19355) (Figore 2.2).
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Rain-Formine Mechanism

During summer, the Indian Ocean anticyclone Hes well 1o the east of South Africa and
this permits maritime air {o penetrate beyond the Drakensberg. This results in the
formation of orographic rain which precipitates over the headwaters of the Vaal and
the Upper Orange River (Figure 2.2, If the Indian Ocean amticyclone maintains a
stable westward position beside the east coast in summer, the rain-bearing winds

cannot reach the interior and hence droughts result.

The high pressure-belt is found at the surface over both oceans and the continent in
winter, leading to dry condifions inland. However, equatorward shifling of the
westerlies brings the southwestern and southern coast into the path of the storm track
of the Southern Ocean’s westerlies. De Villiers and Sdéhnge (1959) state that this
cyclonic winter rain is precipitated orographically on the Western Cape mountains and
on the Great Escarpment as far north as the Orange River, where it falls as a gentie

drizzle.

As the Inter-Tropical Convergence shifts polewards with the sun in summer, tropical
convectional rain moves polewards. This mechanism is responsible for bringing rain
to the catchment of the north-bank tributaries of the Orange River and to the
intermittent rivers of Namibia draining into the Namib Desert (De Villiers and
S¢hnge, 1959). These authors note the erosional effect of a rare summer thunderstorm

as far south as Vioolsdrif on the Lower Orange River (Figure 2.2).
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2.3 OCEANOGRAPHY OF THE BENGUELA ECOSYSTEM

The Benguela Ecosystem is one of the four major eastern-boundary current regions of
the world, namely, the California, Peru, Canary and Benguela Current Systems. The
Benguela Ecosystern is found on the western continental margin of southern Africa.
This region is characterised by cold, nutrient-rich upwelling water that supports an

abundant biota.

A brief review of the water properties and current systems is presented in this section
to provide background for understanding the composition and distribution of
sediments in subsequent chapters. An analysis of storm-wave conditions is presented
in an attempt to understand the textural distribution of uncosolidated sediments on the

continenta! shelf,

2.3.1 Currents

2.3.1.1 Upwelling

There is a broad region of upwelling off the West Coast associated with the Benguela
Current. Upwelling is defined by Jury (1981} as a compensating current for offshore
transport of surface waters by long offshore wind stress (Ekman transport). This
compensating current brings cold nutrient-rich subsurface water 1o the ocean surface
and enhances productivity in the euphotic zone (O’Brien, 1983; Naidu and Malmgren,
1995). The combined effect of both the frictional stress of the Southeast Trade Wind

on the sea surface, and the effect of the Earth’s rotation (Coriolis Force), causes the
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surface waters to move northwestwards away from the coast (i.e. causes offshore
deflection). This deflection is accompanied by vertical movement (upwelling) of
oxygen-depleted bottom water from depths of 200 to 500m as a compensatory
mechanism. This northward and westward flow of surface currents (Figure 2.3} off
the West Coast allows this deeper, cool (8°-16°C), low-salinity (34.6-35.0%) watcr to
well up to the surface with little or no loss of its characteristic water properties
(Embley and Morley, 1980) and this creates a nutrient-rich zone with high biotic

productivity. Upwelling to the surface depends on the strength of the coastal winds.

Although upwelling occurs along the entire coast (Figure 2.1), its intensity varies in
time and space. It varies mainly as a function of the seasonality of the wind regime,
but also due to modification of the latter by the coastal topography and thermal
regime, whilst shelf bathymetry influences the movement of upwelling water across it

(Shannon, 1985; Pether, 1994),

The most marked seasonal variation in the upwelling is in the south of the Olifants
River, where the modulation of the South Atlantic Anticyclone Circulation by the
weslerlies is greatest, and hence suppresses upwelling-favourable winds in  winter
(Shannon, 1985). Farther north, upwelling is persistent throughout the year with a
minimum in autumn and a maximum in spring. Upwelling occurs more {requently
and intensely frora the Orange River northward to Lideritz (Figure 2.1), where wind

speeds are highest than elsewhere along the coast (Schulze, 1965).
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The study area lies in the Namaqua Upwelling Zone. Off Namaqualand, the Namaqua
upwelling cell (Cell ¢) is present for about 60% of the time (Shannon, 1985) (Figure

2.1).

2.3.1.2 Poleward Undercurrent

Hart and Currie (1960), De Decker (1970) and Nelson (1989) have identified a very
weak southward-flowing countercurrent underneath the Benguela Current, which is
often referred to as the poleward undercorrent or the Benguela Undercurrent. This
poleward undercurrent, which is found along the inner shelf, compensates for water
removed from the 200 to 500 m level by perennial upwelling (Hart and Currie, 1960;
Nelson, 1989). Evidence of the existence of the poleward undercurrent is provided by
the advection of low-oxygen water as far south as the Orange River from Angola
(Nelson, 1989). The average speed of this poleward undercurrent is about Skm/day
and the shallowestisobath at which it has an effect varies but it can be generally

regarded as being below 100m (Nelson, Pers. comm. 1997},

2.3.1.3 Benguela and Angola Currents

The northward-moving Benguela Current encounters the southward-moving Angola
Current near the Kunene River mouth (Figure 2.1}, Unlike the Benguela Current, the
Angola Current is nutrient-poor, warm, saline and oxygen-deficient. The interaction
between these two currents periodically results in mass mortalities of plapkton and

fish in the Walvis Bay region (Copenhagen, 1953) (Figure 2.1}
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The distinction between the Benguela Current and the South Atlantic Trade Wind
Drift around the Anticvclone can be drawn off Cape Town. This Drift lies over the
shelf break, west of the Benguela Front (Birch ef al, 1976). There is intermitient
development of south-setting surface currents close 1o the coast and these are ascribed
to the Angola Current, north of Walvis Bay. Souoth of [ideritz, these currents are
ascribed to northwesterly winter gales (Birch et al, 1976). The persistence of the
poleward undercurrent is also evident over the inner shelf, The poleward undercurrent
affects the southward dispersal of suspended material (mud), which is deposited
mainly in a long, coast-paraliel mud-belt extending from the Orange Prodelta to 8t
Helena Bay (Rogers, 1977, Birch et al. 1986; and Rogers and Bremner, 1991). This

mudbelt is the {ocus of this study.

Rogers {1977), Bremner ef af {1990) and Rogers and Bremner (1991} describe, in
detai} the influence of the wave and current regime in the fate of sediment delivered to
the sea by the Orange River. These authors note that the sharp textural change in
sediments north and south of the Orange River mouth is ascribed to waves and coastal
currents. Rogers (1977) proposed that this textural change indicates that most of the
terrigenous sand and gravel issuing from the Orange River is transported by
northward-moving littoral drift, whereas the south-southeasterly moving  poleward
undercurrent transports terrigenous mud in suspension southward off the Orange
River. This undercurrent is responsible for the extensive temrigenous mudbelt that
continues southward for about 500 km along the inner shelf to St Helena Bay

{Rogers 1977, Birch ef al., 1986; Bremmer ez al., 1990; Rogers and Bremner 1991).
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2.3.2 Productivity
The whole West Coast falls under the influence of the Benguela Current which is a2

cold watermass of extremely high productivity (Pollock and Beyers, 1981}

Andrews (1974} states that periodic calms during the summer months and reversals in
wind direction in the equinoxes, cause marked variations in the nutrient content of the
water. The resulting abundant nutrients in the upwelled waters make these waters the
most productive in the world (Birch et al., 1976). In spite of upwelling being most
intense off the Bogenfels-Lideritz region, where wind speeds are highest, productivity
is highest towards Walvis Bay viz. 3.8 grams/ne” (Steeman-Nielsen and Jensen, 1957
from Bremner, 1977). The high mput of organic matter to the bottom sediments and
its bacterial and chernical decomposition deplete the botiom water of oxygen and lead

to anaerobic conditions, off Walvis Bay (Figure 2.1).

2.4 Oxygen, Salinity and Water Temperature

Oxygen levels, salinity and water temperatures affect the preservation of organic
matter and hence are of vital importance in understanding the distnibution of bottom
sediments on the continental margin, A full account of these factors is presented in
Rogers (1977). A cursory review of these factors will be presented in this section
which is derived chiefly from Rogers (1977). Figure 2.4 summarises oxygen, salinity
and temperature distributions off Orange River during periods of pronounced and

reduced upwelling.
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24.1 Oxygen
There is a seasonal fluctuation of interface between the oxygen-rich Benguela Current
and the oxygen-deficient Angola Cumrent with significant consequences for both

maripe organisms and biogenic sediments.

The formation of the 50 m-thick oxygen-minimum layer off the Congo. River is
attributed to three causes: 1) oxidation of dead plankton and their excreta (organic
matter) while sinking through the water column; 2) respiration of oxygen by living
plankton; and 3} chemnical and bacterial decomposition of organic-rich biogenic

sediments.

Oxygen is replenished rmainly from the atmosphere at the air-sea interface in the
mixed-surface layer. Phytoplankton also produces oxygen via photosynthesis.
However, because plankion-rich water is less transparent to the light required for
photosynthesis, this mode of oxygen is inhibited. In addition, thermocline stability
helps to conserve the oxypgen-poor water within it by hindering vertical mixing

(Rogers 1977).

When upwelling ceases to replenish oxygen and calm conditions {nhibit mixing in the
surface layer, continuing oxidation of sinking organic detritus, respiration of plankton
and decomposition of organic-rich sedimesnts lead to upward expansion of the bottom
layer of oxygen-poor water. When this oxygen-deficient layer reaches the surface,
mass mortalities of plankton, nekton and birdlife result (Birch 1975, Birch et al. 1976;

Rogers 1977). Rogers (1977) notes that this additiopal mflux of organic detritus
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accelerates the consumption of oXygen until anacrobic conditions occur, particularly
in the interstitial waters of the sediments. Under such conditions, organic matter is not
oxidized and accumulates on the sea floor (Rogers, 1977). Formation of pyrite and
gypsuin under similar conditions during Neogene is proposed by Siesser and Rogers

(1976).

The poleward undercurrent has a greater influence north of the Orange River. This is
evident {rom the fact that oxygen-deficient water is more extensive off Syivia Hill

than Orange River.

2.4.2 Temperature

Water with terperatures ranging from as low as 8°C during upwelling to about 16°C
during quiescent {or downwelling periods) extends along the coast and up to 225 kmn
offshore in winter and spring, and hence temperature gradients are correspondingly
less pronounced {Pollock and Beyers, 1981; De Decker, 1987). This occurs when
north-westerly winds push warm offshore surface waters towards the coast and
suppress the upwelling of cold water. In summer and autumn, temperatures are higher
and therefore tempcerature gradients are greater due to solar heafing of surface water.

Offshore, the coldest water (< 10°C) is found below 100m in spring (Bailey, 1979).

2.4.3 Salinity

Bailey (1979) notes the complexity of both salinity and temperatures above 200m

water depth. He points out that salinity and temperature depend largely on:

3
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1) whether an incursion of “oceanic water” has taken place; 2) whether upwelling has
recently taken place, in which case “coastal water” will exist; 3) or whether quiescent

conditions exist.

Like temnperature and oxygen concentrations, salinity varies with seasonality. The
seasonal variation of innershelf region salinity follows that of temperature, being
lowest at about 34.90% (-100m) during the spring upwelling period (Figure 2.4). Low
salinities occur near the Orange River mouth. These are localised effects caused by
dilution of the seca water with river water, particularly after summer rains. The
influence of the Orange River input is clearly indicated by the low-salinity tongue
extending offshore (Hart and Currie, 1960). This low salinity is also found under weak

upwelling conditions (De Decker, 1987).

2.5 Offshore Geology

This section gives a brief description of the salient features of sedimentation along the
inner shelf off Namaqualand in order to give a betler perspective to the ensuing

description of sediment in the study area.

The bedrock of the inner shelf along the Namaqualand Coast is composed of Late
Precambrian basement. This Precambrian basement continues between 2 and 10 km
offshore onto which lap the shallow seaward-dipping Upper Cretaceous sediments of
the middle shelf which dip scawards at a shallow angle (De Decker, 1987;

Woodborne, 1991) 100 to 110m isobaths {(Rogers, 1977). The Upper Cretaceous
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rocks are the oldest marine deposits offshore covering the Precambrian basement

Rocks (De Decker, 19871

Regional studies by O"Shea (1971), Birch (1975), Bivch er al. (1976), Rogers (1977},
Birch ez al., (1986}, De Decker (19873, Bremner et al., (1990), Rogers and Bremner,
{1991} and Woodbore (1991} indicate the presence of a prominent continuous
wedge-like body of acoustically transparent mud, which les south of the Orange
Delta. This is a Holocene deposit of mud introduced onto the shelf by the Orange
River and carried to the south by the poleward-lowing undercurrent. This deposit is
about 25m thick along the inshore edge where it lies against the steep seaward slope
of the inner-shelf bedrock and across the inner-shelf-middle shelf boundary in water

depths between 60 and 90m (De Decker, 1987).

Anpother sediment body which averages 6m in thickness and consists of silty sand and
shells, with occasional gravels pear the base of the sequence, is present north of the

delta and lies inshore of a series of bedrock ridges just seaward of the surf zone (De

Decker, 1987).

2.6 Bathymetry

A detailed description of the bathymetry and surficial cover of the western continental
shelf is presented in a trilogy of theses (Birch, 1973; Rogers, 1977; Bremner, 1977).
Dingle et al (1987) comprehensively summearise the bathymetry of both the Southeast

Atlantic and the South West Indian oceans in two charts at a scale of 1 : 3 200 000.



The most recent detailed bathymetry is presented by Woodborne (1991), however, this

only covers a portion of the study area (i.e. between Kleinsee and Port Nolloth).

A general description of the morphology of the inner shelf is presented in this section.
The airm is to give perspective to the more anomalous pature of the inner shelf in the

study area.

(Birch et al. (1976) and Rogers (1977) have defined the inner shelf as a region along
the coast underlain by pre-Mesozoic rocks. In contrast, De Decker (1987) prefers to
define the inner shelf as the region between the coast and the shoreward edge of a
terrigenous mudbelt that is continuous for most of the west coast. Rogers (1977) and
Birch er al. (1991) term this the Orange River mudbelt. Where the mudbelt is absent,
De Decker (1987) uses the 50m isobath as the boundary. His argument is that the
inner-shelf slope (i.e. bedrock forming the relatively steep seaward slope of the inmery

shelf} generally dips beneath unconsolidated sediments at this depth.

In this study, the inner shelf is considered as the region along the coast underlain by
pre-Mesozoic basement. De Decker (1987} states that the major part of the inner shelf
is at a depth of 20-40m with a gradient of less than 0.5°. Woodborme (1991) calls this
low-grading region the “inner-shelf platform™ Beyond this region, the “inner-shelf

stope” grades down more steeply beneath the mudbelr (Figure 2.5},
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The middie shelf lics seaward of the inner shelf. The boundary between the inner and
middle shelves occurs at a depth of about 110m and can be identified by a distinct

wave-cul terrace.

"The middle shelf grades into the outer shelf, whose cuter boundary is the shelf break.
Below the shelf break lies the continental slope (Birch et g/, 1976). Bathymetric
nomenciature used for the west coast continental shelf is shown in Figure 2.5.
Although these terms are not rigorously defined in this study, they do, however

tactlitate description.

The western continental shelf can be divided into three parts viz. the Orange Shelf
(between Hondeklip Bay (30°30'8) and Chamais Bay (26°S), The Walvis Shelf (norih
of Lideritz (27°S)) and a transitional section off Chamais Bay, where the shelf is at its
narrowest (Birch ef al., 1976; Rogers, 1977). The thrust of this section will be the

Orange Shelf since the study area is within this shelf,

The Orange Shelf bulges seaward (up to 180km wide, where the Cretaceous
submirine delta has developed (Dipgle and Hendey, 1984)) off the mouth of the
Orange River with a shelf break at 200m north of the Orange River, but if deepens to
about 500m southward, where a distinct inner shelf break also occurs at 200m (Birch

et al., 1976).

The outer shelf is at about 160m depth on the Orange Banks, (Figure 2.6) whercas the

middle shelf is as deep as 190m (Bremner, 1977; Rogers, 1977). Between the Orange
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and the Buffels Rivers, the inner shelf is mostly covered by sediments of the Orange
Delta (Dingle, 1973a). Firm sediment is found on the sandy delta front, whereas solt
sediment is found on the muddy Prodelta farther seaward, as well as its narrow

extension to the south (Rogers and Bremner, 1991).

The study arca is on the inner shelf off the Orange River and cxtends along the coast
southwards to just north the of the Buffels River. Figure 2.6 depicts the bathymetry of

the west-coast continental margin.

2.7 Onshore Topography (Rivers)

The rivers are major sources of terrigenous input into the oceans. This input is
directly influenced by climatic factors, which control rainfall and the extent of the
rivers’ catchment areas. A brief summary of rivers draining into the study area is

presented in this section.

Three major rivers are on the West Coast viz. the Orange, Buffels and Olifants Rivers.

The first two rivers are in the vicinity of the study area.

"The Orange River, which has already been discussed in detail in the preceding section,
is the major perennial river which flows in the vicinity of the study area. 1t has a vast
catchment area and drains the summer-rainfall region to the east. The Orange River

contributes about 93% of the total sediment input on the west coast (Dingle et al.,

1987).



The episodic Buffels River is considered to be the second major river in the vicinity of
the study area. It is an intermittent river which flows in times of exceptionally heavy
rain in the arid west coast region (Rogers, 1977). The Buffels River has a catchment
arca of 9 375 km” and discharges an average annual sediment load of less than 50
tons/km” (FHeydorn and Tinley, 1980). This river floods occasionally and Woodborne

{1991) reports the most recent pre-1991 flooding event as being in May 1986,

Because of the modern interglacial aridity onshore, other ephemeral Namaqualand
rivers rarely, il ever flow. They, thus, effectively, provide no sediment input to the

South Atlantic Ocean.

To summarize, this chapter outlines climate (terresirial and oceanographic) and
physiography (hydrology and geology) of the study area (Namaqualand mudbelt)
within the wider context of the southern African region. Chapter Threc presents

methods and techniques for data collection and analyses.
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CHAPTER THREE

DATA COLLECTION AND METHODS

3.1 Introduoction

The aim of this chapter is to provide details of the various approaches, methods and
techniques used in this study. Where deem necessary, a justification for the choice of

approach, method or technique will be given.

3.1 Fieldwork

3.2.1 Sampling Strategy and Procedures

Ten grab sarples of surficial sediment and seven large-volume gravity cores, up to
6m in length, were retrieved from the Orange Prodelta southwards the inner-shelf
terrigenous mudbelt between the Orange and Buffels Rivers, off the Namaqualand
coast {(Figure 1.2) in May, 1994 during a cruise of the South African Navy’s
Hydrographic Research Vessel, SAS Protea (Dingle, 1994; Meadows et al, 1997).
The sampling strategy was to obtain cores and surface grab samples of mudbelt
sediment extending as far back through the Late Quaternary as possible, the idea being
that cores from the outer, seaward, margin of the mudbelt, where sedimentation rates
are presumed to be lower, would enable the chronological record to be extended

further back in time, while Cores from the fandward marpin would provide a higher-



resolution record covering a shorter time period (Dingle, 1994; Meadows er al., 1997).
Samples were taken well below the influence of wave-induced currents, wave-base for
a 10-second wave being 78m as shown in equation below:

Lo = 1.56 T% (m)

Lo = 1.56x100 (m)

= 156m
Wave-base = L,/2 = 78m

Where L, = deepwater wavelength, T is wave period in seconds (Boggs, 1995).
Table 3.1 provides precise geographical locations of samples extracted, water depth at
sampling localities and the lengths of each core. The depth of cores H6 and H7 is
comparable with the wave-base for 10-second swell, while other cores are at depths
less than the wave-base of 12-second swell. According o Professor F. Shillington
{Pers. comum.}, the wavelength of will cerfainly have an impact on the sedimentation
processes. The 12-second swell will relatively disturb sedimentation processes more

that the 10-zsecond swell.

3.2.2 Data Collection

Ten Surface samples were obtained with a Shipek rotation grab sediment sampler, and
the cores were taken with the aid of 3 7w-long, 300mm-diameter gravity coser
manufactured specifically for the task (Dingle, 1994). The extracted cores were cut
onboard into 1m lengths and each length was split into two halves. One half was kept
as an archive section while the other half was designated as the working hall. The
archive section of each 1m length was scraped perpendicular to the core-length, with a

broad knife, to reveal undisturbed sediment structures, described, photographed in
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resclution record covering a shorter time period (Dingle, 1994; Meadows ef al., 1997},
Samples were taken well below the influence of wave-induced currents, wave-base for
a 10-second wave being 78m as shown in equation below:

Lo = 1.56 T (m)

Lo = 1.56x100 (m)

= 136m
Wave-base = L2 = 78m

Where L, = deepwater wavelength, T is wave period in seconds (Boggs, 1995).
Table 3.1 provides precise geographical locations of samples extracied, water depth at
sampling tocalities and the lengths of each core. The depth of cores H6 and H7 is
comparable with the wave-base for 10-second swell, while other cores are at depths
less than the wave-base of 12-second swell. According to Professor F. Shillington
{Pers. comm.), the wavelength of will certainly have an impact on the sedimentation
processes. The 1Z2-second swell will relatively disturb sedimentation processes more

that the 10-second swell.

3.2.2 Data Collection

Ten Surface samples were obtained with a Shipek sotation grab sediment sampler, and
the cores were taken with the aid of a 7m-long, 300mm-diameter gravity corer
manufactured specifically for the task (Dingle, 1994}, The extracted cores were cut
onboard into 1m lengths and each length was split into two halves. One half was kept
as an archive ssction while the other half was designated as the working half. The
archive section of each 1m length was scraped perpendicular to the core-length, with a

broad knife, to reveal undisturbed sediment structures, described, photographed in
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Table 3.1 - Geographical co-ordinates of sampling locations showing
depth at sites and length of cores extracted (from
Meadows ef al., 1997)

Water Core
depth (m) length (m)

Site Core Grab Latitude °S Longitude °E

H1 + 28°52.67  16°20.75' 117
H1 | 28°52.59'  16°20.71' 117 0.60
H2 1t 28°52.53'  16°21.29" 116

H2 28°52.53'  16°21.30" 115 6.03
H3 + 28°51.22" 16°21.88’ 103

3 | 28°51.27'  16°21.87 104 5.76
H4 1+ 29°03.43'  16°35.07 115

H4 | 29°03.38'  16°35.15' 115 5.40
H5 ta  29°00.24' 16°35.67 119

H5 b 28°57.18' 16°28.24' 119

H5 tc  28°54.25 16°25.51' 113

H5 | 28°57.26'  16°28.72' 118 2.52
H6 t 29°16.10° 16°50.71' 78

H6 | 29°16.03' _16°50.38’ 78 5.90
H7 t 29°42.16' 17°00.71'

H7 | 29°42.12 _17°00.69’ 80 565

Notes: | indicates coring site. } indicates grab sampling site.



colour (Appendix A) and then stored in custom-built wooden crates. Appendix B
summarises core-lithology descriptions based on the preliminary shipboard
observations made by Dr. J. Rogers and supplemented by Dr. R. V. Dingle’s

observations from the colour photographs, taken by Dr. Rogers onboard.

3.2.3 Sediment Sampling

The working halves of the cores were sub-sampled onboard at Scm intervals using a
specially manufactured, 1m-long, stainless-steel core-divider. Two sets of subsamples
were obtained: 200 ml was immediately stored frozen in air-tight plastic jars for
subsequent work on volatile organic complexes, and the rest (~600 ml) was stored in
air-tight plastic jars at ambient temperatures until they were subsampled for a wide
range of physical (this study and Gray, 1996) and chemical analyses in the laboratory

by G. W. Bailey of South African Sea Fisheries Research Institute.

3.3 Laboratory Procedures

3.3.1 Grain-Size Analyses

A complete flowchart of the analytical laboratory procedures performed on the
sediment is shown in Figure 3.1. A detailed discussion of these procedures is given in
Appendix C. The proportions of gravel, sand, silt and clay were determined by the
author on dialyzed, salt-frce subsamples by wet sieving with a 63pm screen to
separate the coarse and fine fractions. A 2 mm screen was used to sieve the dried

coarse fraction to separate gravel and sand. The wet fine fraction was analysed by the
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author with an Andreasen Pipette (Anonymous, 1967) and a computerized Sedigraph

5000D to determine the proportions of silt and clay on selected subsampies.

3.3.2 Radiocarbon Dating of Core Samples

Twenty-four of the core and grab samples, were radiocarbon dated to reveal
chronostratigraphy of the cores (Meadows ef al. 1997). The ages were determined on
the organic carbon. The organic content of the sediment was thought to be generally
low (Rogers, 1977; Rogers and Bremmper, 1991), and hence the samples were
submitted untreated for age-dating by ACCELERATED MASS SPECTROMETRY
{AMS} radiocarbop-dating, rather than conventiopal radiocarbon dating, at the
National Ocean Sciences AMS Facility {NOSAMS) at the Woods Hole

Oceanographic Tustifute, in Massachusetis, US.A.

3.3.3 Sediment Composition

The composition of the coarse-fraction (gravel and sand) was investigated by the
author by examination under a binocular microscope. Coarse-fraction components
were identified and their abundance estimated semi-quantitatively using the method of
Ingram (1965). This method determines the size distribution, shape and roundness of
the terrigenous fraction by binocular-microscope examination of subsamples of the
coarse-fraction placed on a comparison-sampling tray. The terms dominant (> 50%),
subordinate (5- 50%), minor (<5-1%) and trace (<1%) are used o describe the

relative abundance of these components, terrigenous, authigenic and biogenic.



