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ABSTRACT

This study is the first detailed reconnaissance survey of the bathymetry,
bedrock geology and the superficial sediments of the continental margin off the
Orange River and the Namib Desert. The study area is bounded by latitudes 25°
and 30°s. » ' '

‘The Orange shelf is up to 100 km wide and 200 m deep, and the Walvis shelf
off LUderitz is up to 80 km wide and 400 m deep. The inner shelf is underlain
by Precambrian bedrock and is usually less than 10ikm wide and shallower than
100 m. Tripp Seamount penetrates the upper slope in a depth of 1000 m and rises
to within 150 m of sea level, the level of the Orange Banks on the outer Orange
shelf.

South of the Orange River unfossiliferous ferruginous sandstones and mud-
stones crop out as seaward-dipping Scarps on the middle shelf. North of the
Orange River, similar scarps are composed of quartzose lime wackestones, identical
to a Palaeogene suite on the Agulhas Bank. The shallow outer Orange shelf is
underlain in places by Upper Middle Miocene nummulitic limestones, which are over-
lain by glauconitic conglomeratic phosphorites. Quartz—free algal limestones are
found both on the Orange Banks and on the tip of Tripp Seamount.

Authigenic pyrite and gypsum were found in two samples of semi—coﬁsolidated
Neogene clay on the slope off LUderitz,r_ Pyrite is formed by combining texrigen-—.
ous adsorbed iron with sulphur released by anaerobic reduction of sea-water sul-
phate. The dissolution of planktonic foraminiferal tests provides calcium ions
which combine with sulphate to form gypsum, once the calcium/sulphate solubility
product is exceeded.

On the Walvis shelf off Llderitz residual glauconite was reworked from older
Neogene sediments, particularly on Llideritz Bank. North of latitude 26°S resid-
ual phosphorite pellets were probably formed in Neogene diatomaceous oozes and then
concentrated during a Late-Tertiary regression. Erosion of semi-consolidated
Neogene clays and ?Palaeogene quartzosé'limestones,on'the“middle‘and outer Wal- ~
vis shelf led to deposition of very fine residual quartz sand south of LUderitz.
Coarse quartz sand was reworked from littoral sandstones on the middle shelf south
of the Orange River.

The effect on sedimentation in the hinterland of poleward shifts of climatic
belts during Quaternary interglacials and the reverse movement during glacials is
assessed. '

Recent terrigenous sediments are derived by erosion of poorly consolidated
-Karoo sediments in the catchment of the Upper Orange. Erratic but powerful floods

transport the sediments to the coast in suspension each summer. At the mouth in-



ii

tense wave action dominates the submarine delta of the Orange River and fraction-
ates the sediment load. Sand is transported equatorwards by littoral drift and
is blown off beaches towards the Namib Sand Sea during violent Trade-Wind gales
each summer. In contrast, silt and clay are transported polewards by a counter-
current, particularly during westerly winter storms.

Recent biogenic sedimentation is controlled by upwelling in the Benguela
Current System, which is most intense off the wind-dominated Sperrgeblet, south
of LUderitz. Weaker upwelling off the Orange River allows oceanic planktonic
foraminifera to penetrate to the middle shelf, whereas on the Walvis shelf in the
study area they only reach the outer shelf. Towards Latitude 25°S the Benguela
Current System decays and interacts with poleward-flowing warm oxygen—poor water.
Periodic mass mortalltles of oxygen-starved phytoplankton lead to some of the most

organic-rich sediments in the world.
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CHAPTER 1. INTRODUCTION

A. SEDIMENTOLOGIC FEATURES OF THE STUDY AREA

The shelf and the upper slope off southwestern Africa, between latitudes
25° and 3005,;a?é of particular interest to sedimentologists for several = = - =~
reasons. 1) The sole source of fluviatile terrigenous sediment is the Orange
River, one of the major rivers on the African continent. 2) Powerful winds and
swells are highly effective in dispersing terrigenous sand along the coast and
have helped emplace subeconomic deposits of gem—quality diamonds on the inner
shelf and the coastal plain, particularly north of ‘the Orange River. 3) The
powerful winds between the Orange River and Llderitz trigger off upwelling on a
large scale in the Benguela Current System, which in turn controls the aridit& of
the little-studied Namib Desert. 4) The shelf off Lllderitz is one of the deepest

in the world.

B. PREVIOUS INVESTIGATIONS

The first bottom sediments from the study area were collected by marine
bialogists involved in the development of a trawling industry between the world
wars. The samples were briéfly described but not studied in any detail (Marchand,
1928). Brief mention is also made of sediments off the Orange and north of
LUderitz by Copenhagen (1953) in an oft—quoted discussion of the causes of mass
mortalities off Walvis Bay. |

A decade later, in 1961, diamonds were discovered on the inner shelf and
the Marine Diamond Corporation then‘undertook a detailed study of bedrock topo-
graphy and sediment distribution to .pinpoint potential orebodies (Wright, 1964;
Hoyt, Smith and Oostdam, 1965a, 19655; Ahmed, 1968; Hoyt, Oostdam and Smith,

1969; Murray, 1969; Murray g&_gl.,'1971; 0'Shea, 1971; Joynt et al., 1972).

Again in 1961, Russian oceanographers of the Research Institute of Oceano-
logy and of Marine Fisheries and Oceanography initiated a regional survey of the
west African shelf., Morphological features of the continental margin and adjac—-
ént sea floor were described by Ilyin (1971) and by Bogorov EE_EL.(1971).. Region-
al sedimentological trends were discussed by Senin (1969), Emilianov and Senin
(1969) and Baturin (1971, 1972), and Baturin et al. (1972) reported-important re-
search on phosphatic sediments from the northern part of the area,

In 1968 the Scripps Institution of Oceanography organized a cruise of
R.V. "Argo" to the Walvis shelf between latitudes 20° and 2695, Van Andel and
Calvert (1971) have interpreted the morphological and geophysical results. Sedi-
mentological and geochemical data are presented by Calvert and Price (1979; 1971a;

1971b), Price and Calvert (1973) and by Veeh, Calvert and Price (1974).
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The Joint University of Cape Town/Geological Survey Marine Geoscience
Group was formed in 1975 by amalgamating geoscientists from three pre—existing
groups. Geophysical and bathymetric results from the study area are presented
by Simpson (1966, 1968, 1971), Simpson and Needham (1967), Simpson and Du. Plessis
(1968), Simpson and Purser (1974), Bryan and Simpson (1971), Du Plessis et al,
(1972), Rogers and Bremner (1973), Dingle (1973a, 1973b, 1973c), Scrutton (1973),
Dingle and Scrutton (1974), Siesser et al. (1974) and Scrutton and Dingle (1975)0
Regional sedimentological trends based on samples collected systematically between
1971 and 1974 are reported by Rogers‘gg_iko (1972), Birch and Rogers (1973),
‘Rogers (1972, 1973, 1974, 1975a, 1975b), Siesser et al. (1974) and Birch et al.
(1976). Rogers and Tankard (1974), Rogers (1975c) and Rogers and Krinsley (in.
prep.) discuss surface textures on quartz grains from the coast and the inner
shelf. Summerhayes éE.El' (1973) describe the distribution of phosphate in the
sediments, and Daveykand Rogers (1975) published results of a preliminary study of
marine palynomorphs. Martin (1974) presented preliminary results on the distrib-
ution of benthonic foraminifera in the study area.

During 1972, powerful seismic gear was brought to the area aboard R.V.
"Atlantis" of the Woods Hole Oceanographic Institution, and up to 7 000 m of sedi-
ment were penetrated in the Orange Basin (Emery, 1971, 1972; Emery et al., 1975).
Underway measurements of water properties (including suspended matter) and of sea-
bird distribution are reported by Emery et al. (1973) and by Summerhayes et al.
(1974), respectively. |

Whére appropriate, details from the above papers will be discussed in the

following chapters.,

C. PURPOSE OF THE PRESENT INVESTIGATION

The chief purpose of the investigation is to study the interaction of the
oceanographic and atmospheric environments on the production, dispersal and depo-
sition of Recent sediments. In addition, attention is paid to the effect of
Pleistocene fluctuations of climate on local sedimentation patterns, and the depo-
sitional history of Tertiary and Cretaceous sediments is also discussed.

The investigation represents the first attempt to make a detaileé survey '
of the shelf and the ﬁpper slope between latitudes 25% and 3OOS off souihwestern
Africa. It forms part of a reconnaissance exploration of the southeranfrican

continental margin by the Joint Geological Survey/University of'Cape Town Marine

Geoscience Group.

D. LIMITS OF THE INVESTIGATION

The investigation was of a preliminary nature in various aspects because of
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limitations both in the nature of the equipment available both at sea and in the
laboratory, and to the nature of the material available for study. The aécuracy
of the bathymetric chart could now be improved with the satellite navigation
system recently installed on the "Thomas'B; Davie", Rock sampling could now be
better controlled and structures determined using the side-scan sonar now avail-
able. The planned construction of a vibrocorer opens up the possibility of ob-
taining closely spaced, pinpointed, bedrock samples. Sedimentary sequences

could also be determined and estimates of available tonnages of potentially eco-
nomic minerals made with more confidence than is the case at present. A combina-
tion of presently operating waverider buoys, proposed bottom—current meters,
planned satellite-tracked surface buoys and available side-scan sonar equipment
makes it feasible to study sediment dispersal processeé in greater detail.

Relatively little attention has been paid to the mineralogical and geo-
chemical aspects of the sediments, both consolidated and unconsolidated, in con-
trast to studies in adjacent areas by Birch (1975) and Bremmer (in prep.). In
addition only superficial attention has been paid to the nume rous types of biogen-
ic material available for study, each group requiring intensive study by trained
spécialists.

Within these limits emphasis has been placed on the dispersal and deposit-
ion of terrigenous sediment from the Orange River. Sufficient data on the miner-
alogical, geochemical and biogenic aspects has nevertheless been presented to
facilitate a greater understanding of the marine geology cf the entire continental

margin off southwestern Africa.
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CHAPTER 11

MORPHOLOGY OF THE SHELF AND THE UPPER SLOPE

A, PREVIOUS INVESTIGATIONS

Simpson (1966, 1968, 1971) was the first to describe the morphology of
the study area in any detail. He présented 10 bathymetric profiles from between
~25° and 30°S taken by H.M.S, HECLA in 1966. At the same time Van Andel and
Calvert (1971) and Calvert and Price (197la) produced a bathymetric map of the
margin north of 26°s (Saddle Hill) between the 100 m and 600 m isobaths, based on
profiling done from R.V. ARGO in 1968. Two of the accompanying bathymetric
profiles were from the study area.

Subsequently; the work of the Marine Geoscience Group aboard R.V. THOMAS
B. DAVIE between 1967 and 1972 was reported by Dingle (1973a) and by Rogers and
Bremner (1973). Dingle discussed the morphology of the area south of Llideritz
(26°30'S).  Five profiles of the margin and 7 shelf-break profiles north of
30°S accompanied a bathymetric map extending seawards to the 1000 m isobath
(Dingle, 1973a, Figs.2-5). Rogers and Bremmer presented a bathymetric map of
the margin shallower than 1500 m, north of 27°%45'S (Baker Bay) to 23°S (Walvis
Bay), as well as a series of 30 bathymetric profiles between 25° and 30°S.
Regional variations in microrelief were also illustrated (Rogers and Bremmer,
1973, Figs. III-1, III-2, III-3). |

On a larger scale, the morphology of the Orange River's submarine delta

. has been outlined.by Hoyt, Qostdam and Smith (1969). Details of submerged surf-

cut platforms on the Precambrian platform near the coast are discussed by'ﬁoyt,
Smith and Oostdam (1965a), Murray, Joynt, O'Shea, Foster and Kleinjan (1971) and-
0'Shea (1971). | ‘

The aim of this chapter is to collate previous work, both published and
unpublished, and to present the results of a more intensive study of the region.
After discussing regional aspects, the various morphological zones will be dealt

with, beginning with the upper slope and moving towards the inner shelf.

B. BATHYMETRY

1. Introduction

Shepard (1973, p.259) described parts of this shelf as ".... perhaps the
deepest in the world ..." excluding the ice-deepened shelf of Antarctica. He
also mentioned the difficulty of determining the exact depth of the shelf break
and the sparseness of soundings. These broad conclusions are confirmed and all
availablg soundings have been cOmpiled to form a bathymetric hap at a scale of

1:1 000 000 (Fig. II-1). Five additional maps ‘Figso I1-17-21) depict some of

the detail on the inner shelf shallower than 130 'm. Most data were from records
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obtained aboard R.V. "THOMAS B. DAVIE" by the UCT Marine Geoscience Group, and
processed as described in the Appendix. Additional data near the coast were
supplied by the Marine Diamond Corporation and the South African Directorate of

Hydrography.

2, Regional trends

The continental shelf can be subdivided into three parts: the Orange shelf
(28—3005), the Walvis shelf north of Lllderitz (27°S), and a transitional sectilon
off Chamais Bay, where the shelf is at its narrowest (Figs. II-1 and 1I-2).

The Orange shelf is characterised by its greater width, well-defined shallow
shelf breaks, shallow outer shelf (the Orangé Banks), and thé Recent delta of the
Orange River. The Walvis Shelf has a more constant, narrower width, deeper and.

more poorly defined shelf breaks and, overall, a more subdued morphology.

3. Shelf width
The shelf off the Orange (Figs. II-1 and II-2) is wider, shallower and

flatter than the shelf farther north, The width varies from 230 km (125 n.m.)
near Tripp Seamount (30°S) to 90 km (50 n.m.) off Chamais Bay (28°S) at the shelf's
narrowest point, The shelf then widens to 130 km (70 n.m.) off Llderitz (26°40'S)
and varies between 100 and 130 km (55-70 n.m.) northwards to Sylvia Hill (25°S).

4, Depth of shelf break

Except for the slump-generated shelf break between the Orange River and
Chamais Bay, a gently convex shelf break of sedimentary origin is typical of the
study area. Where the sedimentary shelf break is deep, as off the Buffels River,
and off Llderitz, there is an inner shelf break separating the middle and outer
shelves, It is therefore understandable that the plot of the depth of the shelf
break versus latitude is complex (Fig. II-3). ' |

In the southern section of the Orange shelf (Fig. II-2), there are clearly
defined inner and outer shelf breaks, The inner shelf break (Figf II-3) shoals
northwards from 210 m to 170 m and then peters out. The outer shelf break rises
frgm 480 m to 210 m, progressing northwards from an unusally deep position to the
shallow, slump-generated, well-defined shelf break characteristic of the Orange
Shelf., The northward continuation of this shelf break is difficult to define with
cértéipty with the data available. The writer's interpretation is that it swings
coastwards and forms a poorly defined inner shelf break between Chamais Bay and
Lideritz, It then follows the well-defined outer edge of the Lliideritz Bamk, which
will be discussed further in Section II-C-5c. Between LUderitz Bank and Sylvia
Hill no inner shelf break was detected.