- Unscaled Radiographs (positives) showing laminated muds from
sections of (cores H2 and H3) and homogeneous muds (core H7)

respectively.

PLATE 1



3.3.4 Xeray Examinations of cores (Radiography)

The archived half of each core was X-rayed for the awthor at the South African
Museumn and X-ray negatives were developed into radiograph positives (Plate 1)
These X-radiographs simplify the determination of sedimentary properties and
facilitate the interpretation of changes in the depositional environment by revealing
sedimentary structures (Axelsson, 1983). X-radiographic techniques employ
absorption of x-rays, which is dependent upon the wavelength of the radiation, the
density and thickness of sample, and the atomic number of the absorbing material.
This means that inhomogeneities in the sediments will cause variable darkening of the
x-1ay film, and then the qualitative information given by the radiographic image may
be quantified by densitometric evaluation {Axelsson, 1983). X-radiographs from
three cores are presented and discussed in this thesis as being typical of the sequences

observed.

3.3.3 Scanning Electron Microscopy

Selected specimens of coarse-fraction components were hand-picked by the author
with the aid of a2 binocular microscope, gold-plated and examined at high
magnifications using the JEOL JSM-3200 Scanning Electron Microscope (SEM) at
the South Adfrican Museum, under the supervision of Ms Linda Bissett. Large sheils

were photographed for the author by My C. Mellem using a Pentax 30T camera.

3.3.6 X-Ray Diffraction Analysis

A total of 120 samples was subsampled at 10cm-intervals (1-6 m} in cores HZ and H7.

These subsamples were analysed for clay mineral composition for the author by Dr. C.
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Buhmann of the Institute for Soil, Climate and Water, in Pretoria. These subsamples
were analysed on a Philips X-ray Diffractometer operated at 45 kV and 50 mA, at a
scanming rate of 1° 20 min”’, using a Co target and graphite monochromator.
Ditfractograms were recorded from 2-35° 6.

The ground samples were dispersed by ulirasonic agitation and the clay {< 2um)
fractions were separaied by centrifugation. Clay fractions were then saturated with
MgCl; or KCl solutions, by shaking them in solution for one hour. The solution was
then allowed to stand overnight to equilibrate. They were then freed of excess salt by
repeated washings. Orientation of the clay was achieved by the suction through
method (Gibbs, 19653, in Buhmann, 1994). Expansion lests were performed by
solvation with ethylene glycol (vapour at 60°C for 24 hours) (Novich and Martin,
1983, in Bohmann, 1994). Potassium-saturated samples were analysed in the air dried

state as well as after heating to 300°C and 550°C.

3.3.7 X-Ray Fluorescence Analysis

A total of twenty-three samples from both cores HZ and H7 were submitted to the
department of Geological Sciences at the University of Cape Town for geochemical
{element) analyses. These samples were chosen in such a way as to best represent
various sedimentary units identified.  The samples were analysed for ten major
elemenis fogether with HyO and Loss on Ignition (LOIY {(which consists of COs,

organic matter and water), and eighteen trace elements.

Nine major elements Fe, Mn, Ti, Ca, K, P, 5i, Al and Mg were determined semi-

quantitatively using fusion disks prepared according to the method of Norrish and
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Hution (1969 in Willis, 1996). The disks were analysed on a Phillips PW1480
wavelength dispersive XRF spectrometer with a dual target Mo/Sc x-ray tube. Iron,
Mun, and 11 were measured with the tube at 100 kV, 25 mA. The other elements were
determined with the twbe at 40 &V and 65 mA, Peak only measurements were made
on the elements Fe through Mg, Sodium was determined using powder briqueties, the
tube at 40 kV and 65 mA, with backgrounds measured at -2.00 and +2.00° 26 from

the peak position.

Eighteen trace elements were determined on powder briquettes in a series of a
analytical runs using a number of different X-ray tubes. Figure 3.2 is a sample
preparation and analyfical flowchart, Full details of these procedures are given in

Appendix F.

In summary, this chapter provides details of the various approaches, methods and

techniques used in this study. Chapter Four presents radiocarbon dates results.
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CHAPTERFOUR

CHRONOLOGY JTIME SCALE

4.1 Introduction

For morc than 40 vears radiocarbon dating has proved a valuable tool in Late
Quaternary studies. It has been used to study the chronology of soil and sediment
development (Wang er al, 1996). By providing numerical age control on
smatigraphy, radiocarbon dating affords determination of the timing (time-scale) of
ewosional and depositional events and makes possible the calculation of the rate and
mgnitude of envirenmental, geomorphic {(Martin and Johnson, 19933 and
sedimentological change. While these radiccarbon dates or ages afford generally
rliable chronometric control (Haas er al, 1986), their significance is sometimes a
perplexing problem (Perrin et al, 1964; Gilet-Blein et éa‘., 1980; Geyh et al, 1983;
Scharpenseel and Becker-Heidmann, 1991). Radiocarbon dating of ancient soils and
sdiments is generally compiicated by “contamination™ with recenily introduced
organic matter (carbon) (GiletBlein er al, 1980; Martin and Johnson, 1995;
Mcachlan, 1993; Wang ef al, 1996). One reason being that, more than often, the
organic roatter cornes from different sources and has different ages (Geyh e al, 1983;
Martin and Johnson, 1995). Sometimes, the problem arises from the fact that organic

maiter may be winnowed and subsequently redeposited.
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4.2 Results

This chapter is based on data derived mainly from Meadows et al, (1997), and
presents the initial chronology and time-scale of the cores, which were obtained
through radiocarbon dating of 24 of the core and grab samples, from the various
identified sedimentary units. These chronology and time-scale upcore are Qiscussed
together with their associated problems in Chapter Seven.

The results of the samples analysed at the Mational Ocean Sciences AMS Facility
{NOSAMS) at the Woods Hole Gceanographic Institte are presented in Table 4.1 and
are summarized in Figure 4.1. Because of the low organic content of the sediments,
the untreated samples were submitted for age-dating by AMS radiocarbon analysis,

rather than by conventional radiocarbon dating (Meadows et al,, 1997).

While there are some significant problems, such as the absence of a consistent
sequence of ages (Core H2 in particular) (Figure 4.1), these radiocarbon dates confirm
the Holocene age of at least the top 6m of mudbelt sediments at all sampled localities.
The voungest age of 570x35 years before present (BP) is derived from near the
surface of Core H2, which is near the Orange River mouth (Table 4.1). The other
young ages come from the tops of Cores H5 (795+40BF) and H7 (880+25BP). The
oldest radiocarbon age is derived from near the base of Core H4, which is transitional
in position between the Orange River mouth and the Namaqualand zones of the
mudbelt (Meadows ef al,, 1997). This is dated at 9790245BP (Table 4.1). The only
other early Holocene date comes from Core HS, which reveals an age of 7890=35BP

at around 2.5m sediment depth.
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Table 4.1 - AMS radiocarbon dates on 24 core and grab samples
from the Namaqualand mudbelt. Material dated in each
case is the organic carbon fraction. Dates courtesy of the
Woods Hole Oceanographic Institution, Massachusetts
(From Meadows et al., 1997).

Site Depth (cm) Lab. No. AMSdate §“C%
H2 5-10 8877 570+£35  -19.11
H2 13-15 8876 150045  -16.75
H2  337-342 8875 135040 -17.70
H2 472-477 8874 1630+40 -16.93
H2  492-497 8873 1290+40 -17.76
H2 557-562 8872 103035  -19.25
H2 592-597 8871 990+40 -18.72
HS5 5-10 8881 795+40  -18.63
H5 32-37 3880 113050 -18.01
H5 222-227 8879 2950+30 -19.90
H5 242-247 8878 7890+55 -19.56
H4 5-8 8885 950+30 -18.63
H4  95-100 8884 6540+35 -20.07
H4  295-300 8883 8850+50 -19.99
H4 505-510 8882 9750+45 -20.07
H6  25-30 8889 125030 -18.48
H6  85-90 8888 1120+35 -19.14
Ho 105-110 8887 128035 -19.00
H6 615-620 8886 3340+30 -19.36
H7 10-15 8894 88025 -20.67
H7 40-45 8893 117025 -19.75
H7 180-185 8892 2220+40 -19.93
H7 345-350 8891 3020+30 -19.82
H7  595-600 8890 329035 -19.89

Note: Prefix H indicates sample taken in May 1994 SAS Protea cruise.
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In summary, this chapter which is based on Meadows et al. (1997)'s work , presents
radiocarbon dating of the Orange-Buffels mudbelt. It confirms the assumed Holocene-

age of this area. Chapter Five presents sedimentological resulis.
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CHAPTER FIVE

SEDIMENTOLOGY

.1 Introduction

A detailed examination of the particle size distribution and composition of shelf
sediments is a prerequisite to an understanding of sedimentary processes as they
operate in the present and as have operated in the past, and it also serve as a powerful
tool in the study of the geological record. To be more specific, blogenic components
of the sediments, particolarly foraminifera (both plankionic and benthic) are widely
emploved in siratigraphy and marine geology for age-dating and palacoenvironmental
interpretation (Muerdter and Kennett, 1984; McMillan, 1987; McMillan, 1993; 1 and
McGowran, 1994; Almogi-Labin ef al, 1995; Chang and Yoon, 1995; Li and

McGowran, 1995; Li ef al, 1995; Vilela, 1995; Li ef al,, 1996a; Li ef al,, 1996).

The main focus of this chapter is therefore: (1) to examine particle size distribution
and composition of shelf sediments and (2} to determine various sedimentary
properties which are found in the swrficial terrigenous sediments of the Orange Shelf.
This is achieved through textural and compositional analyses, and radiographic

techniques.
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CHAPTER FIVE

SEDIMENTOLOGY

5.1 Introduciion

A detailed examination of the particle sive distribution and composition of shelf
sediments is a prerequisite to an understanding of sedimentary processes as they
operate in the present and as have operated in the past, and it also serve as a powerful
tool in the study of the geological record. To be more specific, biogenic components
of the sediments, particularly foraminifera (both plankionic and benthic) are widely
emploved in stratigraphy and marine geology for age-dating and palaecenvironmental
interpretation {Muerdter and Kennett, 1984; McMillan, 1987; McMillan, 1993; Li and
McGowran, 1994; Almogi-lLabin er al, 1995; Chang and Yoon, 1995 i and

McGowran, 1995; Lier al, 1995; Vilels, 1995; Liet al, 19963; Lietal, 1996).

The main focus of this chapter is therefore: (1) to examine patticle size distribution
and composition of shell sediments and (2} to determine various sedimentary
properties which are found in the surficial terrigenous sediments of the Orange Shelf.
This is achieved through textural and compositional analyses, and radiographic

techniques.
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5.3 Sediment Texture

{a) Cores H1, H2, and H3 (Prodeltaic muds}

Sediments from these three cores from the Orange Prodelta are grouped together in
this section, because there was no significant difference between their textare and
composition. On average, sediments from these cores consist of about 99 % mud (i.e.
silt-plus-clay, which is defined as sediment finer than 63 um (>4 phi) (Gary er af.,
1977 in Faas, 1991} and is subdivided into silt and clay, where silt is in the size range
63 um-2um {4 phi-9 phi}, after Udden-Wentworth size classification scheme, and clay
is defined as sediment finer that 2pm (39 phi)), about 1% sand whereas gravel
content is negligible (Appendices G1, G2 and G3 respectively). However, Core HZ
reveals a decrease in sand content up the core to about 4m below sediment surface
{Figure 5.9). Sand content decreases from about 10% (of the total sediment content}
at the base {(6m) to almost ¢ % at about 4m. Conversely, the mud content increases
upcore so that the core, in general, fines upwards. In general, sand is present below a
depth of 1m in all these cores (Figures 5.1 10 5.3}, A selected number of 48 samples
{due 1o Sedigraph failure to work properly) from Core H2 has been wet-sieved using a
63 um sieve to separate mud (silt plus clay ) from the coarse fraction {gravel plus
sand). The mud fractions were analysed using a computerized Sedigraph 5000D to
determiine the proportions of silt and clay (Figure 3.9B, Figure 5.15). The mud-
fractions are polymodal (Figure 5.15), major modes generally in the fine-siit to very
fine-silt range (16um-8um}. The Silt content {63-2um) of the mud-fraction varies

between 20 and 40%, and therefore, is clay-dominant {<2um). On this basis,
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Figure 5.8 - Proportions of gravel, sand and mud (silt and clay)
upcore H1 (Orange Prodeita)

Figure 5.9 (A) - Proportions of gravel, sand and mud (silt and clay)
upcore 112 (Orange Prodeltn).
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Figure 5.9 () - Proportions of gravel, sand, stlt and clay upcore 112
(Orange Prodelta).
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Figure 5,11 « Proportions of gravel, sand and mud (silt and clay)

upcore H5 (West Wreck Point}
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“igure 5,12 « Proportions of gravel, sand and mud (silt and clay)

upcore 114 (South Wreck Point)

Figure 5.13 « Proportions of gravel, sand and mud (silt and clay)

upcore 116 (off Port Nelloth).
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Core H7

Gravel, Sand, Silt and Clay vs Dapth
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Figure 5.14 (B) - Proportions of gravel, sand, silt and clay upcore H?7
(ofT Kleinsee).
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therefore, the sediments (Cores H1, H2 and H3) are classified as slightly silty clays
(Figure 5.17a). Figures 5.8, 5.9A, B, and 5.10 depict textural variations against depth
in Cores H1, HZ and H3 respectively (from the Orange Prodelta). Average sorting (a
measure of the degree of uniformity in the deposit produced by current action during
grain transport and deposition) (Leeder, 1982, Pg. 39) coefficient of the core H2
(Prodelta) samples is 2.28, and is verbally described as very poorly sorted (Folk, 1974,
in Leeder, 1982). However, because these sediments are polymodal, sorting becomes

statistically very unreliable parameter.

(b) Core H5 (West of Wreck Point)

Because Core HS lies in a distal part of the Orange Delta, south of the Orange River
mouth, its texture and composition are described before those of Core H4, which is
located farther south (Figure 1.2). On average, mud contributes about 89 % of the
entire core, whereas sand and gravel constitute about 10 % and 2 % respectively.
These sediments are generally classified as slightly gravelly sandy mud (Figure 5.17b;
Appendix G4). Both sand and gravel decrease markedly upcore and therefore the
concomitant fining-upward trend is more distinct than in Core H2 (Figure 5.11).
Sand decreases from about 30 % at the base of the core to almost 0 % at the sediment
surface (Figure 5.12), whereas gravel decreases from about 50 % at the base of the

core to 0 9% at about 1.3 m below sediment surface.
(c) Core H4 (South Wreck Point)

The texture of the sediment in Core H4 (south Wreck Point} Figure 1.2) is almost the

same as that of Core H2 (Orange Prodelta). On average, mud constitutes 99 % of the
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sediment, whereas sand contributes about 1%. Gravel is negligible {Appendix G3).
This is generally classified as mud (Figure 5.17b). Like Cores H2 and HS5, Core H4
sand content decreases upcore and therefore the core again fines upward (Figure 53.11).
Sand content decreases from about 3 % at the base of the core to almost § % above

1m of the core (Figure 5.11).

{(d) Core Ho (Port Molloth)

In Core H6 which is located off Port Notloth (Figure 1.2), there is markedly high sand
content relative to the rest of the cores. Mud values range between 33-96% whereas
sand values range between 4-67%. However, on average, these sediments consist of
63% mud and about 37% sand and gravel content is negligible (Appendix G6). These
sediments are generally classified as sandy mud (Figure 5.17b). Sand content
decreases upcore, from about 70 % at the base of the core fo about 20 % at the
sediment surface, and therefore the concomitant fining-up trend is still evident. The
first one mefre from the base of the core is dominantly clayey sand {sand is dominant
over mud) whereas the rest is sandy clay (clay dominant over sand). It was not
possible to determine the proportions of silt and clay due to the failure of Sedigraph to

function properdy.

{e) Core H7 (off Kleinsee)

On average, Core H7 consists of 93.6% mud, whereas sand contributes an average of
just 6.4%. Gravel content is negligible (Appendix G7 (3}). Generally, there seems to
be no increase or decrease i sand content upcore except at about 3.7m below

sediment surface, where sand constitutes about 22% (Figure 5.14A). As was the case



with Core H2, a selected number of 72 samples has been wet-sieved and analysed
using the computerized Sedigraph to determine proportions of silt and clay (Figure
5.14A and Figure 5.13) and this reveals that the mud-fractions are polymodal; major
modes generally lie between very fine-silt and clay (8-2Zum), relatively finer than those
of Core H2 {medium to fine sift) (Figure 5.16). Silt content of the mud varies between
11-47% (Figure 5.148; Appendix G7 (ii}) and therefore is clay-dominant. On the
basis of this, therefore, these sediments are defined as silty clays (Figure 5.17a). The
average sorting coefficient of southern samples (Core H7), is 2.73, and are verbally
described as poorly sorted. This sorting coefficient is opce again statistically

unreliable becanse the sediments are polymodal.

5.4 Sediment Composition {Coarse-Fraction )

Coarse-fractions from all the cores have been examined under a binocular microscope,
revealing that the coarse fraction may be divided inio terrigenous, suthigenic and
biogenic components as follows: fterrigenous components: quartz, mica rock
fragments and plant fragments; biogenic components: Foraminifera {benthic and
planktonic), mollusca and shell fragments, sponge spicules, diatoms, and faecal
pellets; gurhigenic components: gypsum. Authipenic gypsum is discussed in detail in

chapter Six. The rest of these components are described in turn below.

3.4.1 Terrigenous Components

Ouartz is the most prominent component of the coarse fractions in Cores HZ, H4, HS,

H6 and Y7 {Figs 5.2, 5.5, 5.4, 5.6, and 5.7 respectively). It occurs in a wide range of
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sizes, shapes and colour. lIts size ranges from <63 ym to individual graing as coarse as
Smrn {fine pebbles) or more in diameter. The dominant size varies between very fine
to fine sand (63 to 250 wm), with sub-ordinate to minot quantities of medium to
coarse sand (250 pm to 1mm). In general, the shapes are sub-angular to sub-rounded
(Plate Z’a) with traces of very rounded polished grains. The colour of these quartz
grains ranges from colourless, pink, yellowish and reddish, with colourless grains
being the most common. Most of this quartz have frosted surface. Quartz is generally

absent in Cores 11 and H3 {Orange Prodelta} (Figures 5.1 and 5.3 respectively).

in general, mica oceurs in subordinate to minor quantities in all cores, constifuted by
light to dark brown flakes with some signs of abrasion on their edges. Flake size

ranges from <63 pm to 5 mm (Plate 2b).

Although rock fragments are generally present in the Orange Prodelta (Cores H1, H2,
and H3) in dominant to subordinate quantities, they are only present in minor to trace
quantities in Cores H4 and H3 (off Namaqualand) and they are completely absent in
cores H6 and HY {(off Kleinsee) (Figures 5.1-5.7). The abundance of these fragments
in the Prodeltaic sediments of HZ appears to increase upcore. A large number of the
fragments bave a greenish tinge colour and are sub-angular to sub-rounded in shape

(Plate 3a).

Plant fragments are present in the form of plant fibres. They occur mainly in the
Orange Prodelta in Cores H1, H2 and H3 and dominate the sand-fractions in these

cores (Figures 5.1-5.3). The plant {ragments are only found in trace amounts in cores
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- Sub-rounded quartz grain from cove 2 at 837 cm from the iﬁp {115
i, Very coarse sand)

- Mica flake from core H6 at 75 cm from the sediment surface (667 pm,
coarse sand)
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H4, H5, H6 and H7 (Figures 5.4-5.7), farther south. These plant fragments are Light to

gark brown in colour.

5.4.2 Authigenic Componenis

Anuthigenic componenis in the form of gypsum crystals are present in the samples.
The identification of this mineral was confirmed by Dr. Frank Eckardt of Oxford
University by X-ray Diffraction.. The gypsum crystals are only found in Cores H4,
16 and H7 (far south of Orange Delta). Gypsum occurs as clear colourless crystals in
the fine to medivm sand-fraction and occasionally in gravel size as intergrown crystals
{sometimes as large as Zmm) {Plates 3b, 4a-b). They ocow in dominant to trace
guantities (Figures 5.4-5.7), and their abundance decreases upoore, since they are
found mainly below a depth of 1.6m. A detailed discussion of the origin of these
crystals can be found in Chapter Seven. No gypsum crystals are found in Cores Hi,

H2, H3 and HS, north of Cores H4, H6 and H7.

5.4.3 Biogenic Components

The biogenic components of the sediments are grouped inlo plankton, benthos and
nekton in this study. The biogenic component of the sediment is constituted mostly of
foraminifera (benthic and planktonic), diatorns and sponge spicules.  Mollusca,
radiolaria, shell fragments and f{ish debris are present in frace quantities. Planktonic
and benthic foraminifera were identified by Dy, L. K. McMillan, while shells and their

fragments were {dentified by Mr. 1. Pether, both of De Beers Marine.
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5.4.3.1 Plankion

(a) Planktonic Foraminifera

Planktonic foraminifera occur in subordinate to trace quantities in all cores (i.e. Cores
Hi, N2, H3, H4, HS, H6 and H7, Figures 5.1-5.7), however, they generally occur in
subordinate quantities.  Among species that are identified are left-coiling
Neogloboquadrina pachyderma (Ehrenberg) (Plate Sa-d), Globorotalia inflata

(d’Orbigny) (Plate 6a) and Globigerina quinqueloba Natland (Plate 7a-b).

(b} Diatoms

Diatom frustules are gencrally made up of random network of tetrahedrally bound
silicon atoms with nonstructural water (approximately 10%) (Calvert, 1966, 1974, in
Bremner, 1977). Their wall microstruclures consist of a sponge-like mass which
gives the frustules an extremely high porosity (Lewin, 1961, in Bremner, 1977).
Diatoms are gencrally resiricted to the Namaqualand-shelf (Cores H6 and H7)
(Figures 5.6-5.7). In general, they are present in subordinate quantities. Some of
these siliceous frustules of centric diatoms are large, up to Imm in diameter (Plate 8a),

although no attempt was made to classify them taxonomically.

{c) Radiolaria

Radiolarians are almost absent throughout the study area (Figures 5.2-5.7). Where
present, they occur occasionally in trace quantities. Plates 9a-d show radiolarians
observed in these cores. As was the casc with diatoms, no attempt was made to
classify them taxonomically, but Robson, (1981; 1983) also illustrated the radiolarian

in both Plates 9a-b, as Hymeniastrum euclides Haeckel. Plate 9a, is an example of
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secondary growth on a specimen of the same species (Robson, 1981; 1983). Plate 9c
is identified as Spongotrocus venustum (Bailey) (Robson, 1981; 1983) while Plate 9d

is unidentified.

5.4.3.2 Benthos

(a) Benthic foraminifera

Benthic foraminifera are found only in trace quantities in Cores H1, H2 and H3 in the
Urange Prodelia. They are iess common than planktonic foraminifera in these cores,

i.e. the Benthic/planktonic ratio (B/P) i these cores is <1.

Quinqueloculina sp. (Platc 6b), Cassidulina laevigata d’Qrbigny (Plates 10a-d),
Bulimina exilis Brady (Plates 11a-b), Bulimina aculeata d’Orbigny (Plates 12-a-d},
Ammonia jeponica (Hada) (Plates 13a-d) and Nonion boueanus (d’Orbigny) or
Pseudononion chiliensis (Cushman and Kellett) (Plate 14a) and Nonionella mrgida
(Williamson) (Plates 15a-c) are the most common species in these cores, from the
Orange Prodelia.

Southward from the Orange River mouth, both the abundance and diversity of benthic
foraminifera increase. In general, benthic foraminifera are present in subordinate
quantities and less often dominate sand-fraction components in Cores H4, HS, H6 and
H7 (Figures 5.4-5.7). Common species -in these cores are Cassidulina laevigata
(Plates 10a-d), Bulimina exilis (Plates 1la-b), Bulimina aculeata (Plates 12a-d),
Ammonia japonica (Plates 13a-d), Stainforthia fusiformis (Williamson) (Plates 16a-c),
Nonionella turgida {(Plates 15a-c), Brizalina pseudopunctata (Hoglund) (Plate 17a),

Elphidium macellum (Fichtel and Moll) (Plate 18a), Elphidium advenum (Cushman)
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Plates 18b-d), Lobatula lobatula (Walker and Jacob) (Plates 19a-d), Lagena
semilineata Wright var. (Plate 20a), Oolina sp. McMillan (Plates 20b-c), Elphidium
cf. alvarezianum (Plate 20d), Discamming compressa Goes (Plate 21a) and

Buliminella elegantissima (d’Orbigny) (not on plate).

{(b) Sponge spicules

No sponge spicules were observed in Cores H1 and H2, on the Orange Prodelta.
Sponge spicules are found only in frace quantities in Cores H3 and H4., Their
abundance increases southwards away from the Orange River mouth. They are
present in dorminant to subordinate quantities in Cores H6 and H7, which are the most
southerly cores in the study area. Sponge spicules are composed of silica and
resemble delicate glass rods (Plate 22a). Although their diameter is estimated as less

than 63 pm, they are longer than 63 um, and hence found in sand-fraction.

(c) Shell and shell fragments

Motlusc {gastropods) shells and their fragments are the chief components of shell and
shell frapments. Other shell fragments include bivalves. In generai, shell fragments
are present only in trace quantities in all cores except Core H1 on the Orange Prodelta,
where no shells fragments are observed, and core H5 where these shell fragments
dominate gravel and sand fractions at the bottom of the core (Figures 5.1-5.7).
Unbroken gastropod shells are observed in Cores H4, H5, H6 and H7, but are most
frequently found in Core H4. Unbroken gastropod shells are exclusive to Cores H4
and HS and are the chicf component of the gravel fraction. The most common spccies

of gastropods identified in these sediments are Burnupena limbosa (Lamark, 1822)
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(Plate 23a), Nassarius vinctus (Magrat, 1877) (Plate 23b), Volutocorbis lutosa Koch,
1948 (Plates 24a-b)y and Comitas saldanhae (Barnard, 1958) (252}, These shells are
usually not corroded and “fresh” locking. The most common bivalve is Tellina

analogica Sowerby, 1904 (Plate 25b).

(d) Ostracods
Ostracods are generally found occasionally in trace amounts and hence no detailed
work was attempted on them. However, where present, they have either smooth

exterior of an ornament of some nature {Plate 26a).

{e) Faecal Pellets

Although they are absent or present only in trace quantities in Cores HI, H3, H6 and
H7, benthic faecal pellets are abundant in Cores H2, H4 and HS (Figures 5.1-5.7).
They are found as ovoid particles, medium to coarse sand (500 to 250 um) in size
(Plate 26b). Their occurrence in Cores H2, H4 and HS5 varies from dominant to
subordinate, although they are most abundant near the surface of the cores,

particolarly in the upper 30cm.

5.4.3.3 Nekton
(a) Fish Debris
Fish remains are almost exclusive to Core H4 (Figures 5.1-5.7}. These fish remains
consist of scales, fish otolith (Plate 27a), crab claw (Plate 27b), fish tooth (Plate 27c),

vertebra (Plate 28a) and a jaw (Plate 28b).
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Family Turridze
Fleniiedy sedledeiribiee 1B

Bivalvia

Family Tellinidae
Telling amadogica Sowerbv, 1924
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In summary, this chapter presents sedimentological and biogenic resulis. Pasticle size
distribution and composition of shelf sediments are examined and, various
sedimentary properties which are found in the surficial terrigenous sediments of the
Orange Shelf are determined in this chapter. Chapter Six presents mineralogical and

geochemistry resulis.



CHAPTER SIX

MINERALOGY AND GEOCHEMISTRY

6.1 Introduction

Clay minerals are major products of weathering processes and major components of
most sedimentary rocks, and hence the clay mineralogy of the sediments is determined
mainly by the weathering conditions in the source arca (Brownlow, 1996) and is a
product of essentially three factors which are: (1) the nature of the detritus, (2} the
environment of deposition and (3) the metamorphic history (Jeans, 1986, in Buhroann,
1994) . Thereforc because the character of clay minerals is largely dependent on the
geology and climate of the source area (Birch, 1975) and the environment of
deposition, geochemical and mineralogical aspects of sediments are closely linked.
Brownlow (1996) notes that knowledge of the major and.trace elements content of
rocks allows plausible speculations on their origin and history. A comprehensive
investigation of mineralogical and geochemistry of continental margin sediments may
provide valuable information regarding the origin of these sediments and paleoclimate

of the source area and conditions at the environment of deposition.

The results of a mineralogical analysis of the <2Zum sediment size fraction and
geochemical investigations on the whole rock are presented in this chapter. The

results are reported in two sections according to geographic location. Sixty samples



from Core H2 form the first group and are referred to as Orange Prodelia clay
minerals. The second group of sixty samples is from Core H7 and are referred 1o as
the inner shelf clay minerals off Namaqualand., Distribution of gypsum is reported
and its origin in marine sediments is discussed. Finally, these two groups of clay
minerals are compared (o each other and then compared with major and trace elements
determined from selected samples in the same groups. 1t is hoped that these results
will aid in the identification of provenance areas and their dispersal patterns. These
results may also help to delermine the influence which onland variations exert on the

adjacent sediment (Birch, 1975}

It must be noted that clay minerals mentioned in this work {e.g. smectite, mica,
vermiculite etc.) are mineral group names, and no attempt was made 1o identify the
actual mineral species {(e.g. muscovite mica or montmorilionite within the smeclite
group}). Analytical methods used to determine these minerals and clements are

described in chapter Two.

6.2 Mineralogy

Eight clay minerals were identified in both Orange Prodelta (Core H2} and the inner
shelf off Namaqualand {Core H7, off Kleinsee), viz. smectite, vermiculite, chlorite,
mica, kaolinite, quartz, plagioclase and alkali feldspars. A complete listing of clay
mineral proportions is given in Appendices I and E. Figure 6.1 and 6.2 are visual

representations of these clay minerals upcore.  The terms, detrital, secondary,
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precipitated and avthigenic minerals are used in this study. Therefore their definitions
are given below so as to avoid ambiguity.

Detrital minerals are those minerals which survived during weathering and
transportation (Boggs, 1995). Secondary minerals refer io new minerals formed
during weathering and transportation. Precipitated minerals are those minerals formed
directly from sclution, chemically or biologically, and authigenic minerals are formed

in sediments during and after deposition (Leeder, 1982).

Mica (probably illite species) is the most dominant clay mineral in both the Orange
Prodelta {Core H2) and the inner shelf, off Kleinsee (Core H7). The concenirations of
this mineral (which will be referred to as illite in sections to follow in order to
facilitate comparison of this work with other works done in the region) range between
27 and 41% in the Orange Prodelta {Core H2), and 21 and 41% in the inner shelf
{Core H7}. Its average concentration in both locations is about 33% (appendices D

and E}.

Smectite {most probably montmorillonite species) is subordinate to mica in both
locations. Its concentrations range between 13 and 34% in the Orange Prodelia (Core
H2} and 10 and 36% in the inner shelf, off Kleinsee {Core H7). The average
concentration of smectite (to be referred to as montmorilionite) in both is about 24%

(appendices D and E).

Vermiculite is the third most abundant clay mineral in the Orange Prodelta {Core H2).

Its concentrations vary between 6 and 26%, and its average conceniration is about



18%. On the other hand, vermiculile appears (o be subordinate to kaolinite, chiorite
and plagioclase clay minerals in the inner shell off Kleinsee (Core H7). Its
concentrations range between O and 12% and its average concentration is 6%, the
value well below those of kaolinite, chlorite and plagioclase, which are about 15%,

8% and 7 %, respectively Appendices D and E).

Kaolinite and chlorite minerals are present in almost equal quantitics in the Orange
Prodelta (Core H2) (Appendix D). Their average concentration is about 8%. Chlorite
mineral concentrations range between 4 and 14% in the Orange Prodelta (Core H2),
whereas kaolinlte concentrations range between 6 and 11% in the inner shelf (Core
H7). Kaolinite is the third most abundant clay mineral in the inner shelf off Kleinsee
{Core H7), with its concentrations varving between 9 and 26% (Appendix E). Its
average concentration is about 149, This average concentration of kaolinite (14%)is
interesting when compared to the much lower average concentration (8%} in the

Crange Prodelia.

Quartz is subordinate to kaolinite and chlorite in the Orange Prodelta (Core H2) but
dominant over plagioclase (Appendix D) . Its values yange from 3 10 5% and its
average concentration is about 4%. On the other hand, plagioclase and vermiculite
clays are dominant over quartz in the inner shel{ off Kleinsee (Core H7) {Appendix
E). Plagioclase and vermiculite clays average 7% and 6%, respectively. Their values

range from between 3 to 16% and U to 129% respectively.
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Alkali feldspars are present in frace quantities in both locations. Average values in

both Orange Prodelta and the inner shelf are Yess than 1%.

Large, unbroken tabular euhedral gypsum crystals (Plates 3b, da-b) ave found on the
inner shelf in Cores H4, H6, and H7, There are no gypsum crystals found on the
Urange Prodelta (Cores HZ and H3). The gypsum crysials oceur as clear, colourless
crystals of fine to medium size and occasionally in gravel size as intergrown crystals.
They occur in dominant to trace quantities and abundance decrcases upcore. They are
found mainly at the bottom of the cores, generally more than 1.6m below the sediment

surface.

6.3 Geochemistry

Silicon (51} is the most dominant element in both Cores H2 (Prodelta) and H7 (off
Kleinsee) (Table 6.1). [is concentrations range between 2876 and 48.84% in the
Orange Prodelta (Core H2), whereas its average concentration is 43.09% (Table 6.1).
The Si concentrations in Core H7 vary between 31.97 and 41.47%, and its average

concentration is 37.86% (Table 6.1).

Titaniurn (11} is generally present in trace quantities in both Cores H2 and H7, Its
concentration ranges between .77 and (.85%, and its average concentration is (L82 in
Core H2. Titanivrn concentration in core H7 ranges between (.56 and 0.87%, while

its average concentration is (.76%.



Table 6.1'MAJOR ELERMENTS

{CORE H2}

Sample No.
Hz.718
H23.14
H2.G2
Ha2.3.7
H2.1.18
Ha.1.20
H2.5.1
H24.14
H2CC2
H21.3

AVERAGE

{CORE H7)

Sample No.
H7.5.4
H7.1.1

H7.6.18
H7.8.12
H7.1.2
H7.5.18
H7.218
H7.1.18
H7.G2
H7.3.11
H7.4.18
H7.6.14
H7.3.11B

AVERAGE

Si0z TIO2 AIZO3 FE203 MRNO  MGO CAD NAZOKZ0 P08 S8

46,03
47.23
47,73
47.68
48.91
47.16
47.99

481
48 67
47.47

47.90

Bi02
414
44,12
45,71
43.92
43.11
43.32
42.13
43.44
44.44
4128
42.81
44.95
40.47

43,18

0.69
0.68
(.68
0.63
.64
.64

8.7
.68
o8
0.88

0.57

T2
.56
6.82
0.88
02.61

0.6
0.61
.61
0.64
0.57
0.57
0.58
0.61
.55

$.60

16.45
16.22
14.62
16.38
15.88
18.24
i6.14
18,27
13.87
14.02

15.51

Hi23
11.81
12.53
14.07
12.91
12.21
12.58
12.38
12.58
12.62
11.81
12.32

13.6
11.5¢

12.54

7.65
7.88
692
7.34
7.31
746
7.85
7.16
785
86.97

7.30

FE203
B5.05
85,49
541
£5.05

6.3
£6.15
.33
£.28
5.79
5.97
8.16

8.5
5485

.18

0.053
0.048
D033
0.048
8.042
0043
{1044
{0.046

(.04
8.042

0.05

RANO

.036
3.037
0.035
0.034
{3,036
0.035
£.035
0.037
0.032
0.034
0.033
{.038
0.033

6.03

2.24
2.58
252
2.38
2.42
2.34
2.21
213
2.54
2.66

2.40

MGO
25
271
2.38
237
2.83
2.62
2.72
2.54
2.36
2.8
2.68
2.41
274

287

0.8

1.2
1.78
1.43
1.57
(.92
1.24
1.43
1.82
354

1.58

CAD
5.27
4.28
2.11
3.58
4.23

4.2
4.8
2509
3.08
8.57
5.1
2.95
8.42

$.28

1.85
1.1
2.61

1.9

1.4
3.43
1.22
3.38

1.2
1.28

1.94

MNAZG
1.18
1.2
272
5.06
2.95
3.91
5.41
4.3
3.42
1.04

2.51
1.08

2.83

2.87
275
2.64
3.04
2.95
2.95
2.68
2.58
243
255

2.72

K20
2.38
2.38
2.91
2.68
2.34
2.58
2.45
2.5
2.53
2.2
2.5
274
2.14

2.4%

.15
0.17
.18
0.5
0.14
€14
(L35
.18
G.21
0,18

0.16

p2ls
G.18
0.2
G.15
.18
318
8.9
0.19
0.18
.23
0.22
0.19
.16
.22

0818

G.21
0.2
.24
0.19
4.21
g.22
(.18
(.25
(.62
481

0.29

3
1.649
1.682
1.27
1.52
1.48
1.34
1.52
1.48
1.08
1.46
1.48
1.37
1.37

1.44

H20 L

7.87
534

7.5
7.02
.39
9.06
6.54
7.18
516
5.81

6.80

H20
£.08
512
705
8.09
6.81
8.75

5.8

10.14
8.85
5.65
827

8.7
8.08

T8

10.76
12.05
1141
8
1017

.41
10.68
10.14

10.3
12.34

10.71

Lo
16.04
16.58
12.88
14.3
16.26
15.9
17.42
1291
14,12
17.66
14.66
13.82
16.04

15.28

TOTAL
g7.53
§7.45
98.55
898.36
98.03

100.01
87.01
98.48
895.6%

Z8.1

98.02

TOTAL
897.16
97.87
88.38
101.3
25.25

10015
101.81
100.04
88.91
97.24
96,79
88.35
96.56

98.75



Alominium (Al} is the second most abundant element in both cores. It is subordinate
to Silicon. ks concentrations vary between 16.61 and 20.47% in Core H2 {(Orange
Prodelta), and its average concentration is 18.99%. 'The concentrations of Aluminium
in Core H7 (inner shelf, off Kleinsee) vary between 11.76 and 17.84%. Its average

concentration is 15.83%.

Manganese (Mu) is also present in trace quantities in both Cores HZ and H7.
Manganese concentrations range between 0.06% and 0.07%, but its average
concentration is 4.06% in Core HZ. Manganese concentrations in Core H7 vary

between 0.03 and 0.05%. Its average concentration is 0.046%.

Mapresium (Mg} concenirations vary between 2.61 and 3.28%, and iis average
concentration is 2.94% in Core H2. The concentrations of Mg range between 2.5%

and 3.72%, whereas its average concentration is 3.25% in Core H7.

The concentrations of Calcium (Ca} vary between 1 and 4.36% in Core H2 (Orange
Prodelta), while its average concentration is 1.94% {Table 6.1}, The concenirations of
Ca range between 2.68 and 8.72% (Core H7) (the inner shell, off Kleinsee}, and its

average concentration is 5.33, well above that of Core H2.

Potassium (K} is present in both Cores HZ and H7 in low concentrations. The
potassivm concentrations in Core H2 vary between 2.91 and 3.7%, and its average
concentration is 3.34%. Iis concentrations in Core U7 range between 2.17 and 3.69%,

and its average concentration is 3.14%, slightly less than that of Core H2.
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Phosphorus (P) is also present in trace quantities in both Cores H2 and H7. Its
concentrations vary between 0.17 and 0.25% in Core H2, while its average
concentration is 0.2%. The Phosphorus concentrations in Core 7 vary between 0.18

and (.3%, and its average concentration is (1.23%, almost the same as in Core H2.

Mineralogical and geochemical results are presented in this chapter. Chapter Seven

provides a general discussion of all findings of this research and their implications.
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CHAPTER BEVEN

DISCUSSION

7.3 Introduction

The aim of this chapter is to provide a general overview of the findings of the research
and fo review and discuss implications of the results presented in Chaplers Four, Five

and Six,

7.2 Chronology

The radiocarbon-dates chronology reveals some interesting observations, which
deserve closer scrutiny. Ten of the 24 dates {all within the narrow temporal range of
1600 o 1700 BP, and these dates are associated with the strongly laminated facies.
The material comprising the laminated clays appears o be consistent with their
deposition within a narrow time range of just a few hundred years; altemnatively, the
sediments contain organic material which has a relatively uniform radiocarbon signal

{Meadows et al, 1997).

Although the temporal sequence in most of the cores {(e.g.. Core H7), is indicative of
sediments depaosited in a logical chronosequence, other cores (H2 in particuiar) reveal
an absence of consistency in a chronolegical pattern; in fact, the pattern could even be
described as random (Meadows e al, 1997). Meadows et al. (1997) identified two

types of inconsistency.  Firstly, the surface or near-surface sediments, which were
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expected to vield very recent or even contemporary ages, ave considerably older and,
sccondly the dates are not always compliant with the Principle of Superposition that
deeper layers are older than younger overlying layers. Each of these problems is

discussed below,

Meadows er gl. (1997) note with concemn that the absence of modern or contemporary
ages in presumed surface is unexpected. The dates at the “surface” are as foliows: HZ:
570+35BP, H3: 795+40BP, and H4: 950«=30BP. This anomaly may be explained
through several hypotheses which are examined in tum. The presence of old
“surfaces” (over 570 vears old} may be attributed to over-penetration by the corer. In
her Master of Science research at the University of Natal, MclLachlan (1995) found
cores in the innershelf, off Walvis Bay, having tops over 1000 years old and argued
that over-penetration of the entire corer beyond the sediment-water interface could
have cccurred, because of the fluid nature of the mud at the sediment-water interface
and the weight of the core, even when empty. Alternatively, the modern material may
not have been sampled at all, due to the failure of the sampling techniques to capture
it, but Meadows ef al (1997} rule out these possibilities on the grounds that the Van
Veen grab sampler which was used to obtain surface dates at H2 and HS, is generally
regarded as a highly effective means of obtaining submarine surface sediment
material. Nevertheless, this method could aiso be a problem in highly fluid interface

situation,

Ancther possible explanation could be that modemn material bas either failed to be

deposited, or has settled out but been transporied elsewhere by bottom currents
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thereafter. This hypothesis is supported by Birch et al (1986) (in Meadows et al,
1997) through their sediment-budget studies which indicate that accumulations of
offshore material in the region fall short of sediment supply estimations by a
considerable margin. This is further supported by a suggestion that deceleration of
shelf-subsidence during the Quatemnary could result in sediment being washed across
the shelf, into deeper water (Meadows et al,, 1997). In addition, this hypothesis is
also favoured by high turbidity of the mudbelt sediment-sea interface (Rogers, 1977,
in Meadows et al, 1997). However, this hypothesis needs to be properly

substantiated.

Another possible explanation might be “contamination” of older sediments by modern
material through bioturbation foliowing sedimentation. This possibility is however
ruled out by the presence of strongly developed laminations, particularly in the Orange

River section cores (Mabote et al. 1997; Meadows ef al,, 1997).

A fourth possibility may be incorporation of older carbon into the sediments, either
from a marine or a terrestrial source. Meadows et al, (1997) note that this possibility
has some merit, especially because marine carbon is often several hundred years older
(in the marine context) than its terrestrial counterpart, and some of the samples may
contain more marine- than terrestrial-carbon. Moreover, these authors suggest that
different cartbon fractions could yield different catbon ages by having distinctive
radiocarbon age offsets, and this, coupled with the fact that bulk samples were
submitted for dating, may account for some of the anomalies. This possibility is once

again ruled out on the grounds that age calculation was done on organic carbon only,
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as cartbonates were effectively removed by acid hydrolysis.  Another possible
explanation is that of erosion of older sediment from elsewhere in the catchment and
subsequent redeposition at the core site. It is argued that if prior to the burial of the
soil or sediment, old organic matter derived from the surrounding landscape is mixed
with younger organic matier of the soil or sediment, an anomolously old age can result
{Geyh ef af, 1983; Martin and Johnson, 1995; MclLachlan, 1995; Meadows ef al,
1997} This is the most reasonable deduction, particularly in the Orange catchment,
where (according to Meadows ¢f al, 1997) “.at least some of the transported
sediments may contain organic matertal several thousands of years old, for example if
it originated in the upper parts of the catchment characterised by organic soils {e.g.
Maluti Mountain peat depositsy”. Furthermote, these authors state that much of the
material evoded by the Orange River during flood events appears to be derived from
former flood deposits in the river banks and they argue that this material may well

contain organic matter which is not older than the age of the flood itself.

The chronological inconsistency of ages in some of the cores may well also be
attributed to some or all of the above-mentioned processes. Meadows er af (1997}
point t¢ bicturbation and the incorporation of older and/or younger marine-derived
carbon as definite potential causes of the dating anomalies which, in the most extreme
case {Core H2) results in the sediments at the base of the core being apparently
younger than those just a few centimetres from its surface (Table 4.1). However,
presence of well laminated muds and absence of traces of burrowing fauna (Mabote ef

al., 1997} pose very important questions on his contention.



Another possible explanation could be that sediments are or were subjected o post-
depositional reworking, that 15 old sediment might have mixed with new sediment
during mass slides of the prodelta which are common, in the Mississippi for example
(Meadows, Pers. comm.). This might have led to old carbon being mixed with new
carbon. In addition to this, Meadows et al (1997) state that some of the surface
deposits, and even some of those at depth, are relatively unconsolidated and this could
render them susceptible to movement through slumping and folding which would
certainly overturn the stratigraphy. However, Dr. J. Rogers {pers comm.) thinks the

chances of such an incident occurring are very slim.

Although the radiocarbon dates have obviously enabled us to confirm the Holocene
age of mudbelt, a need for a more appropriate and reliable means of establishing a
chronology cannot be overemphasized. A reliable method will obviously provide
significant information regarding sediment erosion and accumulation rates in the past,
thus helping in the elucidation of the Late Quaternary erosional history of southern
Africa. To mention but a few potential technigues to h’ﬁﬁp in this regard are a)
radionuclide techniques involving the measurement of Caesium-137 and Lead-210
which are commonly employed to throw light on soil-erosion and sedimentation rates
in the recent past, b) AMS radiocarbon dating of organisms which are known to occur
at the sediment-marine interface, such as benthic foraminifera. Radiocarbon dates of
foraminifera would provide us with the age of the burial of the sediment and thus
accurately reflect timing of the terrestrial erosion and offshore sediment event

(Meadows et al, 1997), c) pollen is also identified as a uselul stratigraphic marker,
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especially because the date of introduction to the southern Africa of most exotic

species is known to within a fow years (Gray, 1996; Meadows ef al, 1997}

7.3 Sedimentology

{a} Stratigraphy

COrange Prodelta

A critical analysis of one or combination of lithostratigraphy, chronostratigraphy,
coatse-fraction components and geochemistry (mineralogy and major elements) offers
exciting opportunities for reconstruction of sedimentary history in the Namaqualand
offshore mudbelt. Some of the information acoruing from such analyses are discussed

helow,

The two most common and dominant lithofacies in these fine-grained deposits
(Figures 5.1-5.7; Plate 1), are lamination-dominated muds and homogeneous muds.
Prirnary sedimentary structures (horizontal laminae) are present particularly in the
Orange Prodelta Cores H2 and H3 and they decrease in sbundance southward from the
Orange River mouth, where muddy sediment is increasingly homogencouss. No or,
oniy indistinct, laminations are observed in Cores H4, H6 and H7 (Namaqualand inner

shelf) (Figures 3.5, 5.6 and 5.7 respectively).
Some interesting features of these lithofacies deserve closer scrutiny.  Figure 7.1

shows a relationship between lithostratigraphy and chronostratigraphy. This Figure

reveals that the laminations are synchronous between different cores. The radiocarbon
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ages of laminated muds fall within the narrow range of 1000 to 1700 BP (Figures 4.1
and 7.1) (Meadows et al, 1997). While these laminations seem to occur in greater
abundance closer to the Orange River mouth (Cores H1, H2Z and H3), Radiocarbon
dates indicate that their succession correlates with those other laminations in other

cores (they all fall within a narrow range of 1000 to 1700 BP).

Although only abont 1m core was retrieved from Site H1, the Holocene mudbelt at
Site H1 is about 4.5m thick (Dingle, 1994). The whole of the sedimentary record at
this site looks more similar to the lower part of the record at Site H3 (Figures 5.1 and
5.3). This is further indicated by the lithology of these cores where dark laminated
muds overlie the homogeneous muds (Figure 4.1 and Appendix B). This observations
suggest that the dark laminated clays overlie, as well as pass laterally downslope into
the homogeneous olive-brown clays. Dingle (1994} illustrates these observations by
model A in Figure 7.2 and suggests that this model may help to explain the observed
stratigraphy. However, since there is no unequivocal cored evidence as to the
thickness of the lower olive-brown clays at Site 1, one possibility may be that this
layer is thin, and it is underlain by further dark clays (Dingle, 1994). Because of this,
model B (Figure 7.2) is therefore proposed as a better way of expressing stratigraphy
where the dark clays are essentially prograding seawards.

Moreover, the upper, soft brown muds are also present at Site HS and overlie a thin
(68cm) sequence of greyish laminated clays. The latter locks more akin to the dark
laminated clays that charaterise Sites H1-3. The radiocarbon dates indicate that this

succession at Site 5 correlates with that at Sites H1-3. The radiocarbon ages of
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greyish laminated clavs from Site HZ (representing Orange Prodelta) and H5 fall
within a narrow range of 1000 to 1700BP. These ages suggest that these laminated
clays are consistent with their deposition within a narrow time range of just a few
hundred years {Meadows ez ¢l,, 1997). If extrapolated further, these radiocarbon dates
suggest that these greyish laminated clays are derived primarily from the Orange River
and are essentially overstepping (seaward progradingiFigure 7.2, model B) as

supgested by Dingle (1994).