Off Chamais Bay, where the Orange shelf break becomes less well defined, the
southern end of the sediment-draped Walvis shelf break lies at a depth of 490 m,
The shelf break remains deep at between 400 and 500 m as far north as Saddle Hill
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(26°S) and then shoals rapidly northwards to a depth of 275 m off Sylvia Hill,

5. Shelf and slope gradients

The shelf gradient,_between the deepest shelf break and the coastline, is
consistently more gentle on the Orange Shelf than on the Walvis Shelf (Fig. II-4).
The Orange Shelf has an average gradient of 0,1° or 1,75 m/km. Off Chamais Bay
.the gradient steepens sharply to 0,32O or 5,6 m/km and then decreases to 0,200 or
3,5 m/km off Elizabeth Bay, The average gradient northwards between Elizabeth
Bay and Knoll Point is 0,2°, twice that of the Orange Shelf,

The gradient of the upper slope (Fig. II-4) is steeper and more variable
than that of the shelf. No clear trend is apparent beyond fhe contrast between
the shelf gradients (0,1-0,30) and the slope gradients (0;8—1,80) and the lowering
of slope gradient as shelf gradient increases off Chamais Bay. This convergent
trend is linked with the Chamais Slump, which will be described and discussed in

Section II-C-2. The average slope gradient is a gentle 1,2° or 21 m/km.

6. Microrelief

Echograms have been examined in an attempt to classify and to map various
types of microrelief on the sea floor. Four types are distinguished. 1) An
irregular surféce with relief of up to 15 m and often with several multiple ré—
flections that indicates bedrock outcrop with negligible sediment cover. 2) A
gently gndulating surface, where the undulations usually have amplitudes of approx—~
imately 0,5 m, that indicates a thin veneer of sediment overlying relatively sub-
dued bedrock topography. 3) A smooth surface with a single clear reflection in-
dicates a firm bottom composed of sandy sediment. 4) A smooth bottom underlain
by acoustiéaily transparent sediment, allowing the measurement of sediment thick-
ness above bedrock, that indicates a soft bottom of muddy seciimento

Similar types of microrelief were recognised by King (1967), who conducted
a detailed comparison on the Nova Scotia shelf between lithofacies maps obtained
both by the interpretation of echograms and by conventional textural analyses of
gtab samples., fThe efficacy of this technique can be judged by comparing micro-
relief and sediment  texture maps .for the continental margin between LUderitz and
Port Elizabeth- (Birch and Rogers, 1973), These maps were used to plan an intensive
rock—dredging programme on the Agulhas Bank. It was found that dredging need not
. be restricted to areas of irregular microrelief, because the veneer of sediment in
the "undulating" and "smooth but firm' categories is often only centimetres thick.
In contrast, areas of soft bottom usually represent mud layers several metres thick,
and dredging is effectively prevented. The search for drowned diamondiferous
beaches north of the Orange River is restricted by "smooth but soft" deltaic sedi-
ﬁents up to 60 m thick, which are too thick for the vibrocoring and suction sampling
gear operated by tHe Marine Diamond Corporation (Joyht, 1976, personal communicat-

ion).
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Figure II-5 shows that most of the shelf has relatively little sediment
cover, in contrast with the slope which is draped by soft sediment. Sediments
related to the Orange River are found both nérth and south of the mouth. Firm
sediment is found on the delta front, whereas soft sediment characterises the pro-
delta farther seaward as well as its narrow extension to the south., The prodelta
off the mouth of the Orange grades into an extensive belt of smooth firm sediment,
which farther north and south is separated from the prodelta mud belt by elongate
bands of rock outcrop (discussed further in Section II-C-5). The Orange Banks
have subdued relief but little sediment cover.

On the Walvis Shelf smocoth surfaces on the middle shelf north of Llderitz
represent southerly extensions of the organic-rich diatomaceous muds best developed
off Walvis Bay (Calvert and Price,.1971a; Bremner, 1975b). In addition sand is
eroded from cliffs of[aune sand north of Hottentot Bay and transported seaward; to
~the inner shelf (Figs. II-20 and II-21) where they give rise to a microrelief of
smooth firm sediment.

Between Chamais Bay and LWderitz both the inner and middle shelves have
little sediment cover and consequently the bulk of the dredged rock samples come
from this region. North of Hottentot Bay the outer shelf is rocky and truncated
reflectors crop out on the sea floor (Van Andel and Calvert, 1971; Section II-C-4c).
In contrast the deeper outer shelf off LUderitz is underlain by flat-lying strata
(Dingle, 1973a), and the topography is cor;éSpondingly subdued.

C. MORPHOLOGICAL ZONES

The areal distribution of the morphological zones in the study area -is
mapped in Figure'II—6o The zones will be discussed in sequence, beginning at the
slope and ending at the coast.  The information available increases coastwards,

so that more attention will be paid to the shallower zones.,

1. Upper sldpe

The initial formation of the continental margin on the west coast of South-
ern Africa was by tension-rifting (Dingle and Scrutton, 1974). Sediment draping
the continental slope has been deposited at an'average gradient of only 1,20°
Du Plessis et al. (1972, p.77) present seismic profiles showing a smooth merging
with the continental rise below about 3000 m. Microrelief, as can be seen in
‘Fig. II-5, is smooth and generally featureless., The slope is clearly a deposition-
al feature (Fig. II-7, profile 228).

Despite the low gradient, a slump has been mapped just below the shelf
break off Lilderitz. Similar slumps on similarly low gradients have been mapped by
Lewis (1971) on the slope off the east coast of New Zealand, and two large, K slumps
were located by Summerhayes (1974, pers.comm. in Bremmner, 1975b, p.7) off Concep-

tion Bay and Swakopmund north of the study area. Bremmer (1975b, p.7), aléo noted
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a decrease in slope gradient .opposite these slumps.

Isolated small submarine canyons have been found off Chamais Bay but they
are not a characteristic feature of the slope;

The isolated Tripp seamount (Fig. II-8), as yet undated, rises above the
upper slope in a depth of about 1000'm just north of 30%s, It has an uneven sur-
face of limestone (proved by dredging) filling in the crater of the orxiginal vol-
cano (Du Plessis et al., 1972, Fig. 3; Emery et al., 1975, Fig. 22). The shallow-
est peak lies at a depth of 152 m, but the average depth of the relatively flat
top is 160 m, similar to that of the Orange Banks (Fig. II-2). The seamount
possesses the steepest gradient (17,4° or 313 m/km) of all the features studied on

the continental margin.

2, Chamais..Slump

HDingle'(1973a, Fig. 6) mapped a slump scarp, which truncates the edge of
the shelf‘off Chamais Bay, but peters out southwards towards Tripp Seamount. The
slump has been mapped in more detail (Fig, II~9) and a slump toe distinguished be-
low the scarp. It is here named the Chamais Slump, because of its greater signi-
ficance and extent off that locality. The slump is 220 km (120 n.m.) long and up
to 30 km (17 n.m,) wide. The scarp is at its steepest off Chamais Bay itself
where it drops 270 m, from 240 m to 510 m, at an apparent angle of 2,6o (Fig. II-9).
The Walvis Shelf rises northwards from a trough at the foot of the scarp toc a level
of 335 m, 145 m below the level of the Orange Shelf at 190 m.

Kaiser (1926, pp.432-433) postulated a warp—hinge at Bogenfels (27°30'S) to
account for Lower Miocene marine sediments at a height of over 160 m east of Bogen-
fels, and non-marine sediments of the same age near sea level at Elizabeth Bay.
Kaiser's warp-hinge coincides closely with the marginal offset near 1atitudei
27°30's first postulafed by Francheteau and Le Pichon (1972, p.1004), and possibly
linked to a Precambrian line of weakness along the Orange River (Fuller, 1972,
p.164).  Marsh (1973, P-321) has associated Early Cretaceous alkaline igneous comr
plexes in Uruguay and at Pomona (27013'8), just north of Bogenfels (Fig. II-8) with
Francheteau and Le Pichon's marginal offset. Scrutton and Dingle (1973, p.258)
also refer to the same offset as a boundary separating bathymetric -and sédimenta—
tion provinces. It is suggested that the Chamais Slump (27°30'8-29°0'S) is one
of the more recent manifestations associated with tectonic instability along the
marginal offset.

Modern seismicity onshore is concentrated in the Escarpment region associa-
ted with ".... a very slow upwarping, a movement which to some extent makes use of
existing (post-Karoo) faults" (Korn and Martin, 1951a, P-87). Perhaps similar
seismicity associated with downwarping of the shelf break, the Escarpment's off-

. shore equivalent, triggered the Chamais Slump.
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.3. Shelf breaks

The shelf break has been mapped (Figo'II—6) d4s a zone separatiﬁg the shelf
-from the upper slope, and a point of inflexion has been selected on each profile
where its gradient steepens rapidly towards the slope. The zone is narrowest
(9 km or 5 n.m.), and the shelf break .therefore best defined, between the Chamais
Slumpv(27°30'S) and LUderitz (2694018); | It broadens to 22 km (12 n.m.) near
Tripp Seamount'(29°40'S) and to 44 km (24 n.m.) north of Hottentot Bay (26010'8)0
North of Hottentot Bay, within the broad shelf-break zomne, the point of inflexion
lies much nearer to the upper edge of the slope than to the outer edée of the
shelf. The style of this section of the shelf break is illustrated in Fig. II-13,

The effect of the Chamais:Slump on the morphological style of the Orange
shelf break is depicted in Fig. II-10. On profile 11 the slump clearly truncates
the edge of the shelf, but in other profiles farthef south the slump is found at
ever-increasing depths, until it peters out below the 500 m isobath.

Double shelf breaks are a feature of the study area.. Near Tripp Seamount,
Dingle (1973a) (Fig. II-7, profile 227) has shown that the outer shelf break is
underlain by sub-parallel bedé, which are truncated between the inner and outer
sheif—bfeaks. The inner shelf-break marks the. seaward edge of an outiier of
Tertiary sediment which caps the Orange Banksn Dingle (1973a, p.359) postulates
that a double shelf break has characterised this area since at least the end of
Lower Tertiary times. He suggested that the origin of the feature was either de-
position on a step-shaped feature eroded in post—Cretaceous times or deposition on
an irregular surface related to basement topography. More closely spaced seismic
lines with greater penetration would shed more light on this issue, as would pub-
lication of drilling records from SEDCO 135, which drilled to over 4000 m below
the outer edge of the Orange Shelf.

The origin of the inner shelf break on the Walvis Shelf is less problemati-
cal. According to Du Plessis et al. (1972, profile 7) and Dingle (1973a) (Fig.
CII-7, profile 229) off Bogenfels (27°30'S) where the inner shelf break is best de-
fined, Tertiary sediments- with reiatively steep seaward dips merge into a thinner
séquence of more flat-lying beds above the same unconformity. The Walvis middle '
shelf appears to owe its origin to more répid upbuilding than outbuilding near ﬁhe
coast. The dominant lithofacies in this part of the shelf is a quartzose lime-
stone (Fig. II-11) (see Chapter III) containing few fossils. Drilliing of the up-
per few hundred metres would establish whether there are major lithofacies varia-
tions within the Tertiary layers above the unconformity. Micropalaeontological
work on such core material would ﬂelp to resolve ambiguities such as the dating of
 the sediments below the upper unconformity in the four seismic profiles within the
study area. Du Plessis et al. (1972) considered them to be Cretaceous, whereas

Dingle (1973a) chose a Lower Tertiary age.
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4, Outer shelf

a., Orange Banks :

Dingle (1973a, p.341) recognised that the outer part of the Orange Shelf
was shallower than parts of its middle shelf. - He further outlined "three dis-
tinct banks'" which he termed .the Orange Shoals. As their average depth is 160 m
they érefhot navigational-hazards .and. they have subsequently been referred to as
the Orange Banks (Rogers, 1974, p.24; Siesser, Scrutton and Simpson, 1974, p°641)o
The most westerly bank (Figs., II-1 and II-12) lies along the Orange shelf break
separated from the largest bank by a shallow: valley leading north to the Chamais
Slump.. The western edge of the most souberly bank forms an inner shelf break.

In Figures II-5 and II-12 the microrelief is depicted as rocky to-undulating,
and although few dredging operations have been attempted, tw& samples of Miocene
Nummulitic limestone have:been‘fecovared-(see Chapter III). Dingle (1973a, pro-
file 227) has traced an outlier of his‘"T4" sediments on the Orange Banks. No
internal structures were recognised, although a similar outlier capping Childs
Bank showed a rich variety of structure, interpreted by Dingle as evidence'of rap-
idly changing shallow-water conditions., The abundance of coralline algae in some
of the rocks from the Orange Banks at least indicates deposition within the euphot-
ic zone, but.the total absence of terrigenous components implies deposition far
from the coaéta _

_ The individual banks are often delineated by small scarps about 10 m high,
particularly along their eastern edges (Fig. II-12, profile B'-B). As on Childs

Bank, slumps have removed parts of the seaward edge of the westernmost bank.

b. Outer shelf off Llderitz. A

Semi-consolidated Neogene clays (Siesser, 1975) underlie this featureless
portion of a concave section of the Walvis Shelf, Seismic profiles (Fig. 1I-7,
ﬁrofile 228) reveal truncated, seaward-dipping strata on the outer shelf overstep-—
ping older beds dipping more steeply seawards (Du Plessis et al., 1972), It is
probable that the lack of consolidation of the substrate facilitated erosidn, The
steeper dip of the underlying strata implﬁes outward tilting before deposition of
the younger strata. This abnormally deep outer shelf is ascribed, then, to sea-
ward tilting of the seaward-thickening sedimentary pile, coupled with differential
erosion and followed by downwarping towards the north (cf. Knetsch, 1973, p.196;
Kaiser, 1926, p.432).

¢. Sub-bottom reflectors, Spencer Bay to Sylvia Hill .