Site 4 {Core H4) lies south of Wreck Point and it was originally chosen to illustrate
the succession in a most-distal part position where any terrigenocus influx from the
Orange River would have been primarily by shore-parailel poleward undercurrent
movement (Dingle, 1994). The sequence at this site does not show evidence of an
upper grey or well laminated clays. Instead, a surface laver of soft brown mud resting
directly above 5m of vellowish green clavs with occasional shells is encountered
{Figures 4.1 and 5.4). However, these yellow green clays appear to have some feint
laminations although their colour variations are very subtle (Dingle, 1994). These
observations indicate that the dark laminated clays of the Orange Prodelia do not
extend south of a position somewhere between Sites 5 and 4. These observations
seem o negate the earlier inferences {e.g. Rogers, 1977; Dingle ef al., 1987; Rogers
and Bremnper, 1991} that the Namaguoaland mudbelt is primanly derived from the

Orange River.
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Namagualand inner Shelf

The Mamaqualand Inner Shelfl is represented by Sites 6 (H6) and 7 (H7). A three-fold
sequence is observed at bite 6:

¢ A thin, upper soft brown mud

4 A composite median unit of dark greyish clays

¢ A thick, lower yellowish-green clays with occasional shelly horizon (Figure 4.1).
While shelly clays may be correlated with similar horizons at Sites 5 and 4, the
appearance of an upper, grey laminated sequence suggests that this material is derived
from the ephemeral rivers of southern Namaqualand (Dingle, 1994}, This is further
supported by a suceession at Site 7, where soft, brown muds overlie a composite unit
(158cm) of grevish green clays that are variously laminated or homogenous (Figure

4.1). These clays overlie homogeneous olive-green clavs with sparse shell fragroents

{Figure 4.1}.

These greyish laminated clays at Sites 6 and 7 look akin and all fall within a narrow
range of 1170-1250BP (Figure 4.1 and Table 4.1). These clays could represent
discrete tervigenous units derived from local ephemeral Namaqualand rivers (Dingle,
1994). This is logical since these sites are only about 50km apart, and there is no

evidence at present, to suggest that the grey, laminated sequences are continuous.

On the basis of prelimipary strafigraphic analysis, Dingle (1994} suggested two

possible alternatives for sedimentary development in the study area which are:-
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1} an early perod of deposition dominated by marine conditions (represented by
homogeneous vellowish-green clay with shells at Sites HS3, H4 and H6, and olive-
green clay at Site 7) off the coast, but with significant terrigenous input in the north
and south {(Sites 1-3, and 7} (homogeneous texture of the clays indicates well
oxygenated sea-floor and upper-sediment conditions) (Dingle, 1994) and

2) a major climatic, or catchment arca-related change occurred, which resulted in the
progressive spread of dark laminated terrigencus dominated clays over the entire study

are, except Site H4.

In the lght of radiocathon dates, coarse~fraction components and mineralogical
analyses {to be discussed in the sections to follow), alternative 1 offers the best
explanation for sedimentary history of the Namagualand mudbelt, Of particular
inferest in the coarse-fraction components is their relative abundance at Sites H1, H2
and H3 where ternigenous compoenents constitute the dominant fraction. This clearly
indicates the terrestrial influence of the Orange River at these Sites (Orange Prodelta)
(Figures 5.1-5.3). On the other hand, marine-biogenic components are the dominant
fractions at Sites H6 and H7 (Figures 5.6-5.7). This clearly indicates marine influence

at these sites {inner shelf).

It is also interesting to note the presence of a thin laver of muds overlying the entire
study ares (Figures 4.1 and 7.1, Although it is tempting 1o equate this 1o the 1988
Orange River flood layer (Dingle, 1994}, the radiocarbon dates of these layer do not
support this contention.  However, this is probably due to the problems associated

with the radiocarbon dating of these sediments which are discussed in section 7.2.
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Could these laminations be a relatively undisturbed signatures of major floeds or
increased rates of soil erosion due to anthropogenic activities?. They are presumably

a periodicity of some sort.

Why is there limited bioturbation at sites H2 and H3 on the Orange Prodelta?

The preservation of primary sedimentary structures is governed by the ratio between
the rate of biological mixing (bioturbation) and the rate of sediment accumulation
{Leithold, 1989; Nittrouer and Sternberg, 1981; Nittrouer ef al., 1984). Nittrouer ef
al. (1984) indicate that, where this ratio is small, primary sedimentary structures are
preserved, but where the ratio is large, biological mixing is effective and the
stratification is bioturbated (homogenized) by benthic macrofauna before it is

preserved.

The presence or absence of a rich benthic macrofauna is governed by many factors,
amongst which are sedimentation rates and oxygen levels of bottom water. An
environment with high sedimentation rates is less favourable for benthic communities
than an environment with low sedimentation rates. On the other hand, an
environment with low concentrations of oxygen in the bottom water is expected to be
less favourable to benthic communities than one with high oxygen concentrations.
Dingle and Nelson (1993) found aerobic bottom water (1.5-2 mi/l oxygen) and Bailey
{pers. comm., 1996) recorded >2ml/l oxygen on the Orange Prodelta (Sites H2 and
H3). At these high oxygen concentrations, one would expect bioturbation to be
effective. Radiographic examination of these two cores (H2 and H3) (Plate 1)

however, reveals that the sediment has in fact not been reworked by benthic
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macrofauna {e.g. by polychaete worms}) since the preservation of primary laminations
indicates a sparse or absent benthic population {Leithold, 1989; Lesuecur and Tastet,
1994). Therefore, laminated Orange Prodelta muds are probably protected from
bioturbation by high sedimentation rates, rather than by low oxygen levels in the
bottom water. Meadows ef al. (1997) calculate 2 sedimentation rate of 3.70 mm yrt at
these two Sites (Cores H2 and H3) which is double the sedimentation rate of 1.82 mm
yrt at site H7 near Kleinsee, where there are no laminations. Figure 7.1 reveals that
the material comprising the laminated clays is consistent with their deposition within a
narrow time range of just a few hundred years (Meadows et al, 1997). Homogeneous
clays are more prominent in the off Namagualand shelf Cores (H4, HS, H6 and H7)
farther south, which are either bioturbated and have lost their lamninations or may be
more marine than terrigenous and were never laminated in the first place.

Bioturbation (biological sedimentary structures) consists of the traces of the activity of
an animal (e.g. burrows) {(Lesueur and Tastet, 1994}, Because very few organisms
were present in the sampled sediment, associating organisms with bioturbation is
difficult in the Namaqualand-sheif cores (Cores H4, H5, H6 and H7). This difficulty
prompted the use of radiographs, which aids the detection of sedimentary structures
and facilitates the interpretation of changes in the depositional environment
{Axelsson, 1983). Careful examination of radiographs does not reveal any distinet
burrows. These observations thersfore suggest that the homogenous clays more
prominent i the Namaqualand shelf were never laminated in the first place. Thisisa

further evidence that these Namaqualand sediments are more marine than terrigenous.
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{b) Texture

Mud (i.e. silt and clay), is on average, the dominant fraction, well above 90% of
sediment in all the cores. This is part of the mud which is carried south of the OUrange
River mouth by a postulated weak poleward undercurrent to form an extensive belt of
terrigenous mud on the innershelf, whereas sand and gravel are swept to the north of
the Orange River mouth (Rogers, 1977; Dingle ef al, 1987; Rogers and Bremner,
1991). Although not all mud samples in the study area were analysed for silt and clay
proportions, intensive size analysis of mud fractions from Cores HZ and H7 show
distinct trends (Figures 5.15 and 3.16 vespectively). Size analyses from both cores
show that terrigenous sediments in the Orange River mudbelt are polymodal (Figures
5.15 and 5.16). Major modes in samples from Core H2Z are generally in the medium-
silt to fine-silt range, whereas Core H7 samples have their major modes in the very
fine silt to coarse clay range. These resulis reveal a fining of sediments in a poleward
direction. This poleward fining of sediments suggests that mainly medium silt fo fine
silt is deposited over a small area on the Orange Prodelta and that south of the Orange
Delta {e.g. Core H7), the sediment is mainly fine-silt to clay. This observation links
well with the observations of Verfaille (1987} who pioneered Sedigraph analyses of
grab samples in the study area. He found coarser material near the Orange River
mouth and finer material south of the Orange Delta at around 297 50°S. These results
confirm that the sediments (Prodelta sediments) are part of mud which is carried
south of the Orange Delia by a postulated weak, poleward undercurrent to form an
extensive belt of terrigenous mud. This undercurrent is not competent to transport
medium to fine silt as far south as Core H7, off Kleinsee. The sources of muds at Site

H7 are regarded as local ephemeral Namaqualand rivers. The polymodal sediments
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from Cores H2 (Prodelta) and H7 (far south, off Kleinsee} suggest that there has been
mixing with sediment of a different type. These results indicate that, whereas the
Orange River is a major source of these muds in the mudbelt, it is an undeniable fact
that additional inputs of silt and clay into mudbelt occur during adiabatic bergwind

events (Figure 7.3} (Bremner, 1977; Shannon and Anderson, 1982; Whitaker, 1984).

There is fining-upward sequences in Cores H2. H4, HS H6, and H7 (Figure 5.18).
This fining-up trend is generally indicative of shoreward transgression of the sea
{rising sea-level) (Boggs, 1995). As sea-level rises (shoreward transgression), finer
grained deeper water deposits migrate landward and are deposited over shallower
water deposits (Boggs, 1995) and hence the fining-upward sequence results. This

sequence may suggest rising sea-level during Holocene (Mabote er al., 1997).

What is the source of the sand?

A detailed seismic survey conducted by Birch et. al. (1991) showed that an inner-shelf
sediment wedge consists of seaward-thinning sand units that form what is termed a
“middle-inner-shelf sediment wedge” (Figure 7.4). This sediment wedge is in turn
overlain by a thin deposit (1-8m) of Holocene mud. According to this model, the
sediment on the inner-shelf platform forms a separate “inner-shelf-platform sand
sheet” (Figure 7.4). Though this generalized model was based on observations from
the southern end of the mudbelt off the Olifants River mouth, high-resolution seismic
profiles from Woodbome’s 1991 study revealed that the sand sheet on the inner-shelf
platform extends across the inner-shelf slope, and continves seaward beneath the

landward edge of the Orange River mudbelt. This observation shows that the “inner-
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shelf platform sand sheet” and the “middle-inner-shelf sediment wedge™ (Figure 7.4}
are sometimes continpous {Woodborme, 1991). From his study, Woodborme (1991}
concluded that much of the sediment wedge at the base of the inner-shelf slope is
composed of sand. On the basis of this, if is therefore suggested in this study that the
sand which scems to decrease upeore in Cores H2, H4, HS, Hé and 17, is part of this
middle-inner shelf sediment wedge. This upward decrease of sand is not observed in
other cores, the reason being that the middle-inner-shelf sediment wedge is sometimes
not continuous (Woodbormne, 1991). In fact, this upcore decrease of sand is not
observed in Cores H1 and H3, which are both located on the Orange Prodelta. This
observation links well with the observations of De Decker (1987), whe was not able
to locate the change from sand to mud on the inner shelf off the Orange River. This
basal sand is considered to be from Quaternary coastal dunes that were eroded and
partly redistributed in the littoral zone during the Flandrian transgression (Tankard

and Rogers, 1978). This source is discussed in detail in the following section.

Gravelly shells are found to be dominant at the base of Core HS, immediately south of
Orange Prodelta (Figure 5.4). These shells are dominated by the gastropods Nassarius
vinctus {Marrat, 1877) (Plate 23b), Volutocorbis lutosa, Koch, 1948 (Plates 24a-b)
and Comitas saldanhae (Barnard, 1958) (Plate 25a) and the bivalve Telling analogica,
Sowerby, 1904 (Plate 25b), which are all shallow-marine taxa (John Pether, Pers.
comm. ). These gastropods must have been killed during the lowering of sea level o
about -130m during the last glacial period. The lowering of sea-level would cause
mortality in the benthic macromollusc assembiage resulting in the gravelly (shell}

basal unit in the light olive brown Quaternary sediments (Figure 5.5} The
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radiocarbon date of the sediment tmmediately above this shelly laver indicates that it
was deposited at about 800 vears BP. This implies that this shelly laver found below
it is oider that than BOOO vears. These observations suggest fluctuations in sea levels

during Holocene.

{c} Terrigenous components

Quartz sand appears to become more abundant southward from the Orange River
mouth, and it is most dominant in the Namnaqualand-shelf Cores (H4, H5, H6 and H7).
The source of these quartz grains is considered to be from Quaternary coastal dunes

that were eroded and parly redistributed in the lLittoral zone during the Flandrian

transgression {Woodborne, 1991). Figure 7.5 is a LANDSAT satellite image showing
an extensive vegetated palacodune field immediately north of the Buffels River. This
dune field terminates 15km north of Port Nolloth (Woodborne, 1991) and on the basis
of morphology, comelates well with the late Pleistocene paleodunes lying
immediately north of the Swartlintiies River, which lies 65km south of the Buffels
River (Tankard and Rogers, 1978; Woodborne, 1991). RQgers (1977} and Tankard
and Rogers (1978) suggest that the palaeodunes off the Buffels River probably formed

contemporanecusly with the Swartlintjies dune field during the last glacial period,

18000 BP.

Migration of the climatic belts towards the equator during the last glacial period,
caused an increase in the imtensity of atmospheric circulation, and porthward
expansion of the winter-rainfall region over Southern Africa (Tankard and Rogers,

1978; Woodborne, 1991). Tankard and Rogers (1978) note that lowering of sea level
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to -130m, coupled with the increased winter precipitation, resulted in the rejuvenation
of Namaqualand rivers. Woodbome (1991) suggests that the Buffels River (Figure
1.2} may have occupied a more southerly course across the shelf, entering the sea
approximately 10-15 km south of its present position. It is suggested that, a wave-
dominated delta, similar to the present-day Orange River delta, probably developed at
the Buffels River mouth (Woodborne, 1991). This would have formed a large
northward-tapering deposit of sediment at the base of the present inner-shelf slope as
sediment was trapsporied northwards away from the river mouth by wave-generated
littoral currents. Perhaps these currents are the ones responsible for the abundance of
quartzose fine sand in the cores as far north as off Wreck Point (Core HS5, Figure 1.2).
Tankard and Rogers (1978) and Woodborne (1991) suggest that sand carried onto
beaches was then blown inland by strong prevailing southerly winds, thereby forming
the palacodunes north of the Buffels River (Figure 7.5). Woodborme states that dune
sands blanketing the exposed innershelf were eroded and reworked during Flandrian
transgression, as sea level rose rapidly from -130 m to reach its present level about
6500 BP. Increasing coastal aridity accompanied by rigigg sea level resulted in a
steadily decreasing supply of fluvial sediment, and dune erosion then became the
dominant source of sediment on the inner shelf (Rogers, 1977; Tankard and Rogers,
1978). However, the rapid rise in sea level during the Holocene prevented complete
reworking and erosion of the pre-Flandrian dume sands, thereby leaving the
northward-tapering blanket of sand on the inner-shelf platform and slope (Woodbormne,
1991} between Kleinsee and Wreck Point. The dominance of well- to sub-rounded,
quartzose fine sands in the sediment samples between the Buffels River mouth (Core

H7, off Kleinsee) and Wreck Point (Core H5) supports this argument. Their texture
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Figure 7.5 - Landsat -3 satellite image of northeastern Namaqualand showing a
pre-Flandrian palaeodune field extending north from the Buifels
River {(From Woodborne, 1991},



{well- to subrounded} {ine sands) points to the aeolian source of these sediments. This
observation tallies with Woodbome’s (1991) observations. The fact that there is
almost no quartz found in the Orange Prodelta (Cores H1 and H3) clearly supporis
Meadows ef al, (1997} conclusion that mudbelt sediments are not all derived from
terrigenous inpuis by the Orange River and those in the southern part of the sampled
area, L.e. offshore Namagualand may well receive significant inputs from alternative

SOUTCEs.

Mica occurs in subordinate to minor quantities throughout the study area. It is present
in almost equal quantities from the Orange River mouth to the far south off Kleinsee.
The occurrence of these mica {lakes is related fo the semi-arid climate of onshore
Namagqualand. Mica is entrained by adiabatic Berg winds moving offshore from the

interior {Figure 7.3) (Shannon and Anderson, 1982; Whitaker, 1984},

Rock fragments dominate coarse fraction components off the Orange River and their
abundance decrease southward away from the influence of the river mouth (Figures
5.1-5.7}. No atternpt has been made to identify these rock fragments in order to frace
their origin. However, the fact that rock fragments abundance drops off rapidly south
of the Orange River mouth, clearly indicates that these rock fragments are brought to
the shelf by the Orange River, and hence their distribution closely reflects the

composition of the local onland geology.

Plant fragments are dominant off the Orange River but also decrease southwards, e,

their distribution is similar to that of rock fragments. This observation reveals that the
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Orange River supplies to the Atlantic Ocean much sediment with both rock fragments
and plant fragments, which are mostly deposited on the river’s Prodelta. This
distribution clearly indicates terrestrial influence of Orange River in the Orange

Prodelta.

(d) Biogenic Sediments

Planktonic and Benthic Foraminifera

In general, foraminifera are present in trace to minor quantities in Cores H1, H2 and
H3 on the Orange Prodelta (Figure 1.2). These lower quantities are attributed to high
influx and sedimentation accumulation rate of terrigenous sediments, which would
dilute the foraminifera. This observation tallies with De Decker’s (1987) observations
in this area.

Most of the foraminifera observed in the study area are known to be Holocene in age
(McMillan, pers. comm.). These species include left-coiling Neogloboquadrina
pachyderma, Globorotalia inflata, Quinqueloculina sp. and Bulimina aculeata.
Elphidium advenum, Elphidium macellum, Elphidium cf. alvarezianum and Ammonia
japonica can occur in shallow marine environments. There is something distinctive
about their tests which helps to determine their age. Deeper-water species (Holocene),
are the ones found well-preserved or muddy infilled, or acid-corroded, or pyrite-
infilled, whereas shallow-water species (latest Pleistocene) are the ones with thick-
walled, polished, abraded and tumbled or broken (McMillan, Pers. Comm.). The age
of these species is therefore regarded as being Pleistocene (Chapman, 1907, in
McMillan, 1987). The presence of these shallow-water microfauna is partly explained

by glacial-period lowering of sea level to -130 m during the Late Pleistocene (Rogers
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and Bremner, 1991} Another explanation could be that these species had been
reworked from bedrock. This is supported by the presence of Elphidium cf.
alvarezianum especially in Cores H6 and HY. Elphidium of alvarezianum is generally
believed to be Late Pleistocene in age (McMillan, pers. comm.). In contrast,
MeMillan {1987) argues that the age of Ammonia japonica probably also includes
Holocene, and hence finds it more proper to consider Amumonia jeponica as

indeterminable late Quaternary.

The species composition of the assemnblages of planktonic foraminifera found in the
study area arc dominated by polar taxa such as left-coiling Neogloboquadring
pachyderma. Globorotalia inflata is the only indigenous species of the transitional
faunal zone that exisis between sub-polar and sub-tropical waters (McLachlan, 1995).
lis presence in the study area suggests the existence of either the Benguela Nino or
increased input of Agulbas Coment water to the Southern Benguela region (Figure
7.6). The Benguela Nino is described as an episodic incursion of warm water from
the Angolan region onto the Namibian shelf, which penetrates farther south than
normal, and develops into a major, persistent warm event (Shannon et al., 1986;
Siegriried er al., 1990). The eshanced poleward flow and warm coastal waters in
years of Benguela Ninos allow {or displace} species from warmer areas {MNorthem
Namibia) so that they extend their ranges poleward (to the south) (Siegriried er al,
1990; Crawford ef al., 1990; Giraudeaw, 1993}

Similarly, substantial volumes of water from Agulhas Current may intrude the
Southern Benguels region, and penetrate as far north as Luderitz (Siegrfried er al,

1990).
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These two scenarios may generafe an enviromment favourable for Globorotalin
inflata.  However, further research is required to confirm this hvpothesis, as other
factors such as altered wind stress and warming of surface waters due to global
warming will obviously affect the distribution of marine bicta in the open-shelf

environment,

The distribution of benthic foraminifera Stainforthia fusiformis, Nonionella turgida,
and Discammina compressa in the study area seems to be controlled by certain
envirommental conditions. These species are associated with low oxygen levels
(MacMillan, pers. comun.}. These species are common in Cores HS, B4, H6 and H7,
all of which are relatively closer to the Namaqua vpwelling cell. Upwelling increases
nutrient content of the water af these sites and this results in enhanced biological
activity. Aerobic bacteria decomposes dead plankion tissues and consume most of
oxygen found in these sediments in the process. This enhanced biological activity
effectively causes anaerobic conditions in the bottom sediments {(De Decker, 1970}
The resulting low oxygen levels at these sites make them favourable for these species.
This argument is once more supported by the presence of lefi-coiling
Neogloboguadrina pachyderma, which is identified as an indicator of the cold
upwelled water over the mner-middie shell (Herbert, 1984; Herbert ez @f, 1989} In
addition to this, of particular interest is the presence of the agglutinated benthic
foraminifer, Discammina compressa, in these cores which, are relatively rich in
guartzose sapd. This is possibly due to the fact that the agglutinated benthic

foraminifera require detrital grains with which to construct a shell (Birch, 1975).
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Shells and shell fragments

Burnupena limbosa, Volutocorbis lutosa, Comitas saldanhne and Telling analogica
are the most dominant shells io the cores. Volurocorbis lutosa, Comitas saldanhae
and Telling analogica are expected to be present in the study area because they
inhabit fine-grained sediments on the lower inner shelf and middie shelf. They would
have lived on it from #s inception to the present (Pether, Pers.comm. ).
Burnupena limbosa inhabits the shoreface and would expect to find this in shoreface-
beach sediments (Pether, pers. comm.). However, Burnupena limbosa may be carried
seawards during storms and deposited in proximal fempesites. Most examples of
Burnupena limbosa show evidence of residence in shelly gravel in the shoreface (e.g.
gbrasion or/and boring and/or encrustation}, for example, Burnupena limbosa on Plate
23a has encrustations. Where present, these shells are found at the base of the cores

(Figure 5.4, and Figure 4.1 {Core HI5)).

Digtoms and fish debris

In general, siliceous frustules of centric diatoms are restricted to Cores H6 and H7, off
Namaqualand whereas fish debris are found mainly in Cores H4 and H5, farther north,
closer 1o the Orange Delta,  Diatoms characierise upwelling regimes {Calvert and
Price, 1983}, Their high specific growth rate, in particular, which provides them with
a competitive advantage where nutrient supplies are varisble and pulsed, makes
diatoms well suited to upwelling envivonments {Calvert and Price, 1983). Therefore,
the presence of diatoms in Cores Hé and H7 suggests that upwelling, generated by the
prevailing offshore summer winds is probably intense, and the increased nuirient

content in this region resulis in enhanced biological activity and anaerobic bottom
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sediments {De Decker, 1970; Birch, 1975}, Diatoms are almost absent in Cores HY,
H2 and H3 on the Orange Prodelta. This is probably so becavse upwelling is less
intense and more spasmodic off the Orange River mouth. Moreover, the relatively
higher oxygen content of the faster-moving waters at these sites (due to river inflow)
favours more rapid oxidation and dispersal of the fine organic matter (Birch, 1975).
The increased oxygen content helps in the oxidation of organic matter and hence less
nutrients {organic matter) become available for diatoms. The reduced food supply for
diatoms results in few diatoms inhabiting this area. Also, diatoms species which
inhabit the Cape waters are smaller and softer and therefore more susceptible to
oxidation and fragmentation than are the more robust Phytoplankion occurring off
South Namibia. It is likely that most of these diatoms are subjected to oxidation and
fragmentation, and those few observed in this region are those which have survived or

avoided these processcs.

Fish debris is occasionally encountered in the form of vertebrae, jawbones, teeth and
scales in cores H4, and H5, off Namaqualand. The presence of fish debris in these
cores is indicative of high productivity during Holocene, The presence of fish debris
may also be associated with organic-rich sediments (Birch, 1975} and low
sedimentation rates. The absence of fish debris in the Orange Prodelta (Cores H1, H2
and H3) may be explained in terms of rapid sedimentation rates at this area. These

high sedimentation rates may have caused this area unfavourable for fishes.
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Radiolaria

The study area is almost barren of radiolaria. Where present, they occur occasionaily
in trace quantities. They are present only in Core H2, just off the Orange River mouth
and nonc were observed in Core H7 off Kleinsee. Because of their small numbers, no

palaccenvironmental parameters could be deduced from their distribution.

Sponge spicules

Sponge spicules increase southwards from the Orange River mouth. They dominate
the sand-fraction componenis in Cores H6 and H7 (Pigures 5.1-5.7). Sponge spicules
indicate the presence of filier-feeding animals {(epifauna). Sponge spicules are absent
or present in trace guantities near the river mouth (Cores HI1, H2, H3, H4 and HS).
Filter-feeding fauna probably avoid this region due to high sedimentation rates near
the river mouth, which make it unfavourable for filter-feeding animals to inhabit. In
fact, Meadows ef al.(1997) reported a sedimentation rate of 3.70 mm yr' at H2 and
H3 sites on the Orange Prodelta, which is double the sedimentation rate of

1.82 mm yr' at site H7, near Kleinsee. On the other hand, these sponge spicules could

have some relationship to low salinity. However, this needs to be investigated.,

Polychaete Worm Faecal Pellets

Benthic faecal pellets are found mainly in Cores H2, H4, and H5 as ovoid, sub-
rounded particles. They are most abundant towards the top of the cores. These
benthic faecal pellets seem to be confined to cores found between areas of high

oxygen concentrations and high sedimentation rates (Cores H1 and H3 on the Orange
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Prodelta) and low oxygen concentrations and low sedimentation rates (Cores Hé and
H7, near Kleinsee). These faecal peliets are produced by burrowing animals such as
polychaete worms (Birch, 1975}, The distribution of benthic faecal pellets supgpests
that although these burrowing animals require oxygen for their metabolic processes,
they are excluded from the Orange River mouth {(where oxygen levels are apparently
highest) by high sedimentation rates. Similarly, although sedimentation rates are low
and favourable for establishment of burrowing apimals at Sites HO and H7, low
oxygen levels seem to be the inhibiting factor and hence make these sites less

favourable for the establishment of burrowing animals.