Van Andel and Calvert (1971, p.586, Figs. 2—3) obtained 60 m penetration
during their survey of the outer shelf north of 26OS'using a 3,5 kHz high-resolut-
ion seismic profiler. They found seaward-dipping sub-bottom reflectors truncated
at the sea floor, and they postulated a major regression to account for such eros-—

ion. The same sub-bottom reflectors were recorded on the 12 kHz ELAC echo sounder
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aboard R.V. THOMAS B. DAVIE and a penetration of 50 m was achieved (Fig. II-13).
As the echo sounder, with its high frequency, is not designed to penetrate bedrock
such penetration was unexpected.’ ' An- extensive deposit of residual sand rich in
pelletal phosphorite has been sampled on this part of the outer shelf and at stat-
ion 3232 pelletal phosphorite .rock was obtained (Fig. II-13) ( Summerhayes et al.,
1973), Well-consolidated lime mudstone was recovered at the same station, so that
the lithology of the reflectors is as yet unproven., Dredging and rock-drilling
is required to establish their lithology.

The qyerall shelf gradient in this part of the shelf varies between 0,150
and 0,190° The sub-bottom reflectors have true dips of 0,780 due west (2700)°
Sub-bottom reflectors detected: along a longitudinal traverse had a maximum north-
ward apparent dip of 0,330. Because the strata become horizontal northwards the
writer concludes that the sub-bottom reflectors form a basin north of LUderitz

Bank and west of the middle shelf,

5., Middle shelf
The middle shelf in the study area is best delimited by definiﬁg the outer

and inper shelves either side of it. The outer shelf on the Orange Shelf extends
from the shelf break to the landward edge of the Orange Banks; on the Walvis Shelf
it is bounded in most places by the ‘inner shelf-break. The inner shelf is defined
for the study area as the zone, Beside the coast, which is underlain by "acoustic
basement". Because this "acoustic basement" crops out within 5 km of a coast com-
posed entirely of Precambrian rocks, the outcrop forming the inner shelf is assumed
to be Precambrian. Limited dredging at the coastal ends of some traverses invaria-
bly recovered schists and gneisses similar to those found onshore. A simple de-
finition of the middle shelf, then, is that it lies immediately seaward of the Pre-

cambrian outcrop.

a. Post-Palaeozoic outcrops south of the Orange River

Du Plessis et al. (1972) and Dingle (1973a) interpreted two seismic profiles
over the Orange Shelf. One profile extended from Hondeklip Bay to Childs Bank
just south of the study area, and the other ran from the mouth of the Orange River
to Tripp Seamount (Profile 227, Figs. II—7; I11-11). Acoustic basement (Precam
brian outcrop) near the coast is overlain with a marked unconformity by seaward-
dipping sediments which are truncated at the sea floor. These relatively steeply
dipping layers are themselves overlain by more flat-lying layers (Fig. II-11,
profile 227). In both papers the sediments overlying acoustic basement are assum-
ed to be Cretaceous in age. Figure II-14 illustrates the seaward-dipping séarps
with relief of up to 10 m over the '"Cretaceous" outcrop and the positions of un-
fossiliferous ferruginous sandstones and mudstones dredged from the cutcrop. (The

rock samples are discussed in Chaptef I11), The outcrop is flanked by areas of



| SUB-EDOTTOM REFLECTORS
SYLVIA HILL TO SPENCER BAY
| Depths in metres

e Pelletal Phosphorite sand 0 km. 10 Vertical Exaggeration x 48
A Pelletal Phosphorite rock A

Fig.II-13



BATHYMETRIC PROFILES OF THE MIDDLE SHELF SOUTH OF THE ORANGE RIVER

Depths in metres
0 km 1w
e e J

Locations Figure -2

Vertical Exaggeraticn

IS .
x42
0
—— =130
e
“—q_4_____4_}___~__p——~—”'—_ﬂ ’
~— 350
—140
e - 5 . '..“ Z
e e
13
Iy, W e, B e
MWW 2558

Farruginous rrudstons

q
|')l -Holocene rmd lens

P P,
_s___"_———::T;{“’—_’Ahq‘_\"““

Ty 'L‘ ‘ )
2141
__’-——-——\,——/"-/\"_/\/JW’/ —1a0 Ferruginous mudstone 2
— 150

rﬁ‘__—"-—“-—-‘~“’—ﬂ‘#~_——_a‘—.—~_-—~,A‘_—-_’—_—— T L g ;
—r e T T T =

40 Ferruginous sandstoue




12

smooth sediment both landwards and seawards (Fig. II-5).

b. Post-Palaeozoic outcrops north of the Orange River

Extensive outcrops of seaward-dipping strata with relief of up to 15 m
(Figs. II-5 and II-15) are found north of the Orange River, particularly off Cham
ais Bay. The widely scattered .dredge samples are chiefly unfossilifercus ?Ter-
tiary quartzose limestones (Fig.  II-11, profiles 228 and 229) and no ferruginous
sediments were recovered. The writer therefore favours Du Plessis gglél's (1972)
interpretation of the seismic profile off Bogenfels., Unlike Dingle (1973a) who
showed Cretaceous strata.cropping:out on the middle shelf, Du Plessis et al,
(1972) extended the overlying Ter;iary layer to the Precambrian outcrop. They
found similar relationships as far north as Spencer Bay (25036'5), north of Lider-
itz. In Chapter III it will be shown that quartzose limestones are characterist-—
ic of the middle shelf from the Orange'River to Spencer Bay, thus supporting Du

Plessis et al's (1972) interpretation.

c. LUderitz Bank

A smooth, flat-topped elevation (Fig. II-16) dominates the middle shelf
northwest of LUderitz (Fig. II-1). It is a bench-like extension of the middle
shelf due west of Hottentot Bay (26°10'S).  The elevation is 37 km (20 n.m.) wide
and rises from a depth of 290 m on the outer shelf to 205 m at its crest, which
forms part of the inner shelf break on the Walvis Shelf. Its steepest slope is to
the southwest., To the southeast a valley separates it from the rest of the middle
shelf, The feature was named the LUderitz Shoal by'Rogefs and Bremmner (1973, p.8).
Like the Orange Banks, the feature poses no threat to navigation, and it is now
referred to as the Llideritz Bank (Rogers, 1974, p.26). The bank is the locus of

a rich deposit of glauconitic sand,

6. Inner shelf

For the purposes of this thesis, the inner shelf is defined as the zone

underlain by Precambrian rocks beside the coast. South of latitude 32°S, where
Palaeozoic sediments crop out along the coast, this zone 1s termed "Pre-Mesozoic
basement'" (Dingle, Gerrard, Gentle and Simpson, 1971, p.203; Dingle, 1973a,
p.344). Because only Precambrian rocks crop out on the coast between latitudes
25 and BOOS, and because one of the Precambrian subdivisions will itself be termed

"Basement', the term "Precambrian bedrock” is preferred to '"Pre-Mesozoic basement'.

a. Precambrian bedrock
i) Seaward boundary
South of Hottentot Bay (26OS) the Precambrian bedrock forms a relatively
steep-sided, narrow, rocky platform beside the coast (Figs. II-17 to II-22).
North of Hottentot Bay an uneven rocky zone slopes more gently down to the middle

shelf, The edge of the Precambrian bedrock has been traced from-latitude 20%s
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(north of Walvis Bay) to 26°s (Hottentot Bay) by Van Andel and Calvert (1971,
P.589) who write: "The most widespread (eresion-cut notch) is a low but sharp es-
carpment at 110 m, which, in many profiles, forms the seaward limit of a nearshore
zone of ruggéd'small—scale relief, while in others it is covered with more recent
acoustically transparent deposits", Calvert and Price (1970, p.177) and Bremner
(1975b,»Plate XI-1) have shown that .the acoustically transparent deposits between
these latitudes are'diatomaceous oozes, and Van Andel and Calvert (1971, p.589)
conclude that the sea regressed to a depth of 110 m during the last Pleistocene
glacial. This depth corresponds closely with that associated with the drowned
delta off the Orange (section II-C-5c¢).

Farther south the edge of the outcrop remains at approximately 110 m as far
as Chamais Bay (28°S) (Fig., II-20). Beyond this point the edge of the Precambrian
bedrock is blanketed by a lens of deltaic mud, which pinches out seawards in a
depth of 120 m (Fig. II-19). Where the lens is thinner than about 10 m, sub-
bottom reflections  have been obtained from the bedrock, which confirm that the edge
. of the Precambrian bedrock persists at 110 m. The constant depth of this geolog-
- ical boundary is thus confirmed between 20° and 30°S, and implies that the shelf
has not been warped between these latitudes since the last Pleistocene glacial 15
to 20 000 years ago (Curray, 1961; Milliman and Emery, 1968). Hoyt, Smith and
Oostdam (1965b, p.227) related this constant depth to a sea-level regression of
about 100 m. Off Cape Town, Dingle (1973a, p.346) reports that the boundary lies
at 180 m, which implies downwarping of 70 m to the south.

ii) South of Port Nolloth '

The bathymetric style of the Precambrian bedrock and the configuration of
the associated coastline are intimately connected with' variations in lithology and
structure of Precambrian formations. The outcrop is narrowest (2-3 km) off Nama-
qualand south of Port Nolloth (Fig. II-18) and drops steadily from the coast to the
middle shelf at an angle of'1,8o or 31,8 m/km. TFrom latitude 30°S to just south
of the Buffels River, the narrow inner shelf is constructed of Basement gneiss,
quartzite and schist (Rogers, 1915a, p.84; Joubert and Krbner, 1971, p.50). Des-
pite the geological boundary near the Buffels River, the bathymetric style of the
inrder shelf remains constant as far north as Port Nolloth. .

| Joubert (1975, p.339) reports an increasing predominance of quartzite. and
schist towards the coast within the Basement complex. Within the Stinkfontein
Formation of the Gariep Group, which overlies the Basement north of the Buffels
River, the lithology changes northwards from basal boulder conglomerate near the
river to orthoquartzite of the Lower Stinkfontein Formation. Feldspathic quart-
zite as well as arkose crop out midway between the Buffels River and Port Nolloth

but are granitised into "... gneisses ... virtually indistinguishable from some

Basement-rocks." according to Joubert and Krbner (1971, p.48). -South of Port
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Nolloth, then, the narrowness and steepness of the inner shelf is due to resistant
granitised quartzite, orthoquartzite, and boulder conglomerate of the Stinkfontein
Formation and gneiss, quartzite and .schist of the Basement complek. |

North.of Port Nolloth (Figs. .II-18 and II-19) the bathymetric style of the
inner shelf alters from a“narrow,uniformly'stegp'slope te a wider platform up to
6 km wide, bounded' by the northern continuatioﬁ of the same steep slope below the
40 m isobath. The platform persists northwa;ds to the Orange River where it is
buried by the river's Recent delta. The cdaéfline has been cut back by heavy
surf action driven by persistént southWesterlyiswe‘lls° Data collected by Marine
Diamond Corporation dﬁring prospecting operations along the coast are sﬁmmarised
by Murray et al. (1971, p.123): "The coast is exposed to swells generated in the
South Atlantic, é#d throughout the summer, swells with a significant height in ex-
cess of 3 m are experienced for about 8 da}s in the month, increasing to 14 days a
month in winter". Any weaknesses in the lithology are etched out by the surf and
it will'be shown that the rocks north of Port Nolloth are of less resistant litho-
logies than those to the south, w

1ii) Port Nolloth to Cliff Point

-

Between Port Nolloth and Cliff Point ungranitised arkose and feldspathic
quartzite of the Stinkfontein Formation are exposed. At Cliff Point the Stink-
fontein Formation grades~into-theAHolgat-Formétion, also of the,GéEiep Group (Jou~
bert and KrBner, 1971, p.48). -- The coastline at this point is distinguished by a
. line of cliffs-up.tor18~m'high;~eapped-by-MiddlenTerface gravels containing warm—
| water molluscs (Keyser, 1972, pp.4 and -10) probably-qf-Pleistocene age. The inmer
shelf widens towards -these high cliffs that truncate Pleistocene raised beaches,
overlying Precambrian bedrock -that is-clearly less resistant to surf erosion than
the formations south of Port Nolloth.

iv) Cliff Point -to the Orange River

The Holgat Formation crops out between Cliff Point and«Capé Voltas (Figs.
II-18 and II-19) and its variable -lithology is reflected in the irregularity of the
coastline, The coast was first mapped in detail by De Villiers and SBhnge (1959,
PP.56-63) north of latitude 29°s. ‘The geology of the area has recently been re-
viewed by Krbner (1975, pp.394-398). The Holgat Formation consists of relatively
weak schist, phyllite and gneissic arkose between Cliff Point and Wreck Point either
side of the mouth of the Holgat River. The inner shelf is consequently widest be-
~tween these points. North of Wreck Point the Holgat Formation becomes more arena-
ceous and quartzite becomes dominant at Buchuberg. Softer ﬁ@yllite'and schist be-
tween Buchuberg and Cape Voltas have been-eroded to form a shallow embayment.

" At Cape Voltas the Grootderm Formation succeeds thé Holgat ¥ormation (De
Villiers and SBhnge, 1959, p.59) and is composed of sheared quartzitic graywacke
between Cape Voltas and Alexander Bay (De Villiers and SBhnge, 1959, .p.62).
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v) Orange River to Chamais Bay
At the Orange River<the-Grootderm-Formation~gives way to the Oranjemund
Formation (Kaner,-1975,vp°398),,which-continﬁes north along the coast to Chamals
Bay. '

At the mouth of thg Orange and for .about 40 km to the north the Precambrian
bedrock -is buried by the -river's Recent delta, which merges with a beach extending
continuously along the coast towards Chamais Bay for just over 100 km.  The bed-
rock has been surveyed offshore by seismic profiling and has been exposed onshore.
by diamond-mining operations.

In the area immediately north of the deltaic sediments (Fig., II-19) the
Precambrian bedrock slopes seaward with no equivalernt of the flatter platform in-
shore of the 40 m isobath noted south of the Orange. However it has a shallower
gradient than off Namaqualand south of Port Nolloth, chiefly because it is composed
of soft, fissile, schist-and-phyliite of the Oranjemund Formation. Murray et al.

(1971, p.130) traced a 2 m-high drowned cliff in this region at the head of a
surf-cut gullied platform in a depth of 20 m. The platform is best developed in
the Oranjemund Formation, but is confined to softer strata in the Grootderm Forma-
tion nortﬁ of Chémais Bay. Between Bogenfels and Lideritz no surf-cut platforms
were found in the resistant Basement gnelss of that section (Fig. II-20).

A pract1ca1 result of the OranJemund Formation's susceptibility to erosion
was pointed out by Knetsch (1937, p.202)., He correlated high concentrat;ons of
diamonds on the southern bank of the Orange with a steep, narrow platform 30-50 m
wide, cut by heavy surf action in relatively resistant rocks bf the Grootderm For-
mation, He drew a contrast with lower concentragions on the’northérn bank depos-
ited on platforms as -wide as 600-900 m cut in the less re51stant OranJemund Forma-
tion. He argued that the same numbers of diamonds were spread over a wider plat-
form, which absorbed more of the energy of the breakers and thus yeakened the con-
centration process. ‘ e

The remarkably straight coastline between the mouth of the,drange River and
Chamais Bay has an average orientation of 315°, This is related to fracture zones'
accompanied by heavy jointing reported by Murray et al. (1971, p;130) and by Kr8ner -
(1975, p.424) to have orientations hptWeen 320 and 340 Kr¥ner ascribes. the
structures to deformation at the close of the Pan-Afrlcan Orogeny in Late Precam-
brian to Early Pleistocene times, The relative weakness and homogeneity of the
Oranjemund Formation also played important roles in the straightness of the coast-
line.

vi) Chamais Bay to Bogenfels
The complex geology of the region between Chamais Bay (27°55'S) and Bogen-
' fels (27°30'S) (Fig. II-20) is Being'studied by Krbner (1975, personal communica-
tion). He has found a highly deformed sequence in which the dominant Grootderm

AT L TIL Y L e A D S
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lavas have been intruded by a suite of mafic gabbroic bodies (Kr8ner, 1975, pp. v
399 and 402), In general the area .is -now:characterised by north-south striking ‘
softer schist-and -resistant massive quartzite. '"These have been differentially
weathered by sheet flcod erosion and wind deflation, resulting on land in a north-
south ridge and valley topography which continues out to sea where there are sub-
‘dued  submarine’ ridges,  islands; exposed rocks -and also numerous rocky headlands
with north-facing bays." (Murray et al., 1971, p.128). The most important sub-
marine ridges are the Chamais Reefs (Fig. II-20). Whereas the coastline-betwegn'
Chamais Bay and the Orange River is directly related to the structure of the Oranje-
mund Formation, Beetz and Kéiser (1926, p.142) point out that north of Chamais Bﬁy
the trend of the coastline (330°), is oblique to the northirsouth strike of the |
rocks.  The morphological consequence of this obliquity is fﬁe formation of a
series of log-spiral beaches in small bays cut in soft schist between headlands of
resistant quartzite. The significance of these bays in the dispersal of coastal
sediments will be discussed in Chapter VII.
vii) Bogenfels to Elisental
North of Bogenfels, itself a 55 m~high arch cut through a fold of eastward-
dipping massive dolomite, a series of cliffs is cut in resistant massive dolomite
of the Bogenfels Formation (Martin, 1965, p.80; Kaiser, 1926). The lithological
change to dolomite is expressed on the inner shelf by a steepening and narrowing
of the inner shelf and the disappearance of the irregular platform best developed
off Chamais Bay, The Bogenfels headland appears to continue seaward due south,
cutting obliduely'across the inner shelf (Fig. I1-20). The dolomite gives way:
not far north of Bogenfels to a marrow strip of Basement gneiss forming cliffs,
south of a bay cut in dolomite and -leading to a narrow valley calied‘Elisental
(27°25-8) (Fig. II-20).
viii)‘Elisental to Hottentot Bay

 Between Elisental and Hottentot Bay (26°10'S) (Figs. TI-20 and 11-21) the
inner shelf consists of Basement gneiss, granite and schist flanked to the west by
reworked Basement in the form of highly micaceous quartzitic schists grading into
- pseudo-boulder conglomerates in places (KrBner and Jackson, 1974, pp.91-92). A
steép cliff up to 50 km long, characterises the coast between Elisental and Prinz-—
ehbught (27005'8), south of the Namib Sand Sea. The coastal hinterland was named
the ﬁWannen"‘or Trough Namib by Kaiser (1926, p.33). It was formed by pawerful
aeolian erosion of north-south striking schist within the more reSistant gneiss.
Stocken (1962, p.6) describes the region as follows: '"Reaching a ﬁakimum width of
about 12 miles (20 km), the Trough Namib presents a marked ridge and valley topo-
graphy with a relief of some hundreds of feet., Strongly controlled by underlying
rock type and structure the Trough Namib presents a series of roughly parallel

north-south trending closed valleys or basins following more or less closely upon

\
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synclinal structures, Individual troughs vary g&eatly in size but the larger
ones such as the Idatal may be as much as 14,5 kilometrég long, 1,25 kilometres
wide and 125 m deep". ’This distinctive topography is reflected offshore in a
series of north-south striking ridges .and islands on the inner shelf (Figs. II-20
and II-21). Three of the islands are now joined to the'ccast by salt pans on
their lee sides; -one-lies :nerth-.of Prinzenbucht, 3 km from Pdssession Island,
which,_with‘its-submergéd:reef is 10 km.long. - ' Two other former islands mark the
western edge of a 25 km long salt pan south of Hbttehtot Bay. Their submerged
southerly.extensions are named Gallovidia Reef and Marshall Rocks (Fig. II-21).

A series of islands belonging to the Republic of South Africa and providing a rich
source of bird guano (Wétson, 1930) includes Pomona Island, Halifax Island near
Diaz Point, Shark, Penguin, Seal and Flamingo Islands just north of LUderitz and
Ichabo Island south of Hottentot: Bay (see Figs. II-20 and II-21).

The islands- mark- the- crests of ridges in a drowned portion of the Trough
Namib., A drowned trough is represented by the valley to the north of Elizabeth
Bay. It is partially filled with Tertiary sandstones (Greenman, 1969),vwhose
aeolian deflation caused- the concentration of diamonds (Merensky, 1909, p.19).

The embayment north- of Diaz .Point and Llideritz is the largest in the study
area and provides' the' sole harbour north of the Orange River. The inner shelf is
over 15 km wide and was - cut- back into schistose reworked Basement (Fig. II-21)
(Kr¥ner and Jackson, 1974, p.92). - The preservation of its drowned aspect, namely
the highly irregular ceastline and- the unattached islands, is due to diversion of
the céastal‘sediment—dispersal'system inlaﬁd‘fromvElizabeth Bay past Llideritz to
reach the coast north-of- the- cluster- of guano islands.

ix) Hottentot' Bay- to Sylvia Hill

VNo#th of Hottentot  Bay, as previously mentioned, the Precambrian outcrop
loses its\steeper-westward slope (Fig. II-22). -The Basement rocks at th§ coast
are overlain by Late Precambrian metasediments correlated recently with the Gariep
and Damara Groups (KrBner and Jackson, 1974). Seaward-dipping quartzite of the
Spencer Bay Formation crops out in a series of cliff-girt headlands separated from
one another by sand' cliffs up to' 150 m high and undercut by the surf. At Marble
Point and Sylvia Hill the quartzite is intercalated with marble of the Marble Point
Formation. The Spencer Bay Formation resembles the Sﬁinkfontein Formation and the
Marble Point Formation is similar to the Bogenfels Formaticn according to Krbner
and Jackson (1974, pp.94-95). North of Marble Point, the NNW structural trend of
the Gafiep, which roughly parallels the coastline, changes to NE indicating a corre-
lation of the coastal rocks with Damara outcrops towards the inner edge of the Namib
Sand Sea (KrBner and-Jacksoﬁ, 1974, p.95.).

In the isolated- log-spiral Spencer Bay, selective surf erosion has cut into

a zone of schistose  reworked Basement caused by eastward overthrusting (Krbner and



18

Jackson, 1974, p.92) (Fig., I1I-22).

" Like the Precémbrian-bedrock, the edge of the post-Palaeozoic outcrop is
distinctive north of Hottentot Bay . (0'Shea,-1971). Instead of 1ying near the
110 m isobath' the post-Palaeozoic sediments have filled in valleys crossing the
inner shelf and leading to- indentations in-the'coast, which are offen characteri-

sed by’ zones of reworked Basement -(KrBner .and Jackson, 1974, p.92) (Fig. 11-22).

b. Recent delta and mud lens

O0ff the Orange River the Precambrian bedrock is buried by the river's
aérofoil—shaped-submarine Recent delta (Fig. II-19), which attains a maximum
thickness of over 60-mi(Hoyt, Oostdam and Smith,. 1969, Figs, 3-5). The prodelta
has a seaward slope,of—ro,l0 (1,8 m/km) and pinches out on the middle shelf at a
depth of 120 m. The effect of deltaic sedimentation has been to shift the 120 m
isobath some 25 km seawards to a distance of 33 km offshore, whereas the same iso-
bath is only 8 km offshore off Pomona, where the outer edge of the Precambriap
bedrock is virtually sediment free. ’

Deltaic sediment obscures the Precambrian bedrock beside the coast up to
45 km north of the mouth, near Mittag, and pinches out altogether 95 km north of
the mouth at Affrenrucken (det et al., 1969, Figs. 3 and 5; Murray et al., 1971,
Fig, 1). The prodelta sediments continue southwards as a mud lens between the
70 and 120 km isobaths, masking the westward limit of the Precambrian bedrock
“(Figs. 1I-18 and II-19). The lens extends southwards for 380 km to St. Helena
Bay (0'Shea, 1971; Birch and Rogers, 1973) probably receiving minor contributions

from the Olifants and Berg Rivers en route,

c. Pleistocene delta of the Orange River

Although this feature is located on the middle shelf it is preferable to
discuss it along with its better—-defined Recent analogue. Weét‘of the Orange
River mouth several traverses cross a‘delta—like feature (Figs. II-6 and II-23).,
The gradient steepens at about 150 km and flattens again at about 170 km. The sur-
face samples inshore of 150 m contain substantial atounts of very fine quartz, the
sediment type characteristic of the Recent delta front. Seaward of 170 m only
minor amounts of very fine quartz dand were observed. In order to correlate these
facts it is instructive to compare Ehe middle-shelf delta with the Recent delta at
the mouth of the Orange. '

The low gradient .of the Holocene delta front steepens at about 50 m and
then flattens again onto the middle shelf at 110-120 m (Fig. II-22). Taking the
outer depth of the drowned delta front (150 m) as analogéus to the same feature on
the Recent delta front (50 m). the delté on the middle shelf,is covered -by 100 m
more water than when it.was formed, presumably during tHe last Pleistocene glacial.

The 20 m difference in depth between the crest and the Base of the grogne& delta
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contrasts with the 70 mfdifference-of the Recent delta. | This is attribﬁted to
deposition onto a shallow shelf in the Pleistocene,” compared with deposition onto
a deep, drowned shelf in the Holocene. . Study of a suite of vibrocores from the
mouth of' the Orange to the foot of the<drowned'delta‘iS'warfénted to verify the

above conclusions.

d. Recent nearshore sand prism

The nearshore zone of littoral drift along the coast of Namaqualand is
starved of sediment because its dune-covered arid hinterland readily absorbs the
scanty runoff (Figs., II-18 and II-19). The Holgat River, for instance, last flow-
ed in 1925 (Keyser, 1972, p.4). However, had the exotic Orange River never reach-
ed the West Coast, the nearshore zone of South West Africa would have been as sedi-
ment-starved as that of Namaqualand.

- There is a prac?ically continuous nearshore sand prism between the Orange
River and Elizabeth Bay.  Because the sand bypaéses LUlderitz, the nearshore zone
between Elizabeth Bay and Diaz Point is in fact as sediment-starved as the coast
of Namaqualand. A

A rock zone lies between Diaz Point and Marshall Rocks (Fig. II-21) inshore -
of which is an extensive sand prism (Maree, 1966, p.153). The sand is derived
from surf erosion of the Namib Sand Sea where its western edge coincides with the
coast (Fig. 1I-21). This process is increasingly important north of Hottentot
Bay, and especially beyond Sylvia Hill, where the first "Lange Wand" or dune wall
provides so much sand that the irregular topography of the Precambrian bedrock is

completely blanketed (Fig. II-22).
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CHAPTER III

CONSOLIDATED POST-PALAEQZOIC ROCKS

A, INTRODUCTION

The geological history of the study area has been interpreted by several
authors (Du Plessis et al., 1972; Dingle, 1973a; Dingle and Scrutton, 1974;"
Scrutton and Dingle, 1975; Emery et al., 1975), who used a combination of seismic
and bathymetric profiles. To date no record of the petrology of éhe outcroppling
strata has appeared. In this chapter the results of a preliminary petrographic
study of 91 rock samples from 47 locations is reported (Figs. III-1 and III-2;
Table III-1). The rocks have been divided into seven main groups; terrigehous :
sandstones and mudstones, .quartzose limestones, lime mudstones, foraminiferal
limestones, algal limestones, phosphorites and molluscan limestones as well as
into 21 sub—-groups. The area therefore displays a great variety of sedimentary -
rock-types and would repay detailed sampling in certain areas to clarify strati-

graphical relationships.

TABLE III-1, LITHOFACIES OF CONSOLIDATED" ROCKS

Lithofacies ‘ Age Stations
Molluscan limestones ?Pliocene 5 \
Phosphorites ?Late Miocene to Pliocene 6
Algal limestones Early to Middle Miocene 5
Foraminiferal limestones Early to Middle Miocene 4
Lime mudstones ' ?Palaeocene to Eocene' 7
Quartzose limestones ?Palaeocene to Eocene _ 20
Terrigenous sandstones and mudstones ?Late Cretaceous 13
Schists and gneisses ' Precambrian : 13

B. CLASSIFICATION

1. Terrigenous sandstones and mudstones

The classification devised by Folk (1968, p.123) was selected to describe

the terrigenous sandstones and mudstones from the study area (Fig. III-2). The
system is modified from earlier classifications devised by Fplk (1954) and by
McBride (1963) amongst others. Each rock description has tﬁreé parts:
grain-size, textural maturity and mineral composition . ‘ The

rock's grain size is determined using grain-size triangles depicted in Folk
(1954, Figs. la and 1b). Textural_maturity is determined by the abundance of
clay matrix and the degree of rounding of the grains (Folk, 1954, p.344). The

mineral composition of the rock is found using Folk's (1968, p.124) triangle
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in which quartz and metaquartzite constitute the Q-pole and all other rock
fragments constitute the RF-pole.. Clay"maﬁrix, mica, cements, glauconite,
heavy minerals, and biogenic 'grains -are ignored. ~ Following McBride (1963)-
Folk substituted "quartzatenite" for orthogiartzité" to.describeorocks con-
taining .more than 957%:iquartz plus metaquartzite. Blatt, Middletord and Murray
(1972, p.316) decried the rejéction 6f the term "orthoquantzite" and :recommend-
ed that it be tetained, This appeats-logical because the .compositioen

of the réck ‘can be based ‘on:the composition: of mot only sand=size bit also-of
sitft-size grains(Folk, 1968, p.142). In:othér“Word@fo@é can spedk qf 'bafh and
orthoquartzite sandstoné and.of .an‘orthoquartzite-siltstone.  The-writer '
follows Folk's (1968, p.125) suggestion that where an identifiable rock frag-
ment is dominant over other rock fragments the term "litharenite'" should be re-

placed by terms like "chert-arenite" or '"sedarenite".