The selective accumulation of ovoid faecal pellets at the sediment surface is
characteristic of a “conveyer-belt feeder’ such as Hereromartus filiformis {Rhoads,
1974; Cadee, 1979; Bromley, 1990). Cadee {1979) and Bromley {1990} note that this
polychaete worm derives all its food from sediment ingested in the layer 10 to 30cm

below the surface and deposits its faecal pellets at the surface.

In general, marine biogenic sediments are more dominant further south of the Orange
River (Namaqualand inner shelf, Cores H4, H6, and H7) (Figures 5.5, 5.6 and 5.7).
This also another indication that sediments are mostly of marine origin in the
Namaqualand inner shelf whereas prodeliaic sediments are mostly terrestrially

derived,
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7.4 Mineralogy and Geochemistry

It is important to note factors responsible for distribution of clay minerals on the
continental margin before any conclusions could be made. Bremner (1977) notes that
relative abundance of clay minerals in marine sediments depends primarily on the
composition of source rock in the adjacent hinterand, and on the nature of the
prevailing climate in the region. The distribution of clay minerals on the continental
shelves depend on the transporting medinm in the histerland {(aeolian or fluviatile),
current systems operative on the shelf, and on the flocculation rates of the different
clay minerals 1n sea water (Biscaye, 1965; Bremuer, 1977). The contribution made by

each of these factors will be discussed below.

{(a} Sources and Distribution of Clay Minerals

Mica {probably iilite species as established by Rogers, 1977, in the same region, hence
the term illite will be used interchangeably with mica where convenient) is the most
dominant clay mineral present in all marine sediments found in the study area. This is
mainly because of the high conceniration of mica in many rock types from the more
arid regiops in the western-catchment of the Orange River, and owing to its relative
resistance to chemical weathering (Biscave, 1965; Bremner, 1977}  Therefore
mechanical disintegration of these rocks provide an ample source of mica. This mica
is then entrained by adiabatic Berg winds moving offshore (Figure 7.3) from the
interior (Shannon and Anderson, 1982; Whitaker, 1984). This high content of mica is

in consistent with the semi-arid chimate of onshore Namagualand, In addition to this,
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it is likely that mica is a dominant component of fine silt and clay in the Orange River
and other rivers contributing to it (e.g. Caledon River) (Dr. Fey, pers. comm., 1997,
Mabote ef al., 1997). Fey (per. comm., 1997) suggested that this mica might also be
emanating from the Upper Orange River catchment (Lesotho), where he expects many

of the soils on sedimentary rocks to be micaceous.

Van der Merwe and Heysteck (1955) have shown that smectite-rich soils
{montmorillonite being & dominant mineral} overlie weathered basalts in the
Dirakensberg mountains and on weathered dolerite in the High Veld within the
catchment of the Upper Orange (Figure 2.2). Rogers (1977) has established that the
Upper Orange catchment, underlain by sedimenis of the Karoo Supergroup, is the
chief source of suspended sediment in the Orange River. Bremner ef al(1990) also
have shown that smectite-rich soils (mainly montmorillonite) carried by Orange River
are from the high-rainfall areas of the Upper Orange where the weathered basalts of
the Drakensberg rim the eastern catchment. These terrigenous sediments of the
Orange River are [ractionated at the mouth where they encounter long-period
Southern Ocean Southwesterly swell (Bremner ef al, 1990).  Rogers (1977) has
estabiished that gms;ei and sand are swept to the porth by strong wave-driven littoral
drift whereas a postulated weak poleward undercurrent (Nelson, 1989) carries silt and
clay to the south of the Orange River to form extensive belt of terrigenous mud. Asa
result of this poleward undercurrent, smectite-rich sediments are distributed

throughout the mudbelt.
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Vermiculite was found to be the third most abundant mineral in the Orange Prodelta,
{being more asbundant than kaolinite, chlorite and plagioclase) whereas vermiculite
was found (o be less abundant than these minerals in the inner shelf off Namaqualand.
In their analyses of river samples, Rogers (1977); and Bremner ef al. (1990) did not
report presence of vermiculite in river samples from rivers draining into the Orange
shelf (study area). Moreover, Bremner (1977} did not report presence of vermiculite in
the river samples from Kunene River, north of study area. These observations suggest
that vermiculite could not have originated in the hinterland and then delivered inio the
continental shelf by fluvial transport.

There are two types of vermiculite both of which occur in nature. These are
dioctahedral and trioctahedral vermiculites (Brownlow, 1996).  Dioctahedral
vermiculite (AlSi40;o(OH),.0H,0) originates from weathering of mica muscovite
(KAIL{AISi3)015(OH); with concomitant fixation of AP in the interlayer positions
(Hathaway, 1955 in DBremmer. 1977), whereas trioctahedral vermiculite
(MgaS1yO1(OH).0H,0 forms either from leaching of brucite layers in the
trioctahedral chlorite lattices (Johnson, 1964, in Bremner, .}9??’}, or else from the
alteration of finelv comminuted biotite flakes (Kazantzev, 1934; Bremner, 1977).
Kazantzev (1934) notes that, finely comminuted biotite {lakes, which are found in the
Namib Sand Sea, are relatively easily transformed to trioctahedral vermiculite. This is
transformed by replacement of K* by H' and Mg™ replacing Fe** and Fe™*.

Nicolayev and Senin (1972), Bremner (1977) and Bremner et al (1993) have reported
the presence of trioctahedral vermiculite north of study area. Since no vermiculite has
been reported to occur in the river samples, Bremner (1977} therefore postulated its

mode of formation to be due to partial stripping of K from finely comminuted biotite
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flakes in the arid hinterland, followed by diagenetic replacement of Fe by Mg in the

marine environment.

On the basis of this information, it is proposed that vermicuolite found in the study area
must have originated in the arid hinterland norih of study area by the above-mentioned
mode of formation. Having been formed diagenelically porth of study area,
vermiculite is then {ransported southward by the poleward undercurrent, which exists
along the whole shelf down to Cape Point (Nelson, 1990). This explanation may also
account for relatively low concentrations of wvermiculite in the inner shelf off
Namagqualand (Core H7). As poleward undercurrent transports vermiculite from as
far as offshore of Namib Sand Sea, it {(vermiculite) flocculates on the way, and by the
time it reaches the inner shell, there are relatively low vermiculite concentrations
remaining. Thus, its concentrations get lower southward., Bs distibution clearly
indicates terrestrial infleence by Orange River (i.e. it is abundant in the prodelta where

terrestrial input by the Orange River is at a maximum}.

Kaolinite s the third most abundant clay mineral in the inner shelf off Namaqualand.
It s subordinate to smectite. Birch (1977} has observed that rivers draining the
Namaqgualand metasediments contain clays rich in kaolinite, and 3 value exceeding
60% kaolinite was recorded in one of these rivers {Brak River). Likewise, Rogers
(1977} recorded a value of kaolinite (plus chlorite} which was between 20-30% at the
mouth of Buffels River {in the inner shelf region). This river drains the Namaqualand
metasediments. The sum of kaolinite and chlorite yecorded in this study {(in core HT)

is 20-30%. These resolis tally with earlier analyses in this region {Rogers, 1977). Itis
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therefore proposed that kaolinite found in the inner shelf off Namaqualand is brought
by rivers draining the Namaqgualand metasediments. Kaolinite concentrations in the
Orange Prodelta are relatively lower than in the inner shelf off Namaqgualand. Two
possibilities exist regarding the source of this clay mineral in the Orange Prodelta,
viz.: {1} kaolinite brought to sea by rivers draiming Namaqualand metasediments, is at
times of high, southerly wind stress, carried equatorward by the surface laver of the
Benguela current or, (2) kaolinite is fluvially introduced in the Orange Prodelta by
Fish River (Figure 2.2) which drains some part of the arid hinterland (Namibia)
(Bremner ef al. (1990) observed kaolinite concentration in Fish River sediments to be
relatively higher than kaolinite concentrations in sediments of other rivers draining
into the Orange shelf} or (3} kaolinite might have been brought 10 the sea by Kunene
River {(north of study area). These clay minerals were then entrained by poleward-
directed tongues of the Angola-Benguela Front, or poleward undercurrent, eventually
seftling south of Kunene River mouth, and at times as far as Orange Prodelta (Core
H2). In the absence of further details, the source of kaolinite in the Orange Prodelta

cannot be traced.

Chlorite, quartz, plagioclase and alkali feldspars occur in minor quantities in the study
area and hence, little effort was made to trace their sources or origin.

Griffin et al (1968) (in Bremner, 1977) indicate that chlorite is classified as a typical
high-latitude mineral and would therefore not be expecied o occur off the coast of
South West Africa. Its introduction to the marine environment is mainly through the
medivm of glacial rock flour {Bremner, 1977}, Presence of quartz clearly points o the

acolian input by bergwinds, as it is the case with mica minerals. This is supported by
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the fact that the abundance of quariz seems not to be affected by the increasing

distance away from the river mouth.

(b} Gypsum Crystals and their Formation

As mentioned earlier, the study area lies within the Benguela Current region, which is
dominated by the upwelling of cold nutrient-enriched waters. Siesser and Rogers
(1976) model explaining the formation of marine authigenic gypsum in slope
sediments off Luderitz {porth of the study area) may be invoked to explain the
presence of gypsum in the coarse-fraction off Namaqualand., These authors point out
that decomposition, by aerobic bacteria, of dead plankion as it setiles on the bottom,
consumes oxygen. I postulate the same process to anaerobic conditions in terrigenous

mud on the inner shelf.

Anaerobic bacteria thriving under such conditions reduce sulphate (SO,), dissolved in

sea water, initiating the formation of hydrogen sulphide (H-S):

5Hy + SO& - HS + 4H0 '€}

H,S then reacts with iron cations in the interstitial water to form iron monosulphide

(FeS):

S + Fe®* — FeS + 2H' (2)

90



Oxidation of these sulphides releases dissolved SOy and causes a lowering of pH:
4FeS + 90, + 6HL0 — 4Fe0 (OH) + 4505 + 81 (3)
It should be noted that a considerable amount of dissolved oxygen is removed from
sea water during oxidation of hydrogen suiphide to sulphates (Rogers, 1977; Mabote
ef al., 1997). Rogers (1977} notes that the "milky” sea water often observed in the sea

in and around Walvis Bay (North of the study area) may be due to colloidal sulphur

formed by the oxidation of hydrogen sulphide.

Plankionic calcarecus microfossils then dissolve in these more zcidic sea walers,

releasing calcivm and bicarbonate ions:

H + CaC0y ~» Ca™* + HOOy {4)

The elevated levels of both calcium and sulphate then lead to supersaturation and

finally precipitation of gypsum:

Ca® 4 S0, + 2H0 —  CaS042H,0 (gypsum) (5)

These reactions are based on the models of Siesser and Rogers (1976), Briskin and

Schreiber (1978) and Mabote er al. (1997).
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Frimary or secondary gypsum?

Gypsum occurs as large unbroken tabular eshedral crystals, indicating that the
gypsumn is not a produoet of reworking, If these gypsum crystals were reworked, then
some of the crystals would show signs of breakage and thus cleaved and abraded
particles would be evident {Briskin and Schreiber, 1978). There are no cleaved and
abraded particles (Plates 3b, and 4a-b). Gypsum is also not an artifact of desiccation
during storage and selective concentration of pore waters. If gypsum were an artifact,
one would expect to find gypsum throughout the core (Briskin and Schreiber, 1978).
Careful examination of the sediment in these cores shows that gypsum-bearing layers
are restricted to the bottom of cores H4, H6 and H7 off Namagualand (Figure 1.2), but
not in the cores H2 and H3 on the Orange Prodelta. It is therefore concluded that the
gypsum is neither reworked, nor the result of sampling and desiceation following
sample recovery, but is rather developed fn sifw as an authigenic component of the

marine sediments. 1t is therefore secondary, not primary.

(¢} Geochemistry

The high concentrations of Silicon (Si1) in both Cores H2Z (Prodelta) and H7 (off
Kieinsee) sediments, along with the composition and textural data {Chapter Five}
indicate that most of the Si in the study area is present as quartz (but no exclusive) in a
coarse fractions. The fact that quartz (5105} is only present in minor quantities (~5%)
as clay minerals, suggests that the presence of crystaliine quartz is more prevalent in
the fine sands in the study area. This is also supported by observations of the sand

fractions from all cores under the binocular microscope (Figures 5.1-5.7, Chapter
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Five). The Silicon is thought to be of terrigenous origin as suggested in section 6.4.1.
Moreover, there has been no evidence found in this study or others in the region to

suggest biogenic 510; formation.

The presence of Titanium (T1) is most likely explained by the mixing of clay minerals
with amorphous or fincly dispersed crystalline Titanium oxide (probably ilmenite and
rutile) or Titanium dioxide hydrate released during weathering (Degens, 1965;
Felhaber, 1984). In his study of Quaternary shelf sediments, off Tugela River in
Matal, Fethaber (1984) detected the highest concentration of Ti (>1%) in the very fine
nearshore sands, and suggested that this was due to their proximity o the river mouth
which is the source of the heavy minerals in that area. The same argument goes for
high concentrations of Ti in Core H2 (averaging 0.82%) which is near the Orange
River mouth, relative to Core H7 sediments (averaging (0.76%). Nevetherless, the
difference of Ti between these two cores is not that wide, This probably due to the

contribution made by Buffels River (Figure 1.2) during its active periods.

Al K Feand Mn

The areal distribution of Al, K, Fe and Mn on the mudbelt is very similar. They are
most abundant in the Orange Prodelta (Core H2) region adjacent to the point of

maximum terrestrial input which is the Orange River.

Felhaber (1984) notes that the fate of Aluminium (Al) is in the hydrolysates (clay
minerals). Therefore the highest concentrations of Al (16.61-20.47%) in Core H2

{Prodelta) sediments, is undoubtedly a result of their high contents of clays relative to
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Core H7 (off Kleinsee) sediments {(11.76-17.84%). This is confirmed by textural
analysis in Chapter Five. The Aluminium content is often considered the best
sepresentative of clay content dues to its immobility in the sedimentary environment
{Felhaber, 1984). The Al is probably derived from subtropical chemical weathering of
K-feldspars in the basement granite-gneisses north of the study area, and from
kaolipitization of muscovite micas introduced from the Mamib Desert by the

prevailing winds as suggested earlier.

Potassium (K) is prescnt and scermns to vary slightly over the study area. It is slightly
higher in Core H2 (Table 6.1). This K is predominantly located in the clay minerals,
presumably mostly in illite or K-feldspars (Felhaber, 1984). Presence of K in the

study area may be attributed to the abundance of mica in the hinterlfand,

from {Fe} is present in the form of Fe;0s. This is due to the generally oxidized nature

of surficial marine sedimnents.

Presence of Mangapese (Mn) in the mudbelt may be attributed to the Ecca sediments

which are rich in Mn.

Calcivm {Ca) is present in the study area in low quantities. Unlike those other
elements discussed so far, it is least abundant in Core H2 (near the river mouth) and
the highest concentrations of Ca are detected in Core H7 sediments (2.68-8.72%,
averaging 5.33%). This is well above its concentration in Core B2 sediments (1-
4.36%, averaging 1.94%) (Table 6.1). The areal distribution of Ca follows very
closely that of foraminifera (Calcareous organisms}) and authigenic gypsum in the total

sediment (Chapter Five). The foraminifera and authigenic gypsum were found in
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abundance south of the Orange River (Cores H4, H6 and H7), away from the river
influence. This observations suggest that Ca-rich sediments are found south of the
Orange Prodelta and decrease sharply northwards towards the Orange River (Core
H2). This is probably due to the high influx of {Ca-poor) terrestrial sediments. In
addition, these observations are evidence that the major proportion of Ca is present in
the area as Cal’0s of predominantly biogenic origin. This is because Ca enrichment
south of the Orange Prodelta (Cores H4, H6 and H7) comresponds to increased
carbonate deposition in the form of foraminifera, suggesting that calcium is being
derived by breakdown of calcarcous organisms. It is interesting to note absence of
authigenic gypsum in Cores Hi, H2 and H3 sediments. The formation of this mineral

requires significant proportion of calcium to be available.

Magnesium (Mg) is present in both cores in almost equal quantities. The average
concentration of Mg in Core H2 sediments is 2.94%, whereas in Core H7 sediments is
3.25%. The difference between the two is not that significant. The Mg concentrations
in the study area could be due to an association of Mg with clays (it is usually present

in chlorites and montmorillonites) (Felhaber, 1984),

Phosphorus (P} is present in trace quantities in both Cores HZ and HY sediments. s
average concentration in both cores is about 0.2%. Us presence in the

study area could be atiributed 10 finely disseminated apatite, although it (apatite) was

not identified in the Xeray diffractogramns. Felhaber (1984) states that P may also
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be supplied by plant material associated with the organic matter found in the muds,

Water (H20) is present in both Cores H2 and H7 sediments in almost equal
concentrations (averaging about 7%). Felhaber (1984) found H.O+ highly positively
correlated with the clay mineral factor, and suggested that most, if not all, of water is
located in the intersheet positions of the clay minerals or present in the octahedral

layers as OH- jons,

In summary, this chapter discusses all the results obtained in this study, chapter Eight

presents main conclusions of this study.
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CHAPTER EIGHT

CONCLUSION

8.1 Introduction

This chapter aims at providing a general overview of the findings of this research. The

broader' aims of this research have been to contribute to the evidence for

environmental change during the late Quaternary in southern Africa from the analysis

of continental shelf sediments, and more specifically, to examine the feasibility of

using Namaqualand mudbelts as a key to wunderstanding late Quaternary

environmental dynamics of both terrestrial and marine environment. In order 1o

achieve these aims a number of objectives had to be realised which were:-

® To establish a detailed chronostratigraphy and test or confirm the Holocene age of
the superficial deposits of the mudbelt,

¢ To establish a detailed lithostratigraphy of the superficial deposits of the mudbelt,

# To examine particle size distribution and composition of the mudbelt sediments,

# To determine and interpret various sedimentary properties which are found in the
terrigenous sediments of the Orange Shelf,

¢ To relate these sedimentary properties to environmental changes, processes in the
depositional environment and anthropogenic activities or influence,

4 To see whether the muds found on both the Orange Prode]ta and the inner shelf of

Namagqualand are part of the same moderm depositional event or whether they
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represent different periods of deposition with possibly different mineralogical and
geochemical compositions and,
#To investigate the origin of Orange Shelf sediments and where possible,
palagociimate of the source area and conditions at the environment of deposition

through mineralogical, geochemisiry and biogenic analysis.

A review of the sedimentology and geochemisiry of the area in conjunction with
radiocarbon dates and information taken from other sources allows the reconstruction

of environmental changes that took place during the late Quaternary.

8.2 Chronology

Despite of the obvious inconsistencies in the radiocarbon ages of some of the cores
(HZ in particular), these radiocarbon daies confirm the Holocene age of the
Namagualand mudbelt deposits. Moreover, the ages suggest that laminations evident
in the Namaqualand mudbelt sediments are recent terrestrially-derived sediments

input. They have been deposited at least in the last 1700BP.

Although the radiocarbon dates have cobviously enabled uvs to confinm the Holocene
age of mudbelt, 2 need for a more appropriate and reliable means of establishing a
chronology cannot be overemphasized. A reliable method will obvicusly provide
significant information regarding sediment erosion and accumulation rates in the past,
thus helping in the elucidation of the Late Quaternary erosional history of Southern

Africa.
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8.3 Sedimentology

Preservation of parallel laminations in the ferripenous muds on the Orange Prodelta
suggests that there is high sediment accumulation rate and low biological mixing near
the Orange River mouth (Orange Prodelta). The decrease of these laminations
southward is mainly due to low sediment accumulation rate at these sites (Mabote et
al., 1997}, Amalyses of radiographs suggest that biological mixing is not effective in

the study area.

A relationship between lithostratigraphy and chronostratigraphy indicates that the
laminations are synchronous between different cores. The radiocarbon ages of
laminated mpuds supgest that they were deposited in the last 1700BP. These
laminations could be signatures of increased soil erosion due to anthropogenic

activities,

The stratigraphic analyses combined with radiocarbon dates suggest that the dark
laminated clays are derived primarily from the Orange River and are essentially
overstepping (prograding seaward). Nevetherless, they do not extend south of a
position somewhere between west (Site H5) and south of Wreck Point (Site H4)
(Figures 1.2 and 4.1). These results therefore negate the earlier inferences (e.g.
Rogers, 1977; Dingle et al,, 1987; Rogers and Bremner, 1991) that the Namaqualand

mudbelt is primarily derived from the Orange River. This contention is further
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supported by appearance of grey laminated sequence at Sites H6 and H7 which seems

to be originating {rom ephemeral rivers of southern Namagqualand.

On the basis of chrono- and lithostratigraphic, coarse-fraction components and
mineralogical analyses, the {ollowing sedimentary development on the Namaqgualand
Mudbelt is suggested:-

An early period of deposition dominated by marine conditions (represented by
homogeneous yellowish-green clay with shells at Sites 5, 4 and 6, and olive-green clay
at Site 7} off the coast, but with significant terrigenous input in the north and south

(Sites 1-3, and 7).

Although not all mud samples in the study area were analysed for silt and clay
proportions, intensive size analysis of mud fractions from Cores H2 and H7 show that
terrigenous sediments on the Namagualand Mudbelt are polymodal (Figures 5,18 and
5.16}. Major modes in samples from Core H2 are generally in the medium silt to fine
silt range, whereas Core H7 samples have their major modes in the very fine silt to
coarse clay range. These results reveal a fining of sediments in a poleward direction,
This poleward fining of sediments suggests that mainly medium-silt to fine-silt is
deposited over a small area near the Orange River mouth and, that south of the river
{e.g. Core H7}, the sediment is mainly fine-silt to clay. The polymodal sediments
from the study area are generally indicative of some mixing with sediment of a
different type. This further suggests that the Orange River is not the only source of
sediment deposited on the mudbelt, other sources such as bergwinds events make a

significant contribution.
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The fining-upward sequence in Cores H2, HS, H4, H6 and H7 is generally indicative

of rising sea-level during the Holocene period.

Terrigenous components are dominant in the Orange Prodelta (H1, H2, and H3)
whereas marine biogenic components are more abundant in the inner shelf (H4, H6
and H7). This observation indicates terrestrial influence of the perennial Orange
River on the Orange Prodelta. The sediments near the river mouth are greatly diluted
by terrestriaily derived sediments. On the other hand, marnne-biogenic components
are comparatively higher in the inner shelf. This is apparently due 1o relatively low
influx of terrigenous components and higher productivity at this region (H4, H6 and
H7 are relatively closcr to Namaqua Upwelling Cell (Figures 2.1 and 7.6). It is
generally concluded that Namaqualand mudbelt sediments are more terrigenous near
the Orange River mouth (Orange Delta) whereas south of Wreck Point (between Site
H4), sediments are more marine. This further supports the contention that

Namaqualand Mudbelt is not primarily derived from the Orange River.

Quartz appears to be more abundant southward from the Orange River mouth, and is
its highest quantities are present in the Namaqualand shelf cores (Core H6, off Port
Nolloth in particular). This quariz is considered to be from Quaternary coastal dunes
that were eroded and partly redistributed in the littoral zone during the Flandrian
trapsgression (Woodborne, 1991) (Figure 7.5). 1t appears as though Buffels River
(Figure 1.2) had occupied a more southerly course across the shelf, entering the sea

approximately 10-15km of its present position.
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In addition, the occurrence of quartz and mica in the sediments is consistent with the
semi-arid climate of onshore Namaqualand, where quartz and mica are entrained by
adiabatic Berg winds (Shannon and Anderson, 1982; Whitaker, 1984) moving
offshore from the micaceous metamorphic rocks of Namaqualand interior. Moreover,
it is likely that mica is a dominant component of fine sand in the Orange River and
other rivers contributing 1o it (e.g. Caledon River). It is suggested that this mica might
also be emanating from the Upper Orange River catchment ( including Lesotho),

where many of the soils on sedimentary rocks are expected to be micaceous.

In General, terrigenous components are more abundant on the Orange Prodelta
whereas marine-biogenic components (e.g. foraminifera, sponge spicules and diatorns)
are more abundant South of Orange Delta (off Kleinsee). This distribution clearly
reflects terrestrial influence of the Orange River on the Orange Prodelta. addition, the
dominance of marine-biogenic sediments south of the Orange Delta suggests that the
sediments at this site are more marine-influenced than those on the Orange Prodelta.
The latter observation negates the earlier inferences that the Namaqualand mudbelt is
primarily derived from the Orange River (Rogers, 1977; Dingle et al, 1987; Rogers

and Bremner, 1991).

8.4 Mineralogy and Geochemistry

(a8} Mineralogy

The presence of mica as the major constituent of both clay minerals and coarse-

fraction, and quartz {major constituent of coarse-fraction) in the study area supports
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the classification of these sediments as terrigenous. However, the calcivm-minerals
{e.g. gypsum) and calcareous organisms (e.g. foraminifera) with their increasing
conceniration south of the Orange Prodelta, appear to be indicative of liftle deposition

of terrigenous material occurring on the innershelf of Namaqualand (H4, H6 and H7).