2. Limestones and phosphorites

The classification system devised by Dunham (1962) has Been applied
successfully to limestones and their phosphatized counterparts both on the
Agulhas Bank (Siesser, 1972a; Parker and Siesser, 1972; Parker, 1975) and
on the shelf off the southwestern Cape (Birch, 1975). In order to‘be con-
sistent, Dunham's classification has been applied to rocks from the study area.
Lithofacies identical to those found elsewhere on the South African continent-
al margin have been identified in this way.

The Dunham classification was originally designed to classify limestones.
According to this scheme, limestones containing less than 107 grains set in a
lime mud matrix are termed '"lime mudstones'; those containing more than 107
grains are termed "lime wackestones" or "lime packstones. In a "lime
wackestone'" the grains are supported by the matrix, whereas in a "lime pack-
stone'" the grains support one another. In the present study, Dunham's scheme
is extended to phosphorites, which contain more than 507 apatite (187 PZOS)
according to the definition of Bushinsky (1966, in Parker, 1975). In such
rocks the term "phosphate" is substituted for the term "lime".  Thus a stan-
dardized description such as "glauconitic calclithic phosphate packstone"
(Sample 2984B) can be substituted for "glauco-conglomeratic phosphorite"
(Parker, 1975) when describing the abundant conglomerates from the Agulhas
Bank and elsewhere.

Addition of a grain-size modifier allows greater precision in descrip-
tion (Folk, 1959, p.15; Siesser, 1971, p.67). The limestone terms "calciru-
dite", "calcarenite" and '"calcilutite" are replaced by new phosphorite terms,

namely "phosphorudite', '"phospharenite" and "phospholutite". Thus a more
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detailed description of conglbmeratic‘phosphorite is "Fine sandy phosphoru-
dite: glauconitic calclithic phosphate packstone'". In applying a more
"complicated" classification to the complex rock-type, phosphorite, the
writer is following principles laid down by Folk (1954, p.346) who wrote
“... if a classification is ever to become a precision tool, it must have some
degree of 'complication' - ie., a sufficient number of subdivisions to be pre-
cise, with consistency in usage insured by a few simple rules".

On the Agulhas Bank the limestones were studied by Siesser (1971) and
"phosphorites" by Parker (1971). In a subsequent joint paper Parker and
Siesser (1972) referred to "unphosphatized limestones'" and '"phosphatized
limestones'" because moét of the rocks contained less than 187 P205° The bound-
ary separating unphosphatized from phosphatized limestones, arbitrarily set at
57 P205 by Siesser (1971, p.83), has subsequently been applied by Birch(1974,
p.17) and will be applied in this study. The term, "phosphatic" is preferr-

ed to 'phosphatized" because the term is purely descriptive.

3. Component proportions

In order to describe component proportions the following rules were
followed:

More than 50%7: Rock name e.g. lime, phosphate.

25-50% : Major component.
10-257 : Suffix "-rich" added to component name.
2-107% : Suffix "-bearing" added to component name.

Less than 27 : "Trace'" added after component name.

The components in‘excess of 27 are listed from left to right in order of
increasing abundance. Trace components are listed after the main sediment
name. Thus a ferruginous muddy sandstone (2747A) is described as a "Muddy
fine sandstone: immature chert-bearing calcitic and ferruginous chert-arenite.
Feldspar and mica traces.". An algal limestone (2849B-4) is described as a
"Medium calcarenite: Benthonic and planktonic foraminifer- and bryozoa-bearing

coralline algae-rich lime wackestone. Echinoderm traces".

C. LITHOFACIES

1. Terrigenous sandstones and mudstones

a. Location.

A suite of ferruginous terrigenous sandstones and mudstbqes was dredged
from the middle shelf between Hondeklip Bay and Port Nolloth (Fig. I11-2).
The rocks have been recovered from a relatively narrow depth-range between 130
and 160 m in a belt of irregular topography described in the previous chapter

(Fig. 1I- 5). The inshore edge of the outcrop is blanketed by a lens of Rec-
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ent.: terrigenous mud at the foot of the Precambrian outcrop; seawards the out-
crop is covered with foraminiferal sediment. For comparison, a sample of
ferruginous conglomerate was obtained from cliffs near The Point just north of
the Olifants River.

A suite of non-ferruginous terrigenous sandstones and mudstones is lo-
cated on the middle shelf between Port Nolloth and Chamais Bay; most samplés
lie north of the Orange River in a region noted in the previous chapter for
irregular topography (Fig. II- 5). The depth range is 90-130 m. The out-
crops lie seaward of the Precambrian outcrop and the Recent: delta, as well as

north of the Pleistocene delta of the Orange River.

b. Petrography. ,

The ferruginous rocks range in hue from 10R through 5YR to 10YR. Mod-
erate reddish brown (lOR4/6) and dark yellowish brown (10YR4/2) are the common-
est colours. In contrast with the reddish-brown hues of the ferruginous rocks,
the non-ferruginous rocks are generally gray (N7), yellowish gray (5Y8/2) or
yellowish brown (10YR5/4). '

The ferruginous rocks are classified into three main subgroups: ferrugi-
nous muddy sandstones, phosphatic ferruginous muddy sandstones and ferruginous
mudstones. : } . The first two groups are separated from
one another by a boundary of 5% PZOS’ and both are considerably coarser-grain-—
ed than the ferruginous mudstones. All the offshore samples contain substant-—
ial amounts of ferruginous matrix and are therefore texturally immature.  The
grains of the muddy sandstones are commonly poorly sorted and range from angular
very fine sand grains to rounded fine pebbles. The presence of chert grains
as the dominant rock fragment in some samples has led to several samples being
classified as chert arenites, and only one of the muddy sandstones is not a
litharenite or sublitharenite. Jasper, agate and chalcedony grains are rarer
but nevertheless characteristic components of these rocks. One sample contain-
ed bryozoan fragments hut otherwise the suite is devoid of biogenic
grains. Coarse weathered feldspar grains are a distinctive feature of
some samples (Plate III—la).

The ferruginous mudstones are classified as immature, micaceous,-ortho-
‘quaftzité mudstones-in Folk's: (1968, -p:152).classification, wheréas in hls

earlier clasdification (Folk,'1954);.which included mica, the same rocks are
classified as graywackes.".Léminae and flame'sttuctures are observed, ‘the -
laminae being marked .by. angular’quartz silt and by mica flakes.

Three subgroups are recognized in the non-ferruginous suite; sandy mud-
stones, sandstones and micaceous mudstones. | The sandstones are unusual in

being texturally mature, whereas all other rocks described in this chapter are

’



Plate III-1. Petrography of post-Palaeozoic rocks

III-la. Slightly altered feldspar grain in immature ferruginous quartzose chert-
arenite from the middle shelf (138 m) off the Buffels River. Note poor degree
of sorting and wide range in angularity in this rapidly deposited ?fluviatile

muddy fine sandstone. (Sample 2747B4). (X20).

III-1b. Vein of phosphorite penetrating immature ferruginous chert-arentie.

(Sample 2747B5).(X20).

III-lc. Cavity in immature, ferruginous very fine sandy claystone filled with

glauconitic phosphorite. (Sample 2747B3).(X20).

III-1d. Mould of molluscan shell  in quartzose lime wackestone from the middle
shelf (108 m), south of Chamais Bay. Texturally the rock is a very fine calcar-
enite. Note benthonic foraminifer to right of photomicrograph. (Sample

3122).(X20).

III-le., Sections of large benthonic foraminifera in phosphatic nummulitic lime

packstone from the Orange Banks (190 m)., (Sample 2922).(X20).

IIT-1f. Phosphatized foraminiferal infillings in planktonic foraminiferal lime
wackestone from the outer shelf (312 m) south-east of Tripp Seamount. (Sample

2734).(X20).

III-1g. Glauconite grains in glauconitic calclithic phosphate packstone from the
Orange shelf break (250 m) south west of Chamais Bay. Birch (1975) found that
the lighter centres were an admixture of carbonate—apatite and glauconite and that
the proportion of glauconite increased towards the darker rims. (Sample 2984B).
(X70).

III-1h. Fish vertebrae in a phoséhate mudstone, tentatively identified as.a
coprolite, from the outer shelf (215 m) west of Sylvia Hill. (Sample 3224).

(X70) . '
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texturally immature.

- The sandy mudstones contain angular fine to very fine quartz grains set
in a.terrigenous matrix. Sparry calcite is present in some samples and veins
one sample extensively. " . Feldspar is a minor component in some
samples and fragments of a porphyritic volcanic rock were noted in sample
2995cC. This sample lies several kilometres east of sample 1111-49 (Fig. III-
1), which is a quartzose lime wackestone containing similar rock fragments
The rocks are)clas8ified:either as arkoses or.litharenites.

The micaceous mudstones occur at two locations and are both silty clay-
stones; they are classified as orthoquartzites or as graywackes in the same
manner as the ferruginous mudstones. Angular quartz silt and mica flakes are
set in a terrigenous matrix.

The mature sandstones may well be aliens from the Orange River, but as
many of the otber:dredged samples have not actually been physically broken from
the outcrop and yet are undoubtedly of marine origin, rounded phosphorite
cobbles for instance, they are included for completeness. The rocks are char-
acterized by their quartzitic appearance in hand specimen, gray colour and low
matrix content. Angular to subrounded medium to very fine quartz grains are
predominant. The varying amounts of fresh microcline and plagioclase feldspar
and of chert classify the rocks as orthoquartzites and subarkoses. Traces of
micaceous matrix are found in two samples, whereas up to 207 sparry calcite .

cement, often concentrically banded, characterizes sample 1175-47.

c. Provenance.

The Orange River catchment is a iikely source area for the ferruginous
suite of rocks. . Distinctive pebbles of jasper are to this day characteristic
of the Orange River gravels. Hallam (1964, p.705) considers the Griqﬁatown
Series in the Prieska area to be the prime source of such pebbles. Reuning
(1931, p.213) mentions rarE typical Orange River boulders in the Olifants River
éongltomerate. ~ An.important alternative source. for the chalcedony :and agateé grains
is the silicifded land sutrface underlying the..Pomona beds (Kaiser,21926). * The '
presence 6faferruginoﬁsﬁffiable.mudstOHés;bf Kareo age (Burgersdorp and Elliot
Formafions),ih the ‘modern :catchment .:of theﬁOraﬁgegwillubé invoked .in Chapter
VII to explain the high iron content of modern Orange River clay. It is like-
ly that these same formations were the source of much of the ferrugihous mater-
ial in the suite under studyi In fact at this earlier stage of pediplanation
it is probable that these forﬁations cropped out more extensively within the
catchment than they do today. |

From the preliminary data available little can be ihferred about the

provenance of the non-ferruginous rocks. The distinctive chalcedony, agate and
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jasper grains typical of the previous suite were not observed implying a diff-
ering provenance. Rare metamorphic and volcanic rock fragmentslamongst an
abundance of angular and rounded quartz and feldspar grains indicate that both
sedimentary and granitic rocks are important in the catchment area, with minor
contributions from metamorphic and volcanic sources. The large catchment of
the Orange contains extensive outcrops of Karoo sediments and Basement granitic

rocks as well as a wealth of both metamorphic and volcanic rocks.

d. Depositional environment.

The immature ferruginous sediments were mostly deposited in a low-energy
subaerial environment. The abundance of matrix, the poor degree of sorting
and the angularity of many of the grains implies a low—energy environment.

The laminated micaceous mudstones were deposited in an even quieter environ-
ment. In contrast, the mature iron—cemented conglomerate at The Point was
deposited in a relatively high-energy environment.

The reddish-brown hues of these rocks indicate that hematite is the dom—
inant ferruginous mineral, although this has not been confirmed experimentally.

Hematite is only stable under oxidizing conditions, which immediately excludes

the réducing marine environment (Blatt et al., 1972, p.367). The rare bryo-
zoan grains nevertheless signify that the sea was not far distant. Such

marine grains may have been blown off coastal dunes or transported into an
estuary from the sea.

The depositional environment of the non-ferruginous rocks was continent-
al because there are no traces of marine biogenic é;hins. The éhergy of the
depositional regime rises from the mudstones through the muddy sandstones to
the sandstones. Without access to field relationships and to sedimentary
structures the depositional regime can only be suggested tentatively. Fluvia-

tile environments of varying energy levels are most likely.

e. Age.

A Late Cretaceous age is postulated for the ferruginous rocks. Seismic
profiling in the vicinity of the outcrop, immediately seaward of the Precam-
brian outcrop, has revealed strata dipping at angles of 2-3° seawards .(Hoyt,
Oostdam, and Smith, 1969, Fig. 4). Dingle (1973a,p.346) suggests an Early
Cretaceous age derived ffom the date of rifting between South America and
' Southern Africa as 125130 Ma B.P. (Larson and Ladd, 1973, p.209).

The Pomona beds exposed onshore between the Olifants River (Reuning,
1931) ' and Pomona (Kaisér, 1926) are commonly ferruginous. They occur near
the coast either as cliffs as at The Point or in the form of mesa cappings

dipping seawards near the coast, as at Tafelberg, south of Chamais Bay, and
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in the Pomona region itself., = The undgrlying silicified land surface drops

from a height of 190 m east of Pomona to 15 m at Jammerbucht on the coast just
south of Pomona (Beetz, in Kaiser, 1926, Vol.II, p. 9). The silicified rocks
are all Precambrian in age and it has been shown in the previous chapter that
the Precambrian outcrop on the inner shelf is only a few kilometres wide near

Pomona (Fig. II—ZP). It is therefore suggested that the continuation of the
old land surface crops out along the seaward edge of the Precambrian outcrop
offshoref The age of sediment overlying the surface varies from place to
place due to erosion and deposition during regressions and transgressioms.
Thus Dingle (1973, Fig. 7) finds both Cretaceous and Tertiary beds overlying
Precambrian bedrock off LUderitz (Profile 228) but only Cretaceous beds off
Bogenfels (Profile 229). It is suggested, on the basis of lithologic simil-—
arity, that the ferruginous rocks described in this section may be correlated
with the Pomona beds which crop out onshore both north and south of the off-
shore exposures. A comparative petrographic study of the Pomona beds may
help to. verify this suggestion.

Having suggested the possibility that the Pomona beds may be onshore
correlates of the rocks under study, on broad lithologic grounds, what evi-
dence is there to establish the age of the formations more preciéely? The
offshore rocks contain no-dateable marine fossils and it is unlikely that the
oxidizing conditions necessary for the formation and preservation of hematite
allowed the preservation of terrigenous palynomorphs. A minimum age for the
onshore Pomona beds is available, however. At Swartkop in the Sperrgebiet
an outlier of phonolite lava overlies the Pomona beds (Stocken, 1962, p.5).
The lava has been dated radiometricallylas 37 Ma., i.e. at the Eocene-
Oligocene boundary (personal communication from J. de Villiers in Greenman,

- 1969). The beds therefore have a minimum age of earliest Oligocene. They
are unfortunately not in contact with the foyaite inprusion of Granitberg
(Stocken, 1962, p. 7) which has an Early Cretaceous.age of 130 Ma (Stocken,
personal communication in Marsh, 1973). However Beetz (in Kaiser, 1926,
Voll.II, p. 9) records that the old silicified land surface rises over »
Granitberg. Therefore the Pomona beds lying upon that surface have a maxi-
mum Early Cretaceous age of 130 Ma. A Late Cretaceous age midway between the
Early Cretaceous maximum and the Early Tertiary minimum has alfeady been sug- "
gested by Stocken (1962, p. 7). Little additional evidence is available from
the Olifanté River outcrop, although the Pomona equivalent contains and over-
lies marine fossils. No age is assigned to the distinctive assemblage of
molluscs and fish teeth found there (Reuning, 1931; Haughton, 1931).

There is no information on the age of the non-ferruginous rocks.
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f. Diagenesis.

The original matrix in the ferruginous suite offshore probably con-
tained an abundance of iron in the 1attices.of minerals like montmorillonite,
biotite, amphiboles, pyroxenes, ilmenite and magnetite. Walker and Honea
(1969, p.329) found that only 0,1% extractable iron was present in one bright-
red sample from the Saharan Desert and postulated post-depositional intra-
stratal alteration of iron-bearing minerals under oxidizing conditions to
account for the hematite stain in red beds. It has already been suggested that
the ‘hematite may originate in :thé Elliot:Formatiod (Red Beds) “of the Karoo Super-—
grdup,ﬁwhiéh-téday,areca primévsourcéifor Orange River . sediment. . Inothe:Cretaceous
the -outcrdp.of this. formationisould -hhvenbeen muchamore .extensive.thar today and
may have played a more important role than it does today.

The common occurrence of a later generation of apatite and calcite
cement in many of the muddy sandstones is interpreted as evidence that the
‘rocks were sﬁbsequently covered by sea water. In several samples yellow
apatite cement appears to have replaced parts of the original ferrugin-
ous matrix, - - o In addition, sample 2747B-5 is unusual in having
ferruginous cement rather than matrix. Pores are filled by light reddish-
brown crystals, probably of géethite, which coalesce towards the centre
of the pore.. . . L. Veins, which in places are apatite and in others
calcite, penetrate thévrock, cutting across the cement and often separating
the cement from the grains (Plate III-1b), The later date of the phosphatiza-
tion episode is best illustrated by infilling of mollusc borings with glauco-
nitic phosphorite (Plate III—IC). The conglomerate from The Point has similar
aspects; its dark brown ferruginous cement giving way in places to a yellow,
presumably phosphatic, ‘cement (Reuning, 1931, p.208).
| Little is known of the diagenetic history of the non—-ferruginous rocks,

but one of the sandstones was subsequently cemented by sparry calcite.

2. Quartzose limestones and lime mudstones

a. Location.

Quartzose limestones and lime mudstones are found on the middle shelf
throughout the study area, although most samples were recovered between the
Orange River and LWderitz (Fig. III-2). The depth range is from 50 m to
200 m.

b. Petrography.

Grayish hues (N5 fof example) are characteristic of this petrographic-
ally homogeneous and widespread suite of limestones. The rocks have been
classified into qﬁartzose lime wackestones, pyritic lime wackestones and lime

mudstones and they have been distinguished from their phosphatic equivalents
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using a 5% P205 boundary. The subgroups are described together because they
are found interlaminated and form a continuum texturally and compositionally.

Texturally, the limestones range from calcilutites to medium calcaren-
ites; very fine calcarenites dominate the quartzose lime wackestones. The
matrix is usually an intermixture.of micrite and microspar in varying amounts.
In a minority of samples the matrix has been phosphatized or lime mud has
recrystallized to pseudospar.

Angular very fine quartz grains are the most common and the most char-
acteristic allochems in this suite of limestones. Finer silt and coarser
sand grains occur but very fine quartz sand is by far the most abundant.

Fresh angular very fine grains of microcline and plagioclase feldspar are
present in minor amounts in some samples. Heavy minerals, chert, jasper and
volcanic rock fragments are rare but distinctive components in others. Cal-
citic pseudomorphé after ?olivine in the form of dipyramidél orthorhombic
prisms set in a matrix rich in laths of altered ?féldspar are distinctive com-
ponents of sample 1111-49, : ' As mentioned earlier, similar rock
fragments are found in sample 2995C, a few kilometres to the west.

Silt- and very fine sand-size aggregates of pyrite characterize the
pyritic lime wackestone subgroup. In the quartzose lime wackestones, minor
amounts of fine sand-size glauconite and trace amounts of coarse phosphorite
fragments are distinctive but not ubiquitous authigenic components. Glauco~
nite occurs only as discrete grains and not as infillings.

The biogenic content of the suite is low. Molluscs, bryozoans; echino-
derms, cirripeds, benthonic foraminifera, planktonic foraminifera and faecal
pellets are present in trace to minor amounts. Moulds of dissolved mollusc
shells characterize some samples (Plate III-1d) but several samples contain

no biogenic grains at all.

c. Provenance.

The suite contains a variety of terrigenous, marine authigenic and
marine biogenic grains set in a lime mud matrix. Both terrigenous and marine
sources are therefore required to explain the origin of the grains. The pres—
ence of volcanic rock fragments, fresh feldspar, heavy minerals and abundant
quartz is compatible with input from an arid hinterland. The fineness and
angulérity of the quartz grains suggest that Orange River sediment is the
source, because the sediment on thg river bed, on the delta front and along the
coast on the inner shelf is today dominated by similar angular, fine to very

fine Quartz sand (see Chapter VII).

d. Depositional environment.

The common presence of reworked glauconite and phosphorite grains, as
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well as the marine biogenic grains and the occasional mollusc moulds, con-
firms that the environment of deposition was undoubtedly marine. Quiet-
water conditions are implied by the abundance of lime-mud matrix. However
the association of very fine quartz sand, randomly distributed and floating
in the matrix is anomalous. Such a textural inversion may be explained by
bioturbation, and the occurrence of unbroken valves of a molluscan bi-
valve) infauna supports this contention. Siesser (1972a,p.86) came to the
same conclusion for a similar suite of quartzose limestones on the eastern
Agulhas Bank. ’

.Let us consider two possible quiet-water marine environments conducive
to the formation of carbonate mud; the deep sea and a lagoon. The abundance
of terrigenous components, sometimes quite coarse, and the rarity of plank—
tonic foraminifera favours the nearshore lagoonal environment. In addition
if the hinterland were arid, as inferred from the freshness of the feldspars,
then evaporation of sea water in lagoons is a distinct probability. The
modern analogues of such lagoons are common along the Namib Desert coast, im-
mediately east of the shelf outcrop. Salt pans have formed in these lagoons
which are at or near sea level. They are normally cut off from the sea by
beach berms, but during spring tides the sea breaks through and replenishes the
supply of sea water (Hallam,‘1964, p.679). The sediments of the above lagoons
have not been investigated mineralogically in order to substantiate the pro-
posed hypothesis for the formation of carbonate mud. However inorganic pre-—
cipitation of calcium carbonate has been reported from both salinity extremes.
Blatt et al. (1972, p.452) reported such precipitation in the supersaline
Dead Sea, as well as the freshwater lakes of Minnesota and Wiscénsinn It is
therefore not unlikely that calcium carbonate could be precipitated in Namib
Desert lagoons. Surf-zone abrasion of calcareous material is less likely to
be an important source, because the modern beach sediments north of the Orange
contain negligible quantities of carbonate (see Chapter VII). This may be-
due to a combination of dilution by terrigenous material from the Orange and
inhibition of shell formation in the cold upwelled coastal waters of the Ben-—

guela Current.

e. Age. ‘

Petrographically these quartzose lime wackestones are almost identical
to Siesser's (1972a,p.84) '"lagoonal-quartzose lime wackestone lithofagieé"
from the middle shelf between Cape St. Blaize and Cape Seal on the Agulhas Bank,
which have been dated as Palaeocene-Eocene on thée basis of ostracods from ass-—
ociated marls (Dingle, 1971, p.186). No palaeontoloéical evidence is available

to determine the date of the suite under discussion.
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f. Diagenesis.

The diagenetic history of this suite of limestones is similar to that
described for the Agulhas Bank quartzose lime wackestones (Siesser, 1972a,
p.89). Carbonate mud has neomorphosed, often to microspar and occasionally
to pseudospar. Unlike the Agulhas Bank suite, where microspar predominates
(Siesser, 1972a,p.85), subequal amounts of micrite and microspar are char-
acteristic of the West Coast suite. A further point of difference is that
mollusc moulds occur more frequently, implying dissolution of the original
metastable aragonite by meteoric waters during subaerial exposure. On the
Agulhas Bank the aragonite was neomorphosed to stable, low-Mg calcite in the
form of pseudospar (Siesser, 1972a,p.90).

In the pyritic lime wackestone subgroup one has evidence of reducing
conditions during diagenesis of carbonate muds to lime mudstone; the absence
of pyrite in Agulhas Bank limestones was commented upon by Siesser (1972a,
p.88).

A final difference from the Agulhas Bank suite is that the calcitic
matrix in a few samples,_espétially towards the north of the outcrop has been
phosphatized to a greater or lesser degree. Sample 3390E, for example, con-

tains 15,87 PZO and is classified as a phosphatic quartzose lime wackestone.

5

3. Foraminiferal limestones

a. Location,

Two subgroups of foraminiferal limestones have been identified, one
characteriéed by large benthonic (nummulitic) foraminifera and the other by
planktonic foraminifera.

The distinctive and age-diagnostic nummulitic limestones have been re-
covered from two localities in the study area (Fig. III-2) and from one lo-
cality in the area studied by Birch (1974, p.19). The largest sample (2922)
(Fig. III-1) comes from a depth of 190 m on the Orange Banks, due west of
the Orange River. In addition, a layer less than 1 cm thick was found
attached to a sample of glauconitic phosphorite (2984) from the shelf break
forming the edge of the Orange Banks, southwest of Chamais Bay in a depth of
250 m.

The more important (sample 2734) of the two samples of planktonic-
foraminiferal limestone originates from the outer shelf near the Tripp Sea-
mount, between the two shelf breaks in a depth of 312 m; The second sample
(3005), which is tentatively correlated with sample 2734, is from the outer
shelf due west of Chamais Bay in a depth of 244 m (Figs. III-1 and III-2).
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b. Petrography.

The angular cobble-size fragment of phosphatic nummulitic limestone
from station 2922 initially drew attention because of its content of large
benthonic foraminifera up to 1 cm in diameter, These are clearly visible in
the hand specimen, usually in cross sectiopm, but occasionally revealing the
detailed spiral drnamentation on the external surface (Plate III-le)-. |

. Sample 2754 consists of poorly consolidated lumps of planktonic-
foraminiferal limestone observed within a sample of unconsolidated sediment
recovered with a grab at that station. Sample 3005, likewise was found as
part of a grab sample of unconsolidated sediment. Sample 2734 is grayish
yellow (5Y8/2) and sample 3005 is very pale orange (OYR8/2).

Both samples of nummulitic limestone are classified as calcirudites and
as phosphatic nummulitic lime packstones. The designations '"rudite" and
"nummulitic" are drawn from the pebble-size foraminifera, one species of which
has been identified as Nummulites. A value of 13,67 P205 has been obtained
for sample 2922, but no separate value Was obtained for the thin nummulitic
layer of sample 2984,  Collophane i§ the'major matrix component {30%) and-
predominates over micrite and microspar.

Like the algal limestones the samples are devoid of both terrigenous
and authigenic grains. The large benthonic foraminifera are the major biogen-
ic components (507). Sample 2922 contains minor amounts of planktonic for-
aminifera and a trace of ostracods. Both 'samples contain traces of mollusecs,
bryozoans, echinoderms and corallihe'algae,

Texturally both samples of planktonic foraminiferal limestone are fine
calcarenites; 2734 is a wackestone and 3005 is a'packstonee Terrigenous
grains are completely absent. Authigenic grains in the form of glauconitic’
and - phosphatic foraminiferal infillings are found in trace amounts in sample
3005, but comprise up to 107 and are characteristic components of sample 2734
(Plate III-1f). In addition, the predominantly micritic matrix is phosphat-
ized along the outer margins of the lumps of sample 2734, The same phosphat~-
ization process of pebble margins of planktonic-foraminiferal limestones from
the Agulhas Bank has been reported by Parker and Siesser (1972, p.473) and
by Siesser (1972a,p.93).

The chief biogenic components are plaﬁktonic foraminifera (20-35%) and
benthonic foraminifera (5-157). Both types are usually filled with yellow
"apatite'" or green "glauconite', the different types often occurring in neigh-
bouring grains. Birch (1975, p.77) has made a detailed microprobe study of
similar grains from Childs Bank on the outer shelf just south of the study area.
He found that the infillings are intimate mixtures of both glauconite and apa-

‘tite phases, and that colour is an imprecise criterion of their mineralogy.
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¢. Depositional environment.