{b} Geochemistry

The presence of silicon, aluminium, irop, tifanium and manganese in high
concentrations on the Orange River Prodelta (Core H2) closer to the Orange River
mouth substantiates the classification of these sediments as terrigencus.  Their
abundance is comparatively lower on the innershelf {Core H7) where most of the
sediments are dominantly of marine orgin. Conversely, calcium concentrations are
highest on the innershelf (Core H7) and decrease sharply northwards towards the
Orange River. These high concentrations on the innershelf comrespond {o increased
carbopate deposition in the form of foraminifera. This is generslly indicative of
calcinm being derived from calcium carbonate of predominantly biogenic origin.

In conclusion, the review of sedimentological and geochemical information derived
from the analyses of Namaqualand continental shelf sediments may be used as 2 key
to understanding late Cuaternary environmental dynamics of both terrestrial and
marine enviropment. Such information can eventually contribute to the evidence for

environmental change during the late Quaternary in the southern Africa.

In sumnary, the main conclusion of this research is that although the terresirial

influence of the Orange River is strongly presented by relatively high-coarse fraction
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components at the Orange Prodelta (Sites H1, H2 and H3), the dominance of these
coarse-fraction by marine-biogenic components at Sites H6 and H7 clearly indicates
that the Namaqua part of the mudbelt has a strong marine influence and that it is not
simply Orange River mud as previously indicated by Rogers, (1977) and Rogers and

Bremmner, (1991).
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APPENDIX B: Lithology of cores

Site H1

O-dcm (dem)
4-59%cm (55cm)
55-=60cm {(»5cm)
Site H2

O-4cm (4cm)
4-20cm {16om)

20-470cm {(450cm)

Site H3
0-20cm (20cm)
20-30cm (10cm)

30-522cm (492)

522-540cm (18cm)
540-=576cm (>36 cm)
Site H4

0-Bern (Bem)
8-108cm {100cm)

108->540cm (>43Zcm)
Site HS
0-22cm (22em)

22-33¢cm {13cm)

Soft brown mud
Stiff, dark olive to dark greyish brown clay

Stiff, olive-brown clay

Soft, brown mud
Soft, Olive-brown clay

Daik, brown-olive, light brows, black and dark grey, laminated clays,
generally stiff below cB8cm. Lamination is at two scales: coarse (1-2em)
superimposed on fine {1-Zmm}. Boundaries between the coarse laminae
are generally diffuse, while the fine laminae are generally laterally
impersistent, producing streaks with elongated blebs, Particularly
prominent, wide, whitish laminae oceur at 130, 150, 300 (the most
prominent) 410 and 450cm. Gas-charged layers occur at 200-270 and 310-
365cm

Soft, Glive-brown clay

Soft, mottled, light-dark clay

Dark brown-olive, light brown, black and dark grey, laminated clays, soft
above ¢&cm, stiffer below. Lamination is at two scales, (1-2em)
superimposed on fine (1-Zmm). Boundaries between the coarse laminae
are generally diffuse, while the fine laminae are generally laterally
impersistent, producing streaks and elongate blebs. Particulady prominent,
wide, whitish laminae occuer at €75 and 345cm, and black laminae at 110,
382 and 30Zcm. A thin horizon with plant remains {grass or fine twigs)
oceurs at 287cm.

Laminations similar to above but with lenses or coarser brown clay

Viscous, dark grey clay with no laminae

Soft, olive-brown clay with live marine Gastropoda
Soft, ight yellowish-green clay. Very soft at top

Light yellowish-green clay with feint colour variations and subtle
laminations. Occasional shells, appears also to be foram-rich

Sloppy, light brown mud with worm tubes

Soft, greyish-brown clay



35-90cm (55cm)

50-248 {158cm)

Site H6

0-15cm {15cm)
15-38cm (23cm)
38-75cm (37cm)
75-85cm (10cm)

85-»380cm {>505cm)

Site HY

O-4cm (dem)
4-20cm (16cm)
20-40cm {(20cm)
40-103c¢m {(63cm)

103-162¢m (59cm)

162->565cm (302cm)

Greyish-brown to slightly darker brown, feintly-laminated clay

Yellowish-green sandy mud, with sparse molluscan shell fragments.
Largely homogeneous, with thin (2-3cm) shelly layer at 194cm

Soft, Hight-brown mottled clay with worm tubes and sparse shells
Dark grey-brown, gelatinous clay, feintly laminated
CGreenish-gray clay with sparse shells

Dark grey clay

Yellowish-green clay with scatiered shells. Mainly homogenous with rare
shelly lavers at 352, 430, 445 and 490cm. H,S apparent

Very soft, grey-brown/dark brown clay. H,8 odour

Soft, greyish dark brown clay. H.S odour

Soft, dark olive clay with dark grey feint laminations

Soft, olive clay. Homogeneous with sparse molluscs. Strong odour

Olive-green clay, sparse molluscs and shell fragments, strong H;S odour.
Feini, light-coloured laminae. Gas expansion structures at 130-140¢m

Olive-green clay, sparse molluses and shell fragments, H,S odour.
Apparently homogeneous. Strongly developed gas expansion structures at
197->465cm.



APPENDIX C -Storage, dialysis and grain size analyses of sediments,

After being subsampled at 5 em onboard, the sediments were stored in
air-tight containers in an unfrozen state. These sediments were
subsampled again in the laboratory, with a plastic tube to obtain a
vertical core through the samples. The subsamples , each consisting of
approximately 50g of wet sediment, were placed directly into 400 mm
lengths of cellophane tubing and hung, 20 at a time, in plastic buckets
rigged with cord across their tops. All subsamples were dialysed in a
running tap water for 24 hours to remove interstitial water and salts.
Birch (1975) has shown that this dialysis method will effectively extract
the interstifial water and salts from samples without siripping the
sediment of exchangeable cations.

Size Analysis

Dialysed samples were then wet-sieved through 63pum and 2 mm screens
to separate gravel and sand fractions from silt and clay (mud). The silt
and clay proportions were determined using Pipette method
(Anonymous, 1967; Rogers, 1971). The Pipette method is based on
determining the density of a dispersed suspension at a fixed depth as a
function of time (Krumbein and Pettijohn, 1938). A suspension in a 1000
ml glass measuring cylinder is thoroughly stirred with a plastic stirrer
and then left to stand. Particles will then start settling and those with a
particular settling velocity will settle below particular plane in the
cylinder column. A calibrated Pipette is then used to pipette from specific
depth in the cylinder column at a set time intervals. Only a particular
size-range will be sampled as those with higher settling velocities will
have settled beyond the chosen depth (Verfaille, 1987). The smaller the
size 10 be measured, the longer the time to wait before taking samples, as
the finer material takes a long time to settle (e.g. measuring size-range
finer than 1um (10 phi) would take more than 16 hours! (Krumbein and
Pettijohn, 1938). The actual mass of the subsample is then determined by
drying and weighing. A Pipette factor is then used to calculate how much
sediment finer than the size represented by the selected depth remains in
suspension. The mass of each sample can then be calculated by
subtraction and expressed as a percent of the total mass of the sediment.



Sedigraph Analysis

A detailed size analysis of fine sediments (silt and clay) were made on
selected samples from both cores H2 and H7, using the Sedigraph
particle analyser. Just like Pipette method, the Sedigraph Particle
Analyser measures the sedimentation rates of particles in suspension,
however, it is relatively faster and allows a detailed analyses of finer
particles. This technique is described in detail in Verfaille (1987) and
will not be discussed here.

Texture and component analyses (coarse fractions)

Coarse fractions was separated into Gravel and sand fractions by dry-
sieving through 2 mun screens. The actual mass of each fraction was then
determined by drying and weighing. By subtraction, the mass of each
fraction was calculated and then expressed as percentage of the total
weight of sediment.



APPENDIX D - H2 CLAY MINERALS PROPORTIONS (%)

Sample Mo, Depth {m) smectite vermiculite chlorite mica kaolinite quartz plagioglase felspars

H2.7.4
H2.7.2
H2.71B
H2.71A
H2.6.12
H2.6.10
H2.6.8
H2.6.8
H2.6.4
H2.6.3
H2.5.20
H2.5.18
H2.5.16
H2.5.14
H2.5.12
H2.5.10
H2.5.8
H256
H2.5.4
H2.5.2
Hz.4.20
H2.4.18
H2.4.16
H2.4.14
H24.12
H2.4.10
Hz.4.8
H2.4.6
HZ24.4
H2.4.2
H2.3.20
+2.3.18
H2.3.16
H2.3.18
Hz2.3.12
H2.3.10
H2.3.8
H236
H2.3.4
H2.3.2
H2.2.20
H2.2.18
H2.2.16
H2.2.14
H2.2.12
H2.2.8
H2.2.10
H2.2.6
H224
H2.2.2
H2.1.20
H2.1.18
H2.1.16
H21.14
Hz2.1.12
H2.1.1C
H2.1.8
H2.1.6
H214
H2.1.2
H2.5P4
Ha.cC2

AVERAGE
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APPENDIX E:- CORE H7 CLAY MINERALS PROPORTIONS (%)

Sample No. Depth {m} smectite vermiculite chiorite mica kaolinkte gquartz plagioclase felspars
H7.G2 cg 27 4 4 30 i1 12 11 i
H7.8.20 0.1 24 7 5 32 13 8 i0 ¢
H7.8.18 a1 26 1 & 38 18 7 g &
H7.6.18 0.2 15 4 2 3% 26 5 & 3
H7.6.14 0.3 21 7 7 34 14 7 G o
H7.B.12 G4 23 £ 7 36 15 5 t o
H7.8.10 1.5 28 ] 7 32 13 8 8 )
H7.6.8 0.8 25 7 & 35 18 & 4 g
H7.6.6 0.7 a6 o 10 31 14 4 4 o
M7.84 0.8 28 2 10 34 15 5 8 G
H7.8.2 [ERS 76 L 1% 28 10 1 13 0
H7.5.20 1.0 Za 7 g 36 18 4 4 t]
H7.5.18 1.1 19 10 8 3 17 5 ¥ e
H7.8.18 1.2 18 7 12 36 16 5 7 G
H7.5.14 13 22 1 8 38 15 8 10 0
H7.5812 1.4 14 i2 11 34 17 G 5 Q
H7.5.10 15 19 10 g 35 14 8 ] 0
H7.5.8 1.8 23 3 11 32 18 5 8 o
H7.5.6 1.7 19 o 8 38 15 8 10 ¢]
H7.54 1.8 20 7 10 38 15 5 T G
H7.52 1.8 17 8 1z 35 16 4 7 1
H7.4.20 20 29 2 [ 38 i6 5 4 0
H7.4.18 2.1 20 4 13 38 17 5 5 g
H7.4.18 22 29 2 7 33 13 & g 0
H74.14 23 27 (4] th! 38 15 5 7 0
H7 412 24 2% 3 3 34 14 5 7 &
H7.4.10 2.5 33 O 8 33 12 a8 180 0
H7.4.8 26 21 12 8 at 18 5 g 4]
H7.4.6 2.7 az & 4 33 15 4 7 e
H7.4.4 28 31 3 G 3z i1 8 8 2
H7.4.2 23 31 & 5 33 12 7 12 &
H7.3.20 a0 33 2 7 34 15 5 4 o
H7.3.18 3.1 Pz 4 & 33 14 5 7 8]
H7.3.18 3.2 37 2 10 37 18 5 8 3
H7.3.14 3.3 31 O 10 34 14 g 3 O
H7.312 34 28 2 10 ag 15 7 8 o
H7.3.10 35 ] 3 g 35 14 8 5 &
HZ3.8 38 28 7 7 32 14 8 8 &
M7.38 a7 24 0 g 33 13 5] 5 G
H7.3.4 38 16 12 10 35 - 1] 8 g a
H7.3.2 3.9 25 10 11 a2 14 4 4 e
H7.2.208B 4.0 18 10 8 33 14 5 g 1
H7.2.18 4.1 25 7 7 32 15 7 7 o
H7.2.18 4.2 20 1G g 28 16 3 13 ¢
H7.2.14 43 z28 g g 24 8 10 15 0
H7.212 4.4 27 8 10 33 14 4 3 o
H7.210 4.5 23 8 8 34 17 4 4 2
H7.2.8 4.6 24 10 g at 13 8 18 a
H7.28 47 25 3] 8 a2 13 4] 8 1
H724 4.8 27 B g 32 15 4 3 Z
H7.2.2 4.9 25 10 16 4 13 5 3 G
H7.1.208 5.0 28 & 8 33 17 5 5 iy
H7.4.18 5.1 28 3 & 34 15 4 4 O
H7.1.148 52 26 7 & a6 17 & 4 o
H7.1.14 53 12 12 4 41 22 3 3 2
H7.1.12 5.4 23 18 & ab 13 8 10 &
H?.1.10 8.5 25 12 é an 11 7 2] &
H7.1.8 56 23 0 & 27 10 2 13 k]
H7.1.6 57 10 & 10 34 16 g 12 &
H7.1.9 5.8 a5 8 5 a7 10 & 8 &
M7.12 59 24 18 g 2B 10 8 13 o
Average 240 2945 6.13 ras azen 14586 893 F.483 .31



APPENDIX F

XRF PROCEDURES FOR MAJOR & TRACE
ELEMENTS (From Willis, 1996)



MAJOR ELEMENTS

Nine major elements, Fe, Mn, Ti, Ca, K, P, Si, Al and Mg (with Ni and Cr when Ni and Cr concentrations
exceed ~2000 ppm or 0.2 %) are determined using fusion disks prepared according to the method of
Norrish and Hutton (1969). The disks are analyzed on a Philips PW1480 wavelength dispersive XRF
spectrometer with a dual target Mo/Sc x-ray tube. Fe, Mn and Ti are measured with the tbe at 100kV,
25 mA. The other elements are determined with the rube at 40kV, 65 mA. Peak only measurements are
made on the elements Fe through Mg. Sodium is determined using powder briquettes, the x-ray tube at
40 kV, 65mA, and with backgrounds measured at —2.00 and +2.00°28 from the peak position. Analytical
conditions are given in Table I.

Fusion disks made up with 100% Johnson Matthey Specpure SiO, are used as blanks for all elements except
Si. Fusion disks made up from mixtures of Johnson Matthey Specpure Fe,O4 and CaCO, are used as blanks
for Si. Intensity data are collected using the Philips X40 software. Mairix corrections are made on the
elements Fe through Mg using the de Jongh model in the X40 software. Theoretical alpha coefficients used
in the de Jongh model for all other elements on the analyte element are calculated using the Philips on-line
ALPHAS programme. Na,O is not included in the matrix corrections in de Jongh model, and no matrix
corrections are made to the sodium intensities.

Table 1.  Analytical conditions for determination of major elements using a Philips P¥¥1430 WDXRF

spectrometer,

Elﬂﬁ?dﬁ Collimator Crystal Detector LVV?LHSUPL Ct;:nu:tgg Cor::enl;t:z:tion RMS s ::é;;s
FeKo F LiF(220) FL 16 70 150 0 - 17 0.118 14
MnKa F LiF(220) FL 15 70 150 0-022 0.005 14
TiKa F LiF(200) FL 28 70 150 0-275 0.020 14
CaKo F LiF(200) FL 36 70 20 0-12.5 0.037 14
KKa F LiF(200) FL 36 70 50 0-155 0.057 14
PKux C GE(111) FL 25 15 100 0-0.36 0.008 14
SiKe C PE(002) FL 32 14 100" 0 -100 0.408 14
AlKa C PE(002) FL 25 75 80 0-175 0.136 14
MgKa F PX-1 FL 30 74 150 Q- 46 0.095 14
NaKo F PX-1 FL 30 78 200 0 -9 0.189 15

* = all concentrations expressed as wt% oxide

RMS = \J 1 - X (Concyy, - Concy)

n -

where
o = no. of standards
k = no. of calibration coefficients, i.e. 2, the slope and intercept of the calibration line.
Concyyey = recommended concentration for an element in a standard
Cone,, = concentration of an element calculated from the best-fit calibration line

First order calibration lines, with intercept, are calculated using all data points, including blanks. Calibration
plots for Fe,04, Ca0, Si0, and MgO are given in Figures 1 - 4.
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TRACE ELEMENTS

Trace elements are determined on powder briquettes in a series of analytical runs using a2 number of different
x-ray tubes. Analytical conditions are listed in Tables 2 and 3.

Table 2.  X-ray tubes and tube and x-ray path settings for the determination of trace elements using
a Philips PW1480 WDXRF spectrometer.

X-ray tube
Element/line X-ray path
Target KV - mA

RhKeaC Rh 80 35 Vacuum
MoKaC Mo/Sc S0 30 Vacuum
MoK« Rh 80 35 Vacuum
NbKa Rh 80 35 Vacuum
ZiKe Rh 80 35 Vacuum
Y Ke Rh 80 35 Vacuum
StKa Rh 80 35 Vacuum
ULeg, Rh &80 35 Vacuum
RbKa Rh 80 35 Vacuum
ThLox, Rh 80 35 Vacuum
PbL3, Rh 80 35 Vacuum
SeKa Mo/Sc 90 30 Vacuum
BiLa, Mo/Sc 90 30 Vacuum
AsKo Mo/Sc %0 30 Vacuum
GaKa Mo/Sc 50 30 Vacuum
W Le, Mo/Sc 9 30 Vacuum
ZnKe Au 60 45 Vacuum
CuKe Au 60 45 Vacuum
NiKe Au 60 45 Vacuum
CoKu Au 50 55 Vacuum
MnKa Au 30 55 Vacuum
CrKe Au 50 55 Vacuum
VKo Au 50 55 - Vacuum
Lale, Au 30 55 Vacuum
Cel.8; Au 50 55 Vacuum
NdLe, Au 50 55 Vacuum
Bale, Cr 50 55 Vacuum
ScKer Cr 50 55 Vacuum
SKa Mo/Sc 40 635 Vacuum

FKax Mo/Sc 40 70 Vacuum




Table 3. Instrumental conditions for determination of trace elements using a Philips PW1480
WDXRF spectrometer.
Background
E'fl':;“‘ Collimator ~ Crystal  Detector L“}'LHSUPL ‘i?;:tz;g relggii;iiv:(;)eak Cor;;:lgtga:ion
position
RhKaC F LiF(220) sC 34 75 200
MoKaC F LiF(220) sC 32 74 200
MoK 13 LiF(200) sSC 30 74 200 —-1.28. +0.54 0 - 280
" NbKu F LiF(200} 8C 30 74 200 Q - 268
ZiKe F LiF(200) SC 0 74 200 0 - 1210
Y Ke F LiF(200} SC 3 74 200 —-0.86 +0.74 0 - 143
Srke F LiF(200) 5C 30 74 200 +0.78 0 - 440
ULy, F LiF(200) SC 30 74 200 0 -15
RbKe F LiF(200) SC 30 74 200 +0.60 0 - 530
Thle, F LiFQ200) SC 30 74 200 0 - 51
?bLﬁl F LiF(200) SC 30 74 200 +1.52 g - 40
SeKa F LiF(220) Fs 25 175 200 -3.42
Bile, F LiF(220) FS 25 75 200
AsKe F LiF(220) FS 25 75 200 +1.80
GaKo F LiF(200) FS 26 74 200 -0.50 +0.70
W Lla F LiF(220) FL 25 67 200 =100 +2.10
ZnKa F LiF(220) FS 20 80 200 -1.08 +4.24 0 - 235
CuKoa F LiF(220) FS 20 80 200 +4.44 0 - 227
NiKa F LiF(220) FS 20 80 200 +2.52 0 - 630
CoKa F LiF(220) FL 15 75 200 +1.00 0 - 116
MnKe F LiF(220) FL 15 75 200 —-2.30 +4.70 0 - 1700
CrKa F LiF(220) FL 15 75 200 -4.10 +2.90 0 - 465
VKo F LiF(220) FL 13 &7 200 +3.40 0 - 640
Lale, F LiF(220) FL 38 68 400 -2718 +422
Celg, F LiF(220) FL 40 68 400 —1.64
NdLg, F LiF(220) FL 40 68 400 +4.82
Bala, F LiF(200) FL 25 175 200 -5.20 0 - 2680
SeKe F LiF(200) FL 25 75 200 -2.78 0 - 34
SKe C Ge(111) FL 32 7N 100 —-5.00 +5.00
F K C PX-1 FL 25 80 400 +1.32

1

ali concentrations expressed as part per million ( ppm or mg.kg™!)



The RhKa Compton or the MoKa Compton peak is used to determine the mass absorption coefficients of
the specimens at the RhKeC wavelength (Figure 5) or the MoKaC wavelength, and the Compton peak mass
absorption coefficient values are used to correct for absorption effects on the Mo, Nb, Zr, Y, Sr, U, Rb,
Th, Pb, Br, Se, Bi, As, W, Zn, Cu and Ni analyte wavelengths. Primary and secondary mass absorption
coefficients for the Co, Mn, Cr, V, La, Ce, Nd, Ba, Sc, S and F analyte wavelengths are calculated from
major element compositions using the tables of Heinrich (1986). Mass absorption coefficient corrections
are made to the net peak intensities, (gross peak intensities corrected for dead time losses, background and
spectral overlap), to correct for absorption differences between standards and specimens. No corrections
are made for enhancement, which could be small but significant (< ~5% relative) for the elements Cr, V,
Ba and Sc in certain specimens, depending on their concentrations of Fe, Mn and Ti.

25

204 -

10 e b L SO .

Mass Absorption Coeflicient (RhKoC)

0 o T T ; T
0 50 100 150 200 250

RhKo Compton Peak Time (sec)

Figure 5. Calibration line for determination of mass absorption coefficients at the RbhKaC
wavelength. RhKaC peak time is the time required to accumulate 400 000 counts on the
RhKaC peak using the fixed count method.

Measured intensity data are processed through the computer program TRACE to correct gross peak
intensities for background and spectral overlap and to make mass absorption coefficient corrections according
to the methods outlined in Duncan et al. (1984): First order calibration lines with zero intercept are
calculated using six or more international rock standard reference materials (SRMs) for each element
(Figs 7-14). The one standard deviation (1 o) error due to counting statistics and the lower limit of detection
is calculated for each element in each specimen.

Table 4 lists the given and calculated concentrations for selected elements in 2 number of rock SRMs, which
give an indication of the accuracy of the trace element data. Table 5 lists the one standard deviation
counting error and lower limit of detection for each of the elements in an acidic (low Fe, Ca and Mg, high
Si) rock and in a mafic (high Fe, Ca and Mg, low Si) rock. Because of the difference in mass absorption
coefficients between the two types of specimen the counting error and lower limit of detection will be slightly
higher in mafic rock specimens. The two examples given cover the range of mass absorption coefficients
found in the majority of geological rock, soil and sediment specimens.
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Table 4. Given and calculated trace element data (all values in ppm) for some rock SRMs.

QLO-1 BHVO-1 w-2 STM-1 BIR-1
Element
Given Calc Given Calc Given Cale Given Calc Given Cale
Mo 2.6 3.5 1.0 0.8 0.6 0.5 5.2 3.1 0.5 <08
Nb 10 11 19 19 7.9 7.4 268 267 0.6 0.9
Zr 185 190 179 181 94 95 1210 1220 16 19
Y 24 25 28 28 24 23 46 47 16 17
Sr 336 329 403 395 194 195 700 689 108 109
U 1.9 23 0.4 <1.6 0.5 <1.2 9.1 8.8 001 <1.2
Rb 74 71 11 9.7 20 20 118 114 0.3 <0.6
Th 4.5 4.0 1.1 1.8 2.2 27 31 31 0.03 <«1.5
Pb 20 20 2.6 3.1 9.3 8.5 18 17 3 3.1
Zn 61 61 105 106 77 79 235 242 71 69
Cu 29 25 136 139 103 108 “46 2.1 126 132
Ni 5.8 1.8 121 127 70 72 3 1.7 166 170
Co 7.2 7.6 45 44 44 43 0.9 <19 51 52
Mn 720 690 1300 1290 1260 1240 1700 1600 1320 1280
Cr (3.2 3.6 289 312 93 100 43 3.2 382 404
\'/ 54 44 317 314 262 257 (8.7 <156 313 306
Ba 1370 1430 139 138 182 191 560 589 7.0 10
Sc 89 103 31.8 339 35 36 06 05 44 39
{n.n = value given for information only

The counting error and lower limit of detection are calculated using the following formulae:

L.k
T T
la error (in ppm) = Conc x N PI b
and
I
LLD (in ppm) = L] 2
m T;aml
where Conc =  calculated concentration in ppm
m =  net peak / concentration
I = gross peak count rate in cps
Iy =  background count rate under the peak in cps
I, = I, — I, = true et peak count rate in cps
T, =  counting time for peak in seconds
T = total counting time for background in seconds

N.B. I, is the calculated background plus any corrections for spectral interference, i.e. I, = L -L.



Table 5.  Calculated trace element data, 1 ¢ counting error and lower limit of detection (all values
in ppm) for two rock specimens having different mass absorption coefficients.