A quiet mid-shelf environment is suggested to account for the presence
of micrite matrix and the absence of terrigenous material in the nummulitic
limestones. Most of the large benthonic foraminifera are unbroken, as are
the thin-walled planktonic foraminifera, where present. The writer there-
fore postulates a mid-shelf environment too far offshore to receive terrigen-—
ous sediment and yet not within the main zone of planktonic foraminiferal
sedimentation on the outer shelf and the slope. The environment is quiet
enough to allow the deposition of planktonic: foraminifera. Without further
information on the mineralogy and morphology of the micrite matrix, little
"can be said concerning its origin. A biogenic origin as coccolith debris is
possible, the benthonic foraminfera living at the sediment-water interface as
epifauna and being incorporated in the sediment at death.

The abundance of micrite matrix and of planktonic foraminifera and the
_absence of terrigenous grains clearly indicate an outer shelf~upper slope en-
vironment for the planktonic-foraminiferal limestones. The Agulhas Bank ana-
logue is Siesser's (1972a,p.91) '"pelagic-foraminiferal lime packstone litho-

facies".

d. Age.
Subsamples from both samples of nummulitic limestone were sent to Dr.
D.D. Bayliss of Robertson Research International Limited who identified the
foraminiferal species in thin section and determined the age of the assemblage.
Dr. Bayliss reportéd as follows:
"Evidence for a Neogene age (Miocene) involves the presence of the follow-
!

ing planktonic foraminiferal taxa in the rocks

Orbulina universa d'Orbigny

Orbulina suturalis Bronnimann

Globigerinoides spp.

These have ranges which extend from the base of the Middle Miocene to Recent.

Associated with these planktonics are abundant larger foraminifera in-

cluding : very abundant Operculina complanata (Defrance) and rare Heterostegina

cf. complanata Meneghini.
 Species of these genera (Operculina and Heterostegina) occur in present

seas, but have been recorded from the Miocene and various parts of West Africa
including Angola and Nigeria, e.g. Dartevelle and Roger 1954 (Angola) Operculina

benevidea - H. heterostegina, Fayose 1970 (Nigeria) Heterostegina panamaensis.

The genus Sherbornina sp. is also present in one sample (2922) which has

a restricted range from Late Eocene to Miocene.,
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The overlapping ranges of the genera Sherbornina (Late Eocene to Mio-

cene) and the planktonic species Globigerinoides (Early Miocene to Recent)

and Orbulina (Middle Miocene to Recent), together with the abundant operculine/
heterostegine assemblage generally regarded as of Early Miocene (Aquitanian-
Burdigalian) age in the West African area suggest an Early Neogene, Early to

' (Bayliss, personal communication, 1973).

Middle Miocene age for these rocks.'

According to the Treatise on Invertebrate Palaeontology (Loeblich and
Tappan, 1964, p.C643) the generic name Operculina gives way to Nummulites,
hence the group designation "nummulitic limestone".

Dingle (19733,p;354) assigned an "Upper Upper Tertiary (T4)" label to
an outlier of unstructured sediment on the Orange Banks, which he correlated
with similar outliers farther south, all "... erosional remmants of a presum-—
ably once extensive deposit ...". It now appears that the Orange Banks out-
lier, at least, is Early to Middle Miocene, and not Pliocene as suggested by
Dingle (1973a,p.358) before dates became available. His underlying '"'Lower
Upper Tertiary (T3)"may therefore be Lower Tertiary (probably Eocene) if the
unconformity separating "T3" and "T4" beds coincides with an Oligocene re-
gression invoked by Dingle and Scrutton (1974, p.1472) to explain the strati-
graphy of the Southern African margin.

Siesser obtained an Early Miocene date for four samples and an Upper
Miocene date for three samples of ''pelagic foraminiferal lime packstone" on
the Agulhas Bank. Sample 2734 was recovered from the outer shelf, morpholog-
ically and stratigraphically below the Orange Banks outliers from which the
Early to Middle Miocene nummulitic limestones just described were recovered.
Although as yet undated, a minimum date for the planktonic-foraminiferal lime-—
stones is Middle Miocene. A detailed seismic profile from the area between
the two shelf breaks near station 2734 presented by Dingle (1973a,Fig.13) re-
veals a succession, interpreted as Late Tertiary overlying an irregular erosion
surface cut into Early Tertiary sediments. The unconsolidated sediments are
thin in this region and the limestones are poorly consolidated so that a series
of cores would provide much useful material with which to clarify the strati-

graphy on the outer Orange shelf.

e. Diagenesis.

Some of the original lime mud neomorphosed to microspar in the nummulitic
limestones, but the chief diagenetic event has been the phosphatization of
much of the calcitic, chiefly micrite, matrix to collophane.

Micrite in the planktonic-foraminiferal limestones is assumed to be de-
rived from coccolith debris, because it is associated with abundant planktonic

foraminiferal tests. Siesser (1972a,Fig.5, and 1975) detected coccoliths in
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in the micrite fraction of his foraminiferal limestones. In Chapter VIII

the writer demonstrates the association of coccoliths and planktonic forami-
nifera in ..Recent> sediments on the outer shelf and the slope of the étudy
area. In the key sample, 2734, micrite is dominant over a small amount of
collophane. Microspar is absent as in the Agulhas Bank suite (Siesser, 1972a,
p-.98) and therefore the same in situ submarine lithification process by solu-

tion and reprecipitation of calcium carbonate is invoked.

4. ; Alpal limestones

a. Location. _

In contrast to the previous rock types, which crop out on the middle
shelf, the algal limestones have all been recovered from the Orange Banks on
the outer shelf or from the tip of the Tripp Seamount (Fig.III-2). Despite
their strikingly different morphological positions, the depth ranges are simi-
lar. On the Orange Banks the two samples occur close together in a depth
range of 180 to 200 m and the summit of the Tripp Seamount lies mainly between
150 and 170 m. It is difficult to determine the maximum possible depth of
the dredged samples when some dredging operatiohs were at times commenced as
deep as 800~m,*we11 down the side of the seamgumt.

A seismic profile across Tripp Seamount appears as Figure 22 in Emery
et al. (1975, p.30) who wrote: "A seismic profile made across Tripp Seamount
... suggests that this peak is capped by well-stratified sediments probably of
carbonate composition and about 0,2 sec thick ...". This suggestion has been

proved by dredging of algal limestones, which are described here for the first
time.
b. Petrography.

The phosphate content of the Tripp Seamount limestones varies from 0,7

to 8,67 P205

The last-mentioned sample is, strictly speaking, a phosphorite. It was in-

, whereas the Orange Banks limestones contain iﬁ,O and 18,17 PZQS'

cluded because it was on the 187 P205 boundary separating phosphorites from
phosphatic limestones, and because of its petrographic similarity to the rest
of the group. 7

These limestones are difficult to describe because of their heterogen-
eity, which often prevented a representative thinrsection béing.included with-
in the compass of a standard slide.

Texturally the rocks range from fine calcarenites to calcirudites and
phosphorudites. Equal numbers are classified as wackestones and packstones.

The suite is characterized by an absence -of both terrigenous and authig-

enic grains. (A trace of glauconite was noted in the Orange Banks phosphorite).
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Coralline algae and bryozoans are important biogenic constituents, often
amounting to 507% of the rock. Other biogenic components are benthonic for-
aminfera, planktonic foraminifera, molluscs and echinoderms. In sample
2849B-4 unusual triangular fossils have been interpreted as benthonic foram—
inifera sectioned perpendicular to their'axesqf'”

The matrix usually contains more micrite than microspar, but some

samples contain goethite and pseudospar; others are rich in collophane.

¢. Depositional environment.

Siesser (1971, p.58 and Plate IV-A) has described algal nodules
(rhodolites) from the Tripp Seamount. The coralline algae of the nodules
and the limestones, although providing evidence of formation in the euphotic
zone, are not indicative of a specific depth. The lack of terrigenous mat-
erial also indicates distance from the turbid waters generally found towards
the coast. The clear oceanic water expected in the depositional environment
leads to a thicker euphotic zone making depth determinations less precise.
However the rounded shape of the nodules implies wave or current action able
to, at  least periodically, roll the nodules over. Because even a Late Plei-
stocene lowering of sea level to —140 m would bring the tip of the seamount
within the zone of wave action it is possible that the nodules grew through
several successive regressions.

Both the Orange Banks and the Tripp Seamount are elevated topographic-
ally which also helps to explain the lack of terrigenous components. Any
terrigenous sediment emanating from the Orange would have been deposited on
the middle shelf inshore of both the seamount and the shallower Banks.

The abundance of micrite in the suite may be due to settling of cocco-
lith and foraminiferal debris similar. to that which today constitutes the clay
and silt fraction of modern sediments on the outer shelf (Chapter VIII). How-
ever the relatively low amounts of planktonic foraminifera argue against this
possibility. Inorganic precipitation is unlikely in an offshore environment.
Therefore the mechanical breakdown of skeletal carbonate either by marine or-

ganisms or by wave action is suggested as a likely origin of the micrite.

d. Age.

Dingle (1973a,p.354) has labelled the deposits on the Orange Banks as
"Upper Upper Tertiary (T4)" on seismic evidence. The nummulitic limestones
from the Orange Banks somewhat farther north have been dated as Early to Middle
Miocene and a small portion of sample 2922 is composed of algal limestone, in-—
dicating a similar age for the algal limestones. Despite several attempts,
no igneous rock has been dredged from the Tripp Seamount thus discounting the

possibility of determining a maximum age for its limestone capping. On the
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basis of seismic evidence Du Plessis et al. (1972, p.84) consider the sea-
mount to be "older than the oldest visible sediments", which in that area are

probably Neogene.

e. Diagenesis.

This suite of limestones has the higheét proportion of micrite in its
matrix and also contains samples with more collophane than the suites described
in previous sections. Siesser (1972a,pp.98 and 106) emphasized the abundance
of micrite and the dearth of microspar in his "infralittoral-skeletal lime
packstone lithofacies" and his 'pelagic-foraminiferal lime packstone litho-
facies" ‘on the Agulhas Bank. The reverse applied to his "lagoonal-quartzose
lime wackestone lithofacies" where microspar greatly predominated over micrite
(Siesser, 19724,p.85). Therefore the abundance of micrite supports the evi-
dence of the biogenic grains that the rocks were deposited, subsequently lithi-
fied and in some cases later phosphatized, by replacement of calcium carbonate,

in a relatively shallow shelf environment at some distance from the coast.

5. Phosphorites

a. Location.

Unlike the Agulhas Bank (Parker, 1975) and the West Coast shelf south
of latitude 3008'(Birch, 1975), conglomeratic phosphorite has been recovered
from very few localities within the study area. The largest dredge-haul came
from station 2984 at the shelf break off Chamais Bay from a depth of 250 m.
Sample 3016, a small pebble, came from the Chamais Slump from a depth range of
360 to 390 m. Sample 4638 was found as an encrustation on silicified wood
from the middle shelf (160 m) on latitude 30°S. Sample 4639, on the other
hand, is an infilling of a boring in a sample of quartzose lime wackestone from
the same latitude in a depth of 152 m (Figs. II-1 and II-2).

During vibrocoring operations off the Orange River the Marine Diamond
Corporation penetrated several metres of unconsolidated sediment and sampled
bedrock at a depth of 157 m. Their sample (300-8001), although characterized
more by its goethite content than by its glauconite content, has been placed in
this group for purposes of description.,

One sample (3232C) of pelletal (intraclastic) phosphorite has been re-
covered from a depth of 210 m on the outer shelf off Sylvia Hill (Figs. III-1
and III-2). It was dredged from an area of uneven topography, where echograms
show seaward-dipping sub-bottom reflectors within the upper 50 m of the shelf
(Fig. I1II-13). The recovery of the sample was reported by Summerhayes et al.
(1573, p.1510). This rock-type will be described further in Chapter V in the

discussion on the origin of unconsolidated pelletal-phosphorite sand.
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b. Petrography.

In hand specimen the samples of conglomeratic phosphorite vary in size
from pebbles to cobbles, are well consolidated and frequently display sur-
faces heavily bored by marine organisms. Yellowish gray (5Y8/1) is the comr
monest colour, but the goethite-rich sample, 300-8001, is moderate yellowish
orange (10YR6/4).

Texturally the rocks are phospharenites or sandy phosphorudites and are
further described as glauconitic calclithic phosphate packstones. Pebbles in
sample 2984 are composed of planktonic—-foraminiferal lime wackestone and cor-
alline-algal lime packstone, two rock-types already described in this chapter.
The pebbles in sample 300-8001 are mainly goethite-rich lime wackestones con-
taining varying amounts of molluscs, benthonic foraminifera, bryozoa and very
fine quartz sand. .

The grains of sample 2984 are dominated by fine-sand-size glauconite

.grains (25-407%) which usually have lighter centres (Plate III-1lg). Birch
(1975, p.75) has studied similar grains frbm phosphorites south of latitude
30°S. He found a mixture of glauconite and apatite in the light centres
grading into more glauconitic darker material towards the rims. A pellicle
of pure apatite was often noted and was first described by Parker (1971, p.24).
Angular grains of very fine quartz sand occur in small amounts (5%7) along with
phosphorite fragments, rare phosphorite pellets, fish debris,
sponge spicules, planktonic foraminifera and benthonic foraminifera. The

intergranular matrix is a mixture of collophane and micrite.

c. Depositional environment.

The same signs of teéxtural inversion noted by Parker (1975, p.238)
are present in these phosphorites. Clay-size micrite and collophane are
mixed with very fine quartz sand, fine planktonic-foraminiferal sand, fine
glauconitic sand and pebbles of limestone. Parker (1975, p.238) postulated
" a triple-facies initial phase: foraminiferal sand, quartz silt and lime mud
on the outer shelf and the upper slope, glauconitic sands on the middle shelf,
and quartzose sand on the inner shelf. A transgression’then allowed the
outer-shelf éhvironment to reach glauconitic and quartzose sediment on the
former middle and inner shélves. Carbonate mud and fragile foraminiferal
tests were deposited and then mixed by bioturbation into the underlying hydro-
dynamically coarser sediment, Submarine_lithification then began to alter
carbonate tud to micrite in the former outer-shelf environmentn

The process of conglomerate formation was explained by invoking a re-
gression which brought the high-energy intertidal zone onto the original outer

shelf. The effect was two—fold. Firstly the weakly lithified carbonate mud
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was eroded into hydro-plastic clasts. Secondly the bioturbated mixture of
lime mud, quartz and glauconite was transported to the original outer shelf.
Parker then suggested that the regression proceeded farfher leaving the clasts
and the transported sediment to settle and to lithify in lagoonal/estuarine

conditions landward of the high-energy intertidal zonme.

d. Age.