JR-2 JB-1a
Element
Cale 1o LLD Calc lo LLD
Mo 4.1 0.2 0.6 1.8 03 0.7
Nb 19 0.1 04 28 0.2 0.5
Zr 87 0.1 0.3 152 0.2 0.4
Y 51 0.2 0.6 24 0.2 0.6
Sr 8.2 0.1 0.4 444 0.3 0.5
U 11 0.3 0.9 2.3 0.4 1.2
Rb 303 0.2 0.4 39 0.2 0.6
Th 34 0.4 1.1 9.8 0.5 1.4
Pb 24 0.5 1.3 7.5 0.6 1.8
Zn 28 Q.2 0.6 84 0.4 0.9
Cu 1.1 0.3 0.8 55 0.5 11
Ni 1.3 0.3 0.8 139 0.7 1.3
Co <12 04 1.2 37 0.9 2.3
Mn 878 1.7 1.2 1100 2.0 1.8
Cr 1.6 0.4 1.3 406 1.5 2.0
\'% 1.7 0.4 1.2 193 1.4 3.0
Ba 28 0.6 1.5 523 1.8 33

Se 60 02 05 26 04 09




APPENDIX G {1) TABLE OF PARTICLE SIZE DISTRIBUTION OF SEDIMENT IN CORE H1

LD NG, Depth{m) Tot. Gravel {3} Tot. Sand{ (%) Tot. Silt& Clay (%) Texture

H1.G2 G 0.0C 0.582 99 42 mud

H1.G1 0 0.00 0.147 99.85 mud

H1.1.19 0.05 0.00 0.183 99 82 mud
H1.1.18 .1 0.00 0.143 99 86 mud
Hi.1.47 0.15 0.00 (0.144 89.86 mud
H1.1.16 0.2 0.00 0.120 99 .88 mud
H1.1.15 .25 0.00 0.155 99.84 mud
H1.1.14 03 0.00 0.083 a8 04 rmud
H1.1.13 0.35 0.00 0.157 99.84 mud
H1.1.12 0.4 0.00 0.392 99.61 mud
Hi.1.11 Q.45 (.00 0.118 99.88 mud
H1.1.10 0.5 0.0G 0.877 99.12 mud
H1.1.9 0.55 0.00 0.037 99.98 mud

H1.1.8 0.8 0.00 0.047 99.85 mud

H1.1.7 0.65 0.00 0.044 9996 mud

H1.18 07 0.00 g.126 99.87 md

H1.1.5 0.75 0.00 0.068 99.93 mud

Hi. 1.4 0.8 0.00 0.027 90 g7 mud

H1.1.3 0.85 0.00 0.051 9.5 mud

H1.1.2 0.9 0.00 0.122 99.88 mud

H1.1.1 .95 0.00 0.268 9973 mud

H1.0C2 1 0.00 0.316 89,68 miud
H1.CC1 1.05 0.00 0.2186 99.78 mud
H1.CE 1.1 0.00 1.467 98.53 mud

et

Average 0.00 0.245 99.76 mud



APPENDIX G (2ITABLE OF PARTICLE SIZE DISTRIBUTION OF SEDIMENT 1M CORE H2

Depth {m}
0.00
0.00
0.05
0.08
0.14
Q.18
0,18
023
0.27
0.32
036
0.41
0.45
0.50
0.54
0.589
0.63
0.869
072
0.77
0.8z
.87
0.2
0.97
1.02
1.07
1.12
147
1.22
1.27
1.32
137
142
1.47
1.82
1.57
1.62
1.67
1.72
1.97
1.82
1.87
1.52
1.87
2.02
2.07
242
2.47
222
2327
232
2.37
2,42
2.47
2.52
2.57
282
287
272
277
2.82
287
282
297
3.02

1D.No,
H2.G1
H2G2
H2.7.4
H2.7.53
H272
H2.7.1b
H2.T.1a
H2.8.12
H2.6.11
H3.8.10
H2.6.9
H2.6.8
H2.67
H3 68
Hz 8.5
H2.6.4
H2.6.3
H2.6.2
H26.1
M2.5.20
Hz. 518
H2.58.18
H2.5.17
H2 516
H2.5.15
H2.5.14
H2.5.13
H2.5.12
H2.5.11
H2 5,10
H2.5.8
H258
H2.5.7
H2.5.5
H2.6.5
H2.5.4
H2.53
H2.6.2
H2.5.1
H2.4.20
H2. 4,15
H2.4.18
H2.4.%7
H2. 416
H2.4.15
H2.4.14
H2.4.13
H2. 4142
H2.4.11
H2.4.10
H2.4.9
H2.4.8
H2.4.7
H2.4.6
H2.4.5
H2. 4.4
HZ.4.3
H2.4.2
H2.4.1
H2. 3.20
H2. 318
H2.2.18
H2.3.17
H2.3.18
H2.3.15

tot.gravel (%) tot. sand{%} tot.silt &clay{%) silt {%) cohesionless silt (%} cohesive silt (% Clay (%)
9 86 252

0.00 0.14 9.88 33.8 86.06
.00 .25 98.75 32.7 7.27 25.43 §7.0%
0.00 0.32 99.68 34.93 816 28797 64.75
0.00 0.06 99.94 27.88 7.5 20.38 72.06
0.00 0.06 99.94 24.37 10.4 13.97 75.57
.00 .41 99.58 17.73 1.46 16.33 81.81
0.00 0.38 89.64 21.78 272 18.06 77.86
0.00 0.29 59.71 273 4.18 23.14 72.41
0.co 0.25 93.75 35.02 6.9 2812 64.73
0.00 0.10 99.50 37.88 83 29.59 82.01
£.00 0.18 93.84 24.48 228 22.24% 75.38
0.00 029 98.71 2325 213 2112 76.46
0.00 0.01 89.95 2793 2.92 2507 72.00
0.00 0.07 99.93 22.88 321 18.67 77.05
0.0G .08 99,82 23.68 23 20.48 76,23
0.00 .32 99.68 42.95 15.68 2727 56.73
.00 0.27 59.73 43.64 13.48 30186 58.09
0.00 0.44 899.58 41.75 14.01 27.74 57.81
0.00 013 89.87 2775 5648 2207 7212
2.00 0.2 55,98 28.5 2.43 2607 71.48
.00 010 99.5G 36.48 5.82 27.68 63,42
.00 0.61 99.3% 28.8 59 229 70.59
0.00 0.50 98.50 23.27 2% 20.38 76.23
c.oo 011 93.89 2366 4 88 18.97 76.23
0.06 G.18 99 84 212 2.44 1878 78.64
0.0¢ 0.08 88,92 23.82 3.32 20.6 76.00
0.00 0.22 g99.78 22 2.81 18.18 77.78
.00 1.27 88.73 2238 2.89 19.45 78.35
(.00 .13 89.87 15.64 178 17.88 80.23
0.00 .11 99.89 26.857 3.8g 23.08 72.92
0.00 0.1¢ 99,81 11.48 8.06 3.0z 88.73
.00 0.55 99,45 40.85 17.09 23.56 58.80
0.00 0.37 99.63 48,44 17.39 28.05 £3.19
.00 0.04 99,64 20012 1.75 18.37 79.84
.00 029 89.71 27.08 545 2161 72.65
0.00 0.16 69.84 26.83 4.61 2222 73.01
0.00 0.05 95,95 33.51 474 28.73 £66.44
.00 .18 99.81 33.05 10.582 22.53 86.76
000 0.21 88,79 43.18 18 2518 56.61
0.00 0.70 89,30 33.65 7.64 26.01 65.65
0.00 Q.17 99.83 24.18 2.05 22.13 7565
(.00 0.08 99.84 18.83 1.56 17.07 81.31
0 a0 .31 095,69 31.08 2.24 28.84 £8.61
.00 .13 99 87 34.85 5.82 2813 64.92
0.00 0.36 g99.64 30.98 8.31 2267 §8.66
.00 0.30 893.70 28.03 8.22 15.81 71.67
(.00 .07 8993 4277 17.9 24.87 57.16
.00 0.13 89.87 3378 8.85 24.94 66.08
06.0C 0.03 §9.97 28.5 4.57 2493 70.47
0.00 0.14 89.88 24.92 223 2289 74.94
.00 ooy 99 83 25.06 i 21.85 74.87
£.0g 0.10 89,80 27.82 1.36 25.58 71.98
0oe 011 93.8% 22.28 1.26 2102 77.61
0.00 0903 99.97 24.78 1.38 23.42 75.19
.00 0.14 99.86 24.18 238 21.83 75.68
.80 .08 89,54 35.83 5.38 30.44 g4.11
.08 .08 99.91 21.48 1723 18.25 78,43
.00 .08 9991 15.37 1.38 14.01 84.54
.00 0.20 8980 15.63 147 14 48 a4.17
0.00 0.18 §9.84 29.48 7.33 2213 70.38
.00 008 89g.84 30.78 4.38 284 £9.16
0.00 0.08 699.94 30.62 4.87 2575 £8.32
0.00 0.5 99.44 25.68 3.38 22.31 7375
.00 0.68 89.91 21.87 2.44 19.43 78.04
.80 a4 695 .68 19.99 0.87 18.12 78.97



307
3.12
317
3.22
3.27
3.32
3.37
3.42
3.47
3.52
3.57
3.62
367
372
3.77
3.82
31.87
3,62
4.02
407
412
417
447
479
427
432
437
442
4.47
452
457
462
467
472
477
482
4.87
482
4.97
5.02
5.07
512
517
522
527
5,32
5.37
5.42
5.47
5.52
557
5.62
567
572
577
5 82
5.87
5.92
557
5.07

2344
H2.3.13
H2.3.12
b2 3.1
H2.3.10
H2.3.8
H2.3.8
H2.3.7
H2.3.8
H2.3.8
H2.3.4
H2.3.3
H2.32
H2.21
H2.2.20
H2.2.18
H22.18
H2.2.97
H2.2.18
H2.2.15
H2.2.14
H2.2.13
H2.2.12
H2211
H2.2.10
M229
H2.2.8
H2.27
H2.2.6
H2.2.5
H2.2.4
H2.2.3
H22.2
H2.2.1
H2.1.20
H2.1.48
H2.1.18
H2.1.17
H2.1.18
H2.1.15
H2.1.14
H2.1.93
Hz2.1.12
Hz.1.11
H2.1.10
H2.1.¢
H2.1.8
H2.17
H2.1.6
H2.1.5
H2.1.4
H2.1.3
H2.1.2
H2.1.1
H25P4
H23P3
H28P2
H28P1
H2C02
HZCC

Average

0.00
0.00
0.00
0.0
.60
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.¢0
0.00
0.00
0.00
006
0.00
0.00
0.¢G
0.on
.00
0.00
Q.00
0.00
0.00
0.00
0.00
0.68
0.00
0.q0
0.0
0.00
0.00
0.00
0.00
0.00
.00
Q.40
0.00
0.co
0.0¢
0.64
0.00
0.00
0.00
0.00
0.00
.00
0.00
0.00
0.00
0.C0
0.00
.00
0gn
.00
0.00

000

003
0.07
.32
203
g.04
0.06
0.14
0.04
C.03
0.08
007
0.37
0.16
.06
G610
014
0.12
0.07
.08
0.04
0.22
3,32
0.48
1.43
1.71
1.57
1.79
1.587
2.26
1.50
3.11
1,87
0.33
0,28
1.21
478
378
580
2.87
2.80
270
4.49
435
210
5.44
12.38
18.85
812
12.31
1392
1165
1.27
7.35
7.51
4.44
8.41
3.05
277
8.75
by

1.65

99,47
99.93
99.68
99.97
99.96
99.94
99.86
99.96
5997
99.94
99.53
98.63
89.84
0924
89.90
99,96
99.88
89.93
895.81
89.96
§9.78
86.68
94 51
98,57
58.2%
94.43
88.21
98.43
97.74
98.50
896.89
9803
§9.67
99.72
08.79
85.21
896.74
93.20
87.13
597.20
87.30
85.51
95.65
94.50
594.56
87 64
81.35
91.88
87.63
2688
28,45
98.73
§92.65
5245
95.56
83.59
95.95
§7.23
93.25
90.08

98.35

2514
25.02
23.62
23.95
2478
20.42
2568
20,02
33.83
18.57
2073
2818
29.18
KT
3288
4103
2914
28.94
$3.37
41.18
18.78
1878
24.08
21.1
49.06
38.48
20.44
15.08
19.73
18.57
286
3862
20.61
2894
15.67
14.8
21.91

27.33

1.27
1.66
34
0.78
223
.38
289
1.85
12.85
1.66
224
5.64
8.57
13.56
12.45
24 81
10.41
10.28
877
1.17
0.4
.54
0.g7
1.54
17.38
10.68
432
087
152
1.53
858
188
1.85
an

.93
3.4

5.55

23.87
23.36
20.22
2317
20.55
20.03
2277
18.17
20.68
16.81
18.49
21.55
12.61
24.19
20.11
16.22
18.73
18.65
12.6
39.89
17.84
15.85
2312
19.88
31.67
27.8
16.12
14.42
18.21
17.04
2004
22.82
19.06
26.73
1567
13.87
18.51

21.78

74.83
74
76.08
6.0z
77.18
79.82
74,20
79.94
86.34
81.357
78.20
71.44
70,66
G214
67.34
58.83
7n74
70.%99
86.54
58.80
81.00
79,89
75.42
7747
49.23
89.85
1177
83.34
78.01
79.93
£58.29
941
78.08
69.78
83.12
#0.31
74.83

72,22



APPENDIX G {3) PARTICLE SIZE DISTRIBUTION OF SEDIMENT IN CORE H3

Depth {m) LD.No tot. Gravel (% Tot. sand {(%Tot. silt & clay (% Texture

0.00 H3.G2 0.00 (3.38 98.62 mud
0.00 H3.G1 0.00 0.08 99.92 mud
0.00 H3TOP 0.00 0.49 89.51 mud
0.05 HisA2 0.00 0.45 989.55 mud
310 HH3.6711 0.00 G.18 99.84 mud
0.15 H3.610 0.00 0.07 99.93 mud
0.20 H36.9 0.00 0.16 09.84 mud
025 H368 0.00 0.12 92.88 mud
0.30 H3867 0.00 0.14 99.86 mud
035 H3686 0.00 0.07 82.93 mud
040 H365 0.00 0.0 89,80 mud
045 H364 0.00 0.24 89.76 mud
0.50 H3.63 0.00 0.09 88.91 mud
0.56 H362 0.00 G.07 89.93 mud
0.60 H36.1 0.00 0.13 88.87 mud
0.65 H3.5.208B 0.00 0.25 89.75 mud
0.70 H3.5.20A 0.00 1.02 98.98 mud
0.75 H3LA19 0.00 0.02 89.98 mud
0.80 H3.5.18 0.00 G.41 89.58 mud
0.85 H3.5.17 0.00 0.15 §9.85 mud
0.80 H3.516 0.00 G.0% 28.91 mud
0.95 H3518 0.00 0.1% 989.85 mud
1.00 H3.5.14 0.00 0.23 89.77 mud
1.05 H3.513 0.00 012 8988 mud
110 H3.5.12 0.00 .14 8988 mud
1.156 H3.511 0.00 0.18 g9.81 mud
1.20 H3.5.10 0.00 0.38 898.62 mud
1.25 H359 0.00 0.06 88.94 mud
1.30 H3.58 0.00 .19 889.81 mud
1.35 H3.57 0.00 0.50 99.50 mud
1.40 H356 0.00 0.31 99.69 mud
145 H355 0.00 0.25 8975 mud
1.50 H354 0.00 .15 g9.85 mud
1.595 H353 0.00 1.14 88.86 mud
1.60 H3.52 0.00 0.22 89.78 mud
1.65 H3.51 0.00 0.54 889.46 mud
1.68 H3.4.208 0.00 0.84 9916 mud
1.70 H3.4.20A 0.00 .65 98.35 mud
1.73 H3I4.19B 0.00 0.19 88.81 mud
1.75 H3.4.18A 0.00 022 99.78 mud
1.80 H3.4.18 0.00 0.11 99.89 mud
1.85 H3.4.17 0.00 C.48 49.54 mud
1.80 H3.4.16 0.00 011 - 8989 mud
185 H3.4.15 0.05 0.14 88.81 mud
200 H3.4.14 0.00 018 g9.85 mud
2.06 H3313 0.33 0.37 88.30 mud
210 H3.412 0.13 0.26 99.61 mud

2156 H3411 0.00 0.28 89.72 mud



2.20
2.25
2.30
2.35
2.40
2.45
2.50
2.55
2.60
2.65
2.68
2.70
2.73
2.75
2.80
2.85
2.90
2.85
3.00
3.05
3.0
3.15
3.20
3.25
3.30
3.35
3.40
3.45
3.50
3.55
3.60
3.85
3.68
3.70
373
3.75
3.78
3.80
3.83
3.85
3.80
3.95
4.00
4.05
4.10
4.15
4.20
4.25
4.30
4.35
4.40

H3.4.10
H3.4.9
H3.4.8
H3.4.7
H3.4.6
H3.4.5
H34.4
H3.4.3
H3.4.2
H3.4.1

H3.3.20B
H3.320A
H3.3.19B
H3.3.10A

H3.3.18

H3.3.17

H3.3.16

H3.3.15

H3.3.14

H3.3.13

H3.3.12

H3.3.11

H3.3.10
H3.3.8
H3.3.8
H3.3.7
H3.36
H3.3.5
H3.3.4
H3.3.3
H3.3.2
H3.3.1

H3.2.20B
H3.2.20A
H3.2.198
H3.2.19A
H3.2.18B
H3.2.18A
H3.2.178
H3.217A

H3.2.16

H3.2.15

H3.2.14

H3.2.13

H3.2.12

H3.2.11

H3.2.10
H3.2.9
H3.2.8
H3.2.7
H3.26

0.60
0.60
0.00
0.00
0.60
0.00
0.00
(.00
0.00
0.00
G.00
0.00
0.00
0.00
(.60
0.00
0.00
(.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
.00
0.00
0.00
0.00
.00
0.00
(.00
0.00
0.00
0.00
0.00
C.00
0.00
0.00
(.00
0.0
0.00
0.00
G.00
0.00
0.00
0.00
0.60
.00

0.24
0.08
0.64
0.05
0.13
0.22
0.29
0.19
0.79
0.47
0.74
5.81
0.43
0.11
.11
0.06
0.05
010G
0.04
0.07
0.04
0.17
0.07
0.09
0.03
0.05
0.02
0.31
0.05
0.02
0.03

.05

0.08
0.14
0.06
0.09
0.01
0.06
0.05
0.10
0.10
0.11
0.18
0.38
0.08
0.33
0.28
0.04
0.86
0.73
0.13

99.76
99.91

99.36
88.85
99.87
88.78
89.71

98.81

99.21

99.53
898.26
94.19
99.57
99.89
98.89
99.64
99.95
899.90
99.96
98.93
99.56
§9.83
98.93
99.91

§99.97
§9.95
99.98
99.69
96.65
89.98
859.97
99.95
89.92
899.86
99.94
89.91

§99.99
98.94
989.95
99.80
99.90
99.88
§99.81

899.62
99.82
99.67
98.72
99.96
99.14
99.27
99.87

mud
mud
mud
mud
mud
mud
mud
mud
mud
mud
mud
mud
mud
mud
miug
mud
mud
mud
mud
mud
mud
mud
mud
mud
mud
mud
mud
muag
mud
mud
mud
mud
mud
mud
mud
mud
mud
mud
mud
mud
mudc
mud
mud
mud
mud
mugd
mud
mud
mud
mud
mud



445
4.50
4.55
4.60
4865
4.68
4.70
4.75
4.80
4.85
4.90
4.95
5.00
5.056
510
515
520
525
5.30
5.35
5.40
545
5.50
5.55
5.60
5.65
570
5.75
5.80

H3.25
H3.2.4
H3.2.3
Ha3.2.2
H3.2.1
H3.1.208B
H3.1.20A
H3.1.19
H3.1.18
H3.1.17
H3.1.16
H3.1.15
H3.1.1.14
H3.1.13
H3.1.12
H3.1.11
H3.1.10
H3.1.9
H3.1.8
H3.1.7
H31.6
H3.1.5
H3.1.4
H3.1.3
H3.1.2
H3.1.1
H3.CC2
H3.CC1
H3.CCE

average

0.00
0.00
0.00
.00
0.00
0.00
0.89
0.00
0.00
0.06
0.00
0.00
0.00
(.00
0.00
0.00
0.00
G.00
0.00
0.04
0.00
0.00
0.00
.00
0.00
G.00
0.00
0.00
0.00

0.01

0.26
0.17
0.18
0.08
0.05
0.06
0.08
0.43
0.10
0.13
010
0.02
0.02
0.04
0.01
0.04
0.08
0.03
0.13
0.14
0.03
0.04
0.15
0.02
0.08
0.04
0.02
0.G0
0.02

0.24

899.74
$9.83
99.82
89.92
99.85
89.94
899.03
98.57
99.90
89.81
99.90
89.98
§9.98
99.96
99.99
99.86
£99.92
89.97
§9.87
99.82
89.97
89.96
99.85
899.08
899.91
99.96
98.88
100.00
99.88

89.75

mud
mud
mud
mud
mud
mud
e
mud
mud
mud
mud
mud
mud
mud
mud
mud
mud
mud
mud
mud
mudd
mud
mud
mud
mud
mud
mud
mud
mud

mud



APPENDIX G (4} TABLE OF PARTICLE SIZE DISTRIBUTION OF SEDIMENT iN CORE HS

Depth {m) LD No Tot.gravel (%) Tot sand (%) Tot, silt & clay (%) Texture
0.0 HS.GAZ 0.00 1.08 98.94 mud
0.0 HEGAT Q.00 .81 99.18 frusd
6.0 H5.GB2 0.00 0.33 98,67 mud
0.0 H5.GB1 0.00 0.33 89.87 mud
0.0 H5.GC2 0.00 G.og 99.92 mud
0.0 H5.GCY 0.00 0B.04 99.84 rid
0.0 H5.38 0.00 .55 9g.44 roid
0.1 H538 0.00 0.15 99.85 mud
01 H534 0.Co .18 939.82 mud
0.2 H533 0.00 0.16 99.84 g
02 HEZRZ 0.00 o7 88,383 rrud
0.3 H531 0.12 .18 a8.72 et
0.3 H5.2.20B 0.00 0.18 89.82 mud
0.3 H5.2.20A 0.60 0.28 98.72 mud
(.4 HE.2.18 0.00 0.34 99.68 mud
0.4 H52.18 0.00 0.33 98 87 rrieed
0.5 H5.2.17 £.00 0.41 899.59 mud
0.5 H52.16 0.00 G.61 99.39 mud
0.6 H5.2.15 0.00 0.67 89.33 mud
0.8 HH.2.14 0.G0 0.71 89.29 rrid
0.7 H5.2.13 4.00 1.41 98.58 mud
0.7 H5.2.12 0.00 1.28 98.72 mmiud
0.8 H5.2.11 0.00 1.23 98.77 mid
0.8 HE2Z10 0.00 1.73 9B.25 mud
0.9 H3ZB 0.00 1.88 a8.12 rrud
0.8 H5238 0.00 2.18 97.81 frud
1.0 H527 0.00 277 §7.23 mud
1.0 H5.2.86 0.00 311 96.89 rnud
1.1 HE2.8 0.00 385 06.35 smud
11 H3.2.4 .00 3.57 86.43 mud
1.2 H523 0.00 4.68 85.32 mud
1.2 H522 0.00 7.67 §2.33 mud
1.3 H521 p.0a 5.28 84.72 ertied
1.3 H5.1.208 0.00 £33 85.a7 raud
1.3 H5.1.20A 0.00 503 84.87 frud
1.3 H5.1.188 0.80 5.64 93.78 rmud
1.4 H5.1.18A 0.00 5.81 8449 mud
1.4 H5.1.18 0.28 6.52 93,22 v
1.8 H5.4.17 0.00 8.94 g1.06 mud
1.5 H5.1.16 0.00 12.98 B7.02 sandy mud
16 H5.1.15 0.20 18.47 8133 sandy mud (g)
16 H5.1.14 0.00 20.25 7375 sandy mud
1.7 M8.1.13 0.00 23.32 76.88 sandy mud
1.7 H5.1.42 0.48 21.83 7761 sandy mud (g)
1.8 H5.1.11 1.23 24.38 74.38  sandy mud (g)
1.8 H5.1.10 0.00 21.71 78.25 sandy mud
148 H5.1.8 0.39 20.21 7940 sandy mud {g)
1.8 H& 1.8 218 2075 Tr.o7 sandy mud (g)
20 H5.1.7 0.88 18.57 79.57  sandy mud (g)
20 H5186 0.51 22.0% 77.48  sandy mud {g)
21 H5 1.5 1.32 23.38 7528  sandy mud (g)
21 H5.1.4 0.70 21.95 77.35  sandy mud (g)
22 H81.3 0.83 2302 7815 sandy mud (g}
22 H5.1.2 0.70 25.80 73.71 sandy mud {g)
23 H511 1.31 28.44 70256  sandy mud (g)
2.3 HE.CC4 110 23.83 75.07  sandy mud (g)
2.4 H5CC3 217 25 8% 71.94  sandy mud {g)
24 H5.CC2 4.80 28.82 66.58  sandy mud (g)
2.5 Hb5.CCH 21.02 34.09 4489 gravelly mud
25 H5CE 43 84 31.81 18.35 muddy sandy grave!

average 1.51 9.62 88.47 sandy mud (g}

Key: {g} =slightiy gravelly



APPENDIX G (5) TABLE OF PARTICLE SIZE DISTRIBUTION OF SEDIMENT IN CORE H4

Depth {m} LD No. tot. gravel (%) Tot. sand ( %)tot. silt & clay ( Texture
. 89.72

0.0 H4.G2 .00 (.28 mud
0.0 H4.G1 0.00 0.25 99.75 mud
0.0 H4.520B 0.60 0.24 §8.76 mud
0.1 H4.5.20A 0.23 0.47 99.29 rrud
0.1 H4.5.188 0.00 0.19 99.81 mwd
0.1 H4.5.19A 0.00 0.15 895.85 mud
0.2 H4.5.18 0.00 0.53 898.47 mud
0.2 H4.5.17 0.00 (1,23 88,77 roud
8.3 H4.5.16 0.00 0.24 9975 mud
0.3 H4.5.15 0.00 0.23 88.77 mud
0.4 H4.5.14 0.09 0.22 899.69 mud
0.4 H4.5.13 0.04 .22 8378 mud
0.5 H4.5.12 0.60 0.20 949.80 mud
0.5 H4.5.11 0.00 .20 899.80 mud
0.6 H4.5.10 0.00 0.19 88 81 mud
0.6 H4.5.9 0.00 0.25 99.75 rrvud
07 H4.5.8 0.G0 0.22 85.78 rmud
0.7 H4.5.7 0.00 .30 89.70 mud
0.8 H4.5.6 0.03 0.31 99.66 mud
0.8 H4.5.5 0.G0 .24 98.66 mud
0.8 H4.5.4 0.00 0.42 99.58 mud
0.9 H4.5.3 6.00 0.28 99.72 mud
1.0 H4.5.2 0.00 3.43 98.57 rmud
1.0 H4.5.1 0.00 0.50 98,50 mud
1.0 H4.4.20B 0.00 0.39 89.61 mud
1.1 H4.4.20A 0.12 0.41 89.47 mud
1.1 H4.4.19 0.00 0.35 BY.65 rowd
1.2 H4.4.18 0.13 .38 59.49 mud
1.2 H4.4.17 0.15 0.40 88.45 mud
1.3 H4.4.16 0.00 0.58 99.42 mud
1.3 H4.4.15 .13 .29 92.58 mud
1.4 H4 4,14 0.10 0.28 93.62 mud
1.4 H4.4.13 0.00 0.47 899.53 mud
1.5 H4.4.12 0.60 0.23 98.77 mud
1.5 H4.4.11 0.08 (.28 849,66 mud
1.6 H4.4.10 0.10 0.28 98.61 miud
1.6 H4.4.9 0.00 0.20 99.70 mud
1.7 H4.43 0.00 0.32 9968 mud
1.7 H4.4.7 0.25 (.58 98.18 rriud
1.8 H4.486 0.00 0.20 99.80 mud
1.8 H4.4.5 0.00 0.26 99.74 mud
1.9 H4.4.4 0.11 0.44 95.46 miud
1.9 H4.4.3 0.00 (.25 8875 rmud
2.0 H4.4.2 0.42 0.27 99.32 mud
2.0 H4.4.1 0.13 0.52 89.35 mud
2.0 4,3.20. 0.q0 (.28 8372 mud
21 H4.3.20A 0.06 4. 9964 miud
2.1 H4.3.198 0.11 0.45 8989.45 mud
2.1 H4.3.18A 0.00 0.30 99.70 mud
22 H4.3.17 6.0 0.25 8278 rud
23 H4.3.16 0.11 .48 99.43 mud
2.3 H4.3.15 0.00 (.43 99.57 mud
2.4 H4.3.14 0.00 0.38 99.62 mud

24 H4.3.13 0.00 1.02 48.98 mud



25
2.5
28
26
2.7
2.7
2.8
2.8
2.8
2.9
30
3.0
3.0
31
3.1
32
3.2
3.3
3.3
34
3.5
3.5
3.6
36
3.7
37
38
3.8
3.9
39
4.0
4.0
4.0
4.1
4.1
4.2
4.2
4.3
4.3
4.4
4.4
45
4.5
4.6
46
47
47
438
4.8
49
49
50
50
5.0
5.1
51
52

Average

H4.3.142
H4.3.11
H4.3.10
H4.3.8
H4.338
H43.7
H4.36
H43.5
H4.3.4
H4.3.3
H43.2
H4.3.1
H4.2.208
H4.2.20A
H4.219
H4.2.18
H4.2.17
H4.2.16
H4.2.15
H4.2.14
H4.2.12
H4.2.11
H4.2.10
H4.29
H4.2.8
H4.2.7
H428
H425
H4.2.4
H4.23
H422
H4.2.1
H4.1.20B
H4.1.20A
H4.1.189
H4.1.18
H4.1.17
+4.1.18
H4.1.15
H4.1.14
H4.1.13
H4.1.12
H4.1.11
H4.1.10
H419
H4.1.8
H4.1.7
H4.186
H4.1.5
H4.1.4
H4.1.3
H4.1.2
H4.1.1
H4.CC2
H4.CCH
H4.CE2
H4.CE1

GO0
(.39
0.01
0.16
021
0.04
.06
0.03
0.35
0.33
022
0.83
0.00
0.33
0.00
0.00
0.19
0.060
0.00
0.00
0.24
0.00
0.02
0.34
0.58
0.58
0.33
0.00
0.45
0.13
0.08
0.00
0.16
.43
0.00
0.00
0.12
.16
.00
0.27
g.08
0.23
0.03
0.00
0.40
0.00
0.00
.00
0.1
0.76
0.41
0.41
1.45
D.46
0.25
017
0.16

(.13

.44
0.26
.41
1.01
0.76
0.66
0.54
0.78
0.65
0.79
0.44
1.08
0.32
0.49
0.30
0.30
0.75
0.04
0.27
0.25
0.60
0.26
027

0.73

0.60
0.81
0.87
0.91
0.87
0.54
0.95
0.38
1.34
1.18
0.46
0.43
1.08
0865
0.60
0.79
0.72
0.72
0.90
1.11
1.13
1.03
2.07
1.10
1.25
1.64
1.68
2.33
224
2.04
2.80
3.09
3.03

0.65

89.60
84924
99.58
98.83
599.03
99.31
99.40
99.19
29.00
98.88
99.34
88 08
99.68
989.18
899.70
99.70
$9.05
89.96
88.73
89.75
§99.16
99.74
899.71
$8.93
85.82
88.61
98.80
99.09
98.58
99.32
98.96
99.62
98.50
98.33
£9.54
99.57
898.80
G918
99.40
98.93
88.20
99.05
899.07
£8.89
98 47
98.97
97.93
§8.90
98,64
97.80
97.91
897.27
96.32
97.50
87.15
86.74
96.81

99.22

s
fygtite
g
mud
mud
mud
mud
mud
mud
mud
mud
mrud
mud
mud
rrud
mud
mud
mud
mud
reeict
i
mud
mud
mrud
mud
mud
mud
miud
mud
mud
roud
mud
miud
mud
mud
rrud
mud
i
mud
mud
mud
mud
mud
mud
mud
mud
mud
mud
mud
mud
mud
mud
mud
mud
mud
mud
mud

mud
mud



APPENDIX G {8) TABLE OF PARTICLE SIZE DISTRIBUTION OF SEDIMENT IN CORE Hé

Depth{cmj)
g

g
10
15
20
25
30
35
40
45
50
55
60
85
70
75
80
85
80
a5

100
105
110
115
120
125
130
135
140
145
150
155
160
162
170
175
180
185
187.5
180
188
200
205
210
215
220
225
230
235
240
245
250
255

i.DNo
G1
G2
H&8.7.15
H8.7.14
HG.7.13
HB.7.12
HE6.7.11
HE.7.10
HB6..7.9
HB8.7.8
H67.7
HE7.6
H5.7.5
HE6.7.4
HB.7.3
He.7.2
HE.71B
HE.7.1A
HB6.6.20
HG6.6.19
HE6.18
HG.6.17
HE.6.16
H6.6.15
HE.6.14
HE.6.13
H&6.6.12
H&.6.11
HE.6.10
HE.6.9
HG6.68
HE.8.7
H6.6.6
HEB.5
HE.6.4
HE.6.3
H6.6.2
H&.6.1
H5.520B
HE6.5.20A
+HE.5.19
H6.5.18
HB.5.17
HB6.5.16
HE.5.15
HE.5.14
HB.513
H&8.5.12
HE.5.11
HG.5.10
H&6.5.9
HB6.58
H6.57

Tot. gravel (%] Tot. Sand (%) Tot. silt & clay (%)

0.00
0.00
0.00
0.00
.00
0.00
0.00
0.00
(.00
0.00
0.00
0.00
0.00
0.00
0.00
GO0
(.00
0.00
0.00
0.00
0.00
0.00
.00
0.6o
0.00
0.00
C.00
0.00
0.00
0.c0
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.0
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
G.00
0.00
0.00
0.00
0.00
0.00

4.49
16.52
21.21
10.53

9.81

517

8.21

5.63

7.64

g.18
13.74
2716
30.41
48.73
30.80
20.57
44.81
20.23
46.44
44.52
32.72
37.01
46.94
45.56
43.20
44.16
46.34
42.49
34.22
43.09
41.03
38.84
36.20
40.72
38.25
37.55
30.74
33.23
32.18
32.44
38.5%
40.62
42.57
39.11
29.04
23.91
33.83
27.30
22.85
26.60
27.72
27.14
26.73

95.51
83.48
78.79
89.47
890.19
894.83
83.79
94.37
92.36
91.82
B6.26
72.84
69.59
51.27
68.20
79.43
55.18
79.77
53.58
55.48
67.28
62.99
53.06
54.44
56.80
55.84
53.66
57.51
65.78
56.81
58.97
61.16
£63.80
59.28
61.75
62.45
6926
66.77
67.82
67.56
60.41
59.38
5743
60.89
70.856
76.09
66.17
7270
77.15
73.40
72.28
72.86
73.27

Texture
mud
sandy mud
sandy mud
sandy mud
sandy mud
miud
mud
miud
rmud
mud
sandy mud
sandy mud
sandy mud
sandy mud
sandy mud
sandy mud
sandy mud
sandy mud
sandy mud
sandy mud
sandy mud
sandy mud
sandy mud
sandy mud
sandy mud
sandy mud
sandy mud
sandy mud
sandy mud
sandy rmud
sandy mud
sandy mud
sandy mud
sandy rmud
sandy mud
sandy mud
sandy mud
sandy mud
sandy mud
sandy mud
sandy mud
sandy mud
sandy mud
sandy mud
sandy mud
sandy mud
sandy mud
sandy mud
sandy mud
sandy mud
sandy mud
sandy mud
sandy mud



280 HE.5.6 0.00 9.44 80.55 sancy mud

265 HE.5.5 0.00 12.87 87.03 sandy mud
270 H&8.5.4 0.00 11.79 88.21 sandy mud
278 HE.5.3 0.00 23.48 76.852 sandy mud
280 HG.5.2 0.00 21.64 78.38 sandy mud
285 HE.5.1 0.00 41.38 58.64 sandy mud
290 H6.4.20 (.00 22.95 77.05 sandy mud
295 HBe.4.19 .00 2414 75.86 sandy mud
300 He.4.18 0.00 23.43 76.57 sandy mud
305 H6.4.17 0.00 13.76 86.24 sandy mud
310 H6.4.16 0.23 18.10 83.68 sandy mud
315 H8.4.15 0.00 17.18 §2.87 sandy mud
320 HE6.4.14 0.20 18.77 81.03 sandy mud
325 HE.4..13 0.00 15.73 84.27 sandy mud
330 H6.4.12 0.00 26.39 73.61 sandy mud
335 HE6.4.11 0.00 33.85 66.15 sandy mud
340 HG.4.10 .00 45.57 54 43 sandy mud
245 HE6.4.8 0.00 4423 5577 sandy mud
350 HE.4.8 0.00 35,68 £1.32 sandy mud
385 HE.4.7 0.00 37.92 62.08 sandy mud
360 H6.4.6 0.00 45.60 54.40 sandy mud
365 HG6.4.5 .00 50.20 4%.80 muddy sand
370 HE.4.4 0.00 51.21 48,78 muddy sand
375 HE4.2 0.00 53.82 46,18 muuddy sand
380 H6.4.2 0.00 51.44 48 58 muddy sand
385 HE.6.1 0.00 50.59 49.41 rmuddy sand
390 H8.3.20 0.00 61.35 38.65 muddy sand
g5 H6.3.19 0.00 58.26 41.74 muddy sand
400 H6.3.18 0.00 52.85 47.15 muddy sand
405 HB.3.17 0.00 40.05 59,85 sandy mud
410 HE.3.16 0.00 39.55 60.45 sandy mud
415 H6.3.15 0.00 48.35 50.85 sandy mud
420 H&8.3.14 0.00 38.95 61.03 sandy mud
425 H6.3.13 0.00 51.10 48.90 sandy mud
430 H6.3.12 0.00 48.35 51.85 sandy mud
435 H6.3.11 0.13 29.39 70.48 sandy mud (g}
400 HE.3.10 0.60 16.45 83.85 sandy mud
445 HE.3.8 0.00 20.84 79.16 sandy mud
450 HE.3..8 G.00 28.62 71.38 sandy mud
455 HE.3.7 0.00 40.38 59.64 sandy mud
460 HE63.6 0.00 41.68 58.34 sandy mud
465 H6.3.5 0.00 58.29 41.71 muddy sand
470 HE6.3.4 0.00 66.79 33.21 muddy sand
475 H5.3.3 0.00 62.14 37.88 rmuddy sand
480 HE6.3.2 0.00 50.60 48.40 muddy sand
485 HE.3.1 0.00 52.03 47.97 muddy sand
487.5 HE.2.208 0.00 46.03 53.97 sandy mud
490 H6.2.20A 0.00 11.21 83,79 sandy mud
495 6.2.19 0.00 22.62 77.38 sandy mud
500 H6.2.18 0.00 25.1 74.89 sandy rmud
505 H8.2.17 .00 2012 79.88 sandy mud
510 H6.2.16 0.72 20.36 78.92 sandy mud (g}
515 HB.2.15 0.0 20.08 79.94 sandy mud
520 H6.2.14 0.00 32.96 67.04 sandy mud
525 HG.2.13 0.00 54.11 4589 muddy sand

530 HE.2.12 0.04 36.58 £3.42 sandy mud



535
540
545
550
855
560
565
570
575
580
585
585
&00
605
610
815
620
625
630

Average Average

Key: (g} =slightly gravelly

HB.2.11
H6.2.10
H5.2.9
HE.2.8
HE.2.Y
H8.2.8
HE.2.5
HE2.4
HB.2.3
HE2.2
HE.2.1
ri8.1.8
HE.1.5
HE.1.4
HE.1.3
HE.1.2
HE.1.1
HEBCC2
HECC1

0.00
0.00
0.00
0.00
(1.00
03.04
0.00
0.1
0.058
0.338
(.00
G.09
0.22
0.14
(.00
0.32
G.19
0.08
0.00

£6.02

40.80
58.85
48.18
52.21
57.91
52.82
57.47
61.23
56.14
58.51
BE.76
8527
58.10
a7.11
69.26
60.65
55.62
56.25
52.73

38.81

58.20
41.15
51.82
47.79
42.09
4714
42.53
38.66
43.80
41.11
33.24
34.64
40.68
32,75
30.74
39.03
44.19
43.68
37.22

63.16

sandy mud
muddy sand
sandy mud
rmuddy sand
muddy sand
muddy sand (o)
meddy sand
musddy sand {g)
muddy sand {g}
muddy sand {g)
rmuddy sand
iy sand {g)
roddy sand (o)
muddy sand {g)
rrniddy sand
muddy sand (g)
muddy sand (g}
muddy sand (g)
muddy sand

muddy sand {g)}



APPENDIX G({T) TABLE OF PARTICLE SIZE OF SEDIMENT INCORE W/

DEPTH (CM) LD No. Totgrav
o H7.G2 .

G
&
10
11
20
25
3G
35

H7.G38
H7.6.20
H7 818
H7.5.18
H7 817
7618
H7 8.15
H7.8.14
H7.E.13
H7 812
781
}H7.5.10
M7 89

H7.88

HP8.7

H7.B5

HYBS

H76.4

H7.6.3

H7.62

H7.6.1
H7.5.20
H7.5.19
H7.5.18
H7.547
H7 516
H7ZE15
H7.5.14
HY 513
H75.12
H7 A1
H7 510
H7.5.9

H7 58
H757
H7.5.8
HPES

H7 5.4

H7.5.3

W7 52
H7.48.1
H7.4.20
H7.4.19
H7.4£.18
H7.447
H7.438
H?.4.15
H7.4.14
H7.4.13
H7.4.12
H7.4.1%
H7.4.10
HT.4.9

H7.4.8

WY.4.7
H7.4.86
H7 4.5

W7 4.4
H7.4.3
H7.4.2
H7.4.1
H7.3.20
H7.3,19
M348
H7.3.47
H7.218
H7.3.15
H73.14
H7.3.13
HWyaiz
H7? 311
H7.3.10

H7Y29

H7.38

0.00
.00
004G
Q00
0.00
G.00
00
000
O.400
4.00
0.00
0.00
o.00
0.0
.00
GO0
0.00
.00
a.00
0.00
0.00
0.00
0.00
0.00
0.00
.00
.40
4.00
0.00
0.00
3,00
000
0.00
(.00
0.00
0.0
0.00
000
0.0
400
.00
0.00
.00
o0
.00
G.ov
aon
04.00
0.00
0.00
o.0o
0.00
.00
300
.00
.00
Qo0
0.00
4.00
00
GO0
0.11%
.06
00
3.00
8.00
ous
oon
.00
0.00
3.00
.00
0.5
817
0.20

1.8
2.87
1.23
2.0
1.87
1.48
468
380
5.41
3.54
213
590
8.4%
774
8.62
522
5402
4.99
.20
793
11.05
534
4.32
133
404
581
488
4.45
7.28
8.g87
0.4
8.2
423
2.33
8748
.02
858
5.94
555
4.75
408
4,38
1.74
3.32
€38
§.38
7.41
8.34
6.44
589
£6.23
487
385
113
238
2.80
2.43
2.43
2.08
1.73
.87
2.45
2.35
1.44
.98
1.04
073
1.42
1.1
2.80
.88
350
424
2.85

el (%} Tobsand {%) Totsiit & clay (%)
5.00 94,51

88.02
37143
98.77
97.80
98,13
98.52
8532
86.40
93.52
84.48
S0.87
34140
2158
92.26
8338
94.78
24.88
2801
24,80
207
B88.85
94 65
85,68
98.67
o598
94.33
G541
S5.58
8274
91.33
£9.89
91.88
8877
80.67
93.21
9088
8345
94.08
4,45
85,25
8% 92
8564
898.25
84.68
§3.54
83.82
82.59
8168
8356
8311
8377
9513
94 35
o847
8765
87.40
Q752
8757
87 .91
8827
88.02
97.48
27.65
98,36
95.05
5896
$9.27
28.83
$8.81
97 .40
87.01
93.96
95.59
8585

it {%) cohesionless silt (%)} cohesive Silt (%} clay (%) Texture

2808
1507
3880
44.33
45 .94
380
25.31
3437
34.28
3304
P
23.3%
3377
3278
33.89
3735
32.85
3588
3895
48.25
4218
3835
42.29
41.90
34.54
ot o]
37.28
33.45
3B
F2IB
3408
3783
370
3268
34.04
3B 4%
azpz
32.86
3873
3455
3384
3545
2810
28.13
3181
38.51%
3561
30.87
35.80
38.35
2053
2748
2043
2789
3537
29.9%
3388
A0 22
43.59
40.22
4623
4831
47 48
48.40
4497
41.04
38.54
41.27
3274

4258
14.09
16,49
16.09
11.89
1330
12.48
16.63
15.51
1080
127
1148
16.81
10.63
11.43
44858
1881
13.88
16.31
29.83
1445
11.68
18.72
16.57
1180
1451
11.81
10.22
1272
19.54
13.68
$1.35
12.35
10.65
12.6%
11.82
1226
1132
11.44
11.8%
Q.47
11.01
912
1338
11.44
13.1%
13.29
10.97
12.23
14.23
12.48
500
474
457
10.71
13,85
1TLT0
10.85
2020
1F 37
24.48
2450
24.41
2381
2018
g 83
1238
16.30
13,26

15.51
.88
2241
2824
34.0%
2030
16.66
17.74
1877
22.44
1965
17.83
168G
242
Z3.48
)
2274
22.20
22.64
1826
2T
2687
2857
2533
22.84
o]
2547
383
804
12.88
2040
2653
21.28
22.04
2138
2253
21.88
21.64
2529
2270
24.41%
24.44
1888
15.74
2017
packe
2232
1850
2357
220
805
22.18
21.88
23.02
2485
1890
28.23
22T
2538
2285
277
21.81
2307
BER
24.01
3121
2818
2487

83.04
83.70
59.060
53.80
5258
51.82
67.09
55.22
83,18
57.83
B3.18
g2.28
58.49
60,63
6189
57.53
55,48
855,92
5312
3870
5250
57.33
£6.38
2408
58.85
§8.23
5827
Bg 89
5257
57.50
§7.80
5784
5897
57.52
58,54
800
014
£1.48
8852
81.37
£1.78
£2.81
&8558
E4.41
6223
808
56.03
g763
57.31
5742
7460
£§3.17
7224
83,96
E2.03
&7 57
57.58
57.69
5268
57.80
5175
5134
51.08
4565
8473
5823
g58.04
8754
6468
§7.01
o596
§5.59
86.95

Frsticd
roud
fgalbsl
o
rinid
i
Fivigd
rrigcd
v
mud
mud
o
mrwad
i
ek
mud
rrid
raud
mud
i
g
i
mud
mud
mud
il
et
ek
rriied
rrsised
o
tratscd
v
i
rmud
mud
ronad
read
imud
rred
mugd
g
HERH
mud {g}
roniag
mud
mud
miud
i
raud
g
i
i
rrd
e
st
rrsd
HEE]
it
mud (@}
s 45)
riad
FriLig
g
HEVH
mud
i
i
resvid
i
mut {g)
mud {g}
mud ()



§15

HE37
HY3E
HT.3.5
H7.24
M7.23
H7 3.2
HMT.3.1
HZ.2.200
7.2 20a
H7.Z18
H7.2.18
H7.2.17
H7.2.18
H7.2.15
H7.2.14
H7.2.13
H7.2.12
H7.2.11
H7.2.10
H7.2.2
H7ZB
H?7.2.7
H7.28
H7.2.5
H7.2.4
723
Mr2a
M7
H7.1.20a
M0
H7.1.18h
H7.1.18a
H7. 118
HT1AT
H7.1.18
H7.1.15
H7.1.14
H7.1.13
H7.1.12
H7.1.11
H7.1.10
H?7.1.8
H7.1.8
H7.1.7
H7.1.8
H7.15
H7.1.4
H7.1.3
H7.1.2
H7.1.4
H7CC2
H7CCt
W7CE

Ayaizne

wey: {g) =slightly gravelly

0.00
000
0,08
G.00
.00
025
$.00
Q.00
.00
0.04
2.00
0.00
0.00
o.13
4.00
.06
0.48
.00
0.00
0.00
0.03
0.00
0.25
2.00
.00
Q00
Q.00
0.00
.00
GO0
0.40
(44
0%
0.06
045
0.00
0.00
¢.o0n
4.00
052
0.00
000
0.14
0.00
Q.00
0.00
0.00
0.00
.00
0.00
¢.00
0.00
4.00

2.03

22.28
2.34
4,34
4 41
S03
318
1.07
287
1.17
2.38
1.9%
3.04
336
484
8.57
574
7.48
1338
553
7.30

10.84
18.68
§.33
10.72
4.87
4.51
§.18

11.51
733
.33
8.60
718

10.686
£8.67
378
898
1280
718
2.57
7.58
8.50
4.894
885
4.87
8.45
7.58

12.14
4.63
8,20
9.30
8.67
372

570

TETE
g7 .66
9% 68
$5.59
8347
96,56
88.93
G773
88.83
ar.el
9808
96.98
§6.64
85.03
21.33
84.20
82.04
8564
94.41
8270
89.13
81.3z2
80.42
83.28
85,13
85.09
G184
91.18
£3.49
g2.87
$3.65
80.9%
gz.84
§3.24
52 89
g6.22
81.04
B7 10
92.81
82.81
82.42
g1.50
8492
g1.15
g5.03
81.55
92,44
87.86
83.37
23.50
80.70
8393
868.28

§4.27

278
47.4%
3E.45
45658
30.87

3238
31.34
30,68
31.03
3373
1116

34.85
34.28

34.42

34.43
g2
46,85
48.14
47.28

4494
38.68
44.70
4157
43.97

38,31

1124
21.80
12.81
1320
1273

983
2.28
877
853
11.73
800

12.604
13.73

41.58

14.21
15.87
1584
18401

1858
1348
14.83
17.60
16.25

13.88

1z
87.86
95 68
85 59
§93.97
58.85
S91.82
58.28
53.18
57.74
808
8457
85.30

80.20
80,47
80.88
86.64
34.41
82.70
8813
46.47
56.14
£9.28
60.71
85.09
5958
54.85
41.84
4433
468,39

g2.54
88.34
52.88
52.08
52.38
42.40
51.24
45.64
92.42
81.50
94.92
21.15

9155
92,44
87.28
95.37
93.50
80.7¢
89383
§6.28

&7.44

Frathis]
must
i
srudd
mud
srad (g2
mud
i
pransed
fread (o}
raad
musd
mud
mud (g}
mriud
mud {g)
miud {g)
mud
mud
mud
mud {g}
moud
triud (g}
et
rranid
e
mindd
rouid
rrsuid
e
erpaed
s {9
s {9)
rgcd
mud {g}
mud
g
mud
mitid
mud (9}

mud
mud {(g)
mud
muid
o
raud
mud
mud
miud
mud
mitsd
erised

mud {g)
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