At station 2984 an unconformity was observed between a thin layer of
numnulitic limestone and overlying conglomeratic phosphorite., The relation-
ship was confirmed in thin section, where truncated tests of Nummulites are
overlain by phosphorite, 7 - . I.. .. A maximum age for this key sample is
therefore Early. to Middle Miocene, the age of the nummulitic limestone.

Kolodny and Kaplan (1970) found that theé Agulhas Bank phosphorites were
older than 0,8 Ma because the uranium isotopes they studied had reached equili-
brium. Siesser (1972a,p.96) showed that several of the planktonic—fofaminifer—
al limestones he studied were Early Miocene to Upper Middle Miocene in age.
Therefore because pebbles of these limestones are incorporated in the conglom-
erates a maximum age of Early to Middle Miocene is also pfoposed for the Agul-

has Bank phosphorites.

e. Diagenesis,

The writer follows Parker (1975, p.239) concerning the diagenetic
history of these phosphorites. Phosphatization occurs by replacement of cal-
citic mud by phosphate carried by interstitial waters originating in phosphate-—
rich bottom waters associated with the Benguela Current. Parker (1975, p.240)
links the presence of goethite to terrigenous iron deposited in an estuarine

environment.

6. Molluscan limestones

a. Location,

"Poorly consolidated molluscan limestones were recovered from the middle
shelf of f Bogenfels, south of Chamais Bay and south of the Buffels River be-
tween 110 and 160 m (Fig. III-2). |

b. Petrography.

The saﬁples are distinguished macroscopically by their abundance of re-
crystallized, fragile mollusc shells set in a soft matrix. Two of the five
samples were not thin-sectioned due to the softness of the material. Colours
range from light gray (N7) to light olive gray (5Y6/1) and pale greenish yellow
(10Y8/2).

‘Texturally all the samples are calcirudites and all are mollusc-rich lime-

wackestones, Matrix comprises 60-807% and, unlike the previous group, biogenic
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components predominate amongst the grains with an average of 20%. In order
of decreasing abundance are molluscs, benthonic foraminifera, bryozoans,
cirripeds, echinoderms and planktonic foraminifera. ‘Aragonitic mollusc shells
have often recrystallized to a pseudospar mosaic., . Angular
grains of very fine quartz sand occur in varying amounts from trace to 20% and
traces of glauconite and pyrite are noted. Matrix is composed of varying

proportions of micrite, microspar and pseudospar.

c. Depositional environment and age.

Several kilograms of molluscan limestone fragments were dredged from
station 2990 in 120 m southwest of Chamais Bay. This sample was too friable
to thin-section, but this drawback was offset by the possibility of examining
the constituent fossils palaeontologically. Identifications were made by
Dr,.A.J. Tankard .and Mr; A.J. Carrington of the South African Museum and Anglo
American Corporation, respectively. The high degree of recrystallization and
the resultant overall poor degree of preservation hindered the task of identi-
fication considerably. Often only internal moulds were available so that
external ornamentation and hinge details were non-existent. The following.

molluscs were nevertheless identified.

Lamellibranchs Gastropods
Glycymeris cf. borgesi (Cox) Conus gradatulis (Weinkauf)
Venerupis senegalensis Gmelin Patella granatina (Linn.)
\ .
Arca sp. Turritella declivis (Adams and Reeves)
Calyptraea sp. Clavatula sp.

Ostrea sp.

Among the fossils identified by Dr. Tankard were Patella granatina (Linn.),

Venerupis senegalensis Gmelin and Ostrea sp. P. granatina inhabits the mid-

tidal zone and both V. senegalensis and Ostrea are thought to be subtidal.

P. granatina and V. senegalensis are today found along the coast south of LWder-

itz as far east as Cape Agulhas and Port Elizabeth, respectively.

The most abundant moulds were identified by Mr. Carrington as Glycymeris
cf. borgesi (Cox). This species of Glycymeris is only known from the Neogene
in South Africa. Bearing in mind the poor state of preservation of the fossils
Mr. Carrington feltAthat the assemblage as a whole resembleq‘Pliocene assemblages
he has studied on the coast of Namaqualand. . He therefore suggested that the
molluscs in the limestone at station 2990 were deposited during the Pliocene in
a nearshore subtidal to intertidal environment. The abundance of carbonate
matrix suggests quiet water similar to that invoked for the quartzose lime-

stones, but the greater abundance of marine organisms and the smaller amounts
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of quartz indicate greater distance from the coast. - A deeper-water environ-
ment is suggested by the presence of coccoliths of Palaeogene age (Siesser,
1976, personal.communication)..:

In sample 4638, inclusion of a lithoclast of ferruginous muddy sand-
stone, similar to the ferruginous muddy sandstone from the same locality is
evidence of the greater age of the ferruginous suite.

The lithofacies resembles the "infralittoral-skeletal lime packstone
lithofacies" from the eastern Agulhas Bank which was described by Siesser
(1972a,p.98). The microfauna from this lithofacies extended from the Holo-

- cene to the Pliocene or Miocene and most of the macrofossils were of extant
species. Siesser (1972a,p.105) concluded that the age of the lithofacies

was Pleistocene, probably Last Interglacial (Riss-Wlirm) between 75 000 and

113 000 years B.P. He also postulated a transgressing sea to account for the
initial deposition of coarse molluscan fragments in the turbulent nearshore

zone and the subsequent deposition of micrite in the succeeding quieter en-
vironment as water depth increased, The same depositional process may apply

to this West Coast suite in which case the carbonate mud could be a mixture of
disintegrated skeletal material from the surf-zone and coccolith debris deposit—

ed with the planktonic foraminifera.

d. Diagenesis.

Unlike the Agulhas Bank lithofacies, the few samples in the West Coast
suite do contain microspar as well as micrite. Siesser (1972a,p.106) ob-
tained electron photomicrographs of the micrite that dominated the Agulhas Bank
suite. He interpreted the lack of sorting and the ''ragged' appearance of the
individual crystals as evidence of abrasion and biologic breakdown of skeletal
material in the turbulent nearshore zone. He found no evidence of inorganic
precipitation, but did not dismiss the possibility. Without similar detailed
work the origin of the micrite remains indeterminate.

The original matrix of carbonate mud partly lithified to micrite and
partly neomorphosed to microspar. Most of the mollusc shells neomorphosed to
pseudospar. As in the Agulhas Bank suite (Siesser, 1972a,p.100) no sparry
calcite was observed, indicating that the effect of subaerial exposure was
negligible, due to reduced permeability caused by earlier submarine lithifica-

tion Ycf. Siesser, 1972a,p.107).

7. Miscellaneous,

a. Location.

‘Two samples of silicified wood and one of a coprolite of phosphate mud-
stone are discussed in this section., The wood samples were dredged from the
middle shelf from depths of 150-160 m on latitude 30°S between the Buffels
River and Hondeklip Bay, and the coprolite from a depth of 215 m off Sylvia Hill
(25° 08'S).
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b. Petrography.

The wood is medium gray (N5) in colour and clearly shows its original
woody features such as grain and knots, ' Its colour and its‘
density immediately indicates that it has been silicified and this fact is
confirmed in thin section. Individual silicification units include several
~tracheids of the wood, which have been .véined: by yellow carbonate=apatite -
subsequént to silicification.

The coprolite sample is cylindrical in shape and dark yellowish brown
(10YR4/2) in colour. In thin section it is composed of pseudo-isotropic
collophane with organic matter disseminated throughout the matrix. Fish
vertebrae (Plate III-1h) are minor but characteristic components. The sanr

ple is classified as a phospholutite: bone-bearing phosphate mudstone.

c. Identification, depositional environment and age.
Thin sections of the wood have been examined by Dr. T. Erasmus (person-
al communication, 1975), who described the samples as araucarioid coniferous

wood of the form genera Dadoxylon ENDL. and Dammaroxylon SCH.-M. Dr. E.P.

Plumstead (personal communication, 1975) warns that "the term (Dadoxylon) is
'applied (by geologists) to all southern-hemisphere silicified wood and is not

a true genus. In recent years there has been a tendency to call the Palaeo-
zoic specimens Dadoxylon and the Mesozoic ones Araucarioxylon. The (wood) 1is
found at every (Karoo) horizon up to the Drakensberg lavas and ... in the Wood
Beds". Because of this wide age range, because the wood was distributed wide-
ly throughout Gondwanaland, and because cobbles and boulders of silicified
wood are durable and able to withstand transport over long distances, Dr. Plum—
stead is sceptical of the value of the wood as a zone fossil.

Araucarioid conifers are not indigenous to South Africa today, because
the southern tip of Africa does not extend into the temperate latitudes re-
‘quired for its survival. The name, Araucaria, comes from the Chilean prov-
ince of Arauco (latitude 37°S) on the boundary between the Mediterranean and
temperate climatic zones. Annual rainfall is about 1300 mm, well above the
minimum of 750 mm required for tree growth. One South American araucarioid,
the Chile pine or monkey puzzle, grows along the tree line on the slopes of
the Andes.

Although the available evidence is not conclusive, it is significant
that the only samples of silicified wood were dredged from two localities only
4 km apart in a region characterized by the distinctive ferruginous bedrock
already described. It has been suggested that the ferruginous rocks can be
correlated with Late Cretaceous Pomona beds onshore. It is likely that the

wood was silicified and then eroded from older formations before being deposited
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in the ferruginous beds. The evidence suggests that during the wood's orig-
inal growth period, South Africa lay farther south in cooler and moister
temperate latitudes. 7

The coprolite was excreted by a fish-eating seal in the highly produc-
‘tive waters off Sylvia Hill in Recent times. Lithification occurred by pre-
cipitation of carbonate-apatite within the organic-rich coprolite to form

microsphorite.

d. Diagenesis.

According to Blatt EE_EL' (1972, p.250) no satisfactory mechanism has
been proposed to explain the silicification of wood tissue. The subsequent
phosphatization'episode ts analogous to that noted in ferruginous sediment
from the same location. - It is likewise ascribed to the action of phosphate-
rich seawater, which became abundant after the onset of upwelling in the Oli-
gocene (Van Zinderen Bakker, 1975). | _

The coprolite probably lithified by the in situ precipitation of micro-
sphorite (micrderystalline phosphate mud) (Riggs and Freas, 1965, p.10) in

interstitial solutions within the coprolite.
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CHAPTER IV

PYRITE—GYPSUM ASSOCIATION IN NEOGENE CLAYS

A. INTRODUCTION

In two samples (3153.and 3202) from the upper slope of Lideritz (Fig. III-
1) an unusual association of atthigenic pyrite and authigenic gypsum was detected
(Siesser and Rogers, 1976), In a joint study, Siesser identified the nanno-
fossils and microfossils in the samples, arranged X-ray diffraction and microprobe
analyses of pyrite and gypsum, and éonducted an extensive literature survey. The
writer undertook petrographic analyses of the samples and co-authored the paper.
The petrographic section of the paper is now extracted and the other sections

summarized,

B. PETROGRAPHY
The sediments containing the pyrife and gypsum grains are olive grey
(5Y3/2) to olive black (5Y2/1) silty clays. The sand-size fraction (5% of
3153 and 8% of 3202) is mostly composed of Suﬁangular quartz, glauconite, benthon-
ic and planktonic foraminifera, gypsum and pyrite. Faecal pellets, diatoms and
echinoid spines are present, but are raré. Sample.3153 contains relatively
more pyrite and gypsum than 3202, as well as more diverée ﬁorphological forms

of these grains.

- 1. Pyrite
In sample 3153, pyrite (Plate IV—i—a,b,e and g) occurs as 1) irregular

granular masses (0,25-1,0 mm in diameteri, 2) straight to élightly curved "worm'
tubes (up to 5 mm in length), 3) foraminiferal infillings, and 4) framboids
(0,06~0,10 mm in diameter), These morphological forms are listed in approximate
order of decreasing abundance. Second-order spheroids (Hein and Griggs, 1972)
are present on some of the granular masses and "worm" tubes. Pyrite occurs only
as granular masses in samplé 3202. |

The reason for the variety of different morphological forms of pyrite
seems largeiy to be related to the presence and localization of organic matter.
Hein and Griggs (1972) felt that the organic binding or film along burrow walls
acts as the initial locus for ﬁyritic "wérm" tube formation. Protoplasm remaining
in a foraminifer test would create similar conditions. Berner (1970) proved
. that concentration gradients in sediments favoured the migration of dissolved
iron and sulphur towards an organic mass. The irregular granular masses were
considered to be derived from irregularly shaped concentrations of organic
matter, i.e., where organic matter is concentrated but not.in a discrete shape

such as provided by a burrow or foraminifer test.



Plate IV-1. Association of gypsum and pyrite in Neogene clays

IV-la, Granular mass of pyrite.
IV-1b. Hollow "worm" tube of pyrite.

IV-lc. Gypsum (selenite) crystal with lenticular shape owing to rounding of

the pinacoids.,
IV-1d. Gypsum (selenite) diametral prisms forming‘interpenetration twins.

IV-le. Gypsum (selenite) diametral prisms with vicinal forms on their surfaces.

Note the partially enclosed hollow "worm'" tube of pyrite.

IV-1f. Swallowtail contact twins and clusters of bladed crystals of gypsum

(selenite).

IV-1g. Gypsum (selenite) diametral prism partially enclosing a tube of pyrite.
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Earlier ideas of gedimentary framboid formation also stressed biogenic
involvement, Aggregates of organic cells (Love;=1965) or organic globules
(Rickard, 1970) were believed to be replaced. However, laboratory syntheses
of framboids have shown that organic cells or globules are not necessary (Gold-
haber and Kaplan, 1974). Instead, the initial iron sulphide precipitate
develops a spherical form when it transforms to greigite (Fe384). This
spherical form is either retained or changed to a framboid when greigite changes

to pyrite (Goldhaber and Kaplan; 1974).

2, Gypsum

‘Gypsum occurs as euhedral crystals of seienite'(the vitreous, colourless,
transparent to translucent variety of gypsum). ' Crystals vary in length from
0,06 to 5,0 mm, Most of the larger crystals, which form the coarsest fraction
of both samples, develop a lenticular habit by rounding of the pinacoids (111)
and (103) (Plate IV-1-c). Irregular grooves occur on the ciystal faces and
the edgeé are rarely sharp. Some crystals are diametral prisms composed of
the basal pinacoid (001), the orthopinacoid (100), and the clinopinacoid (010)
(Plate IV-1-d). Vicinal forms are noted on the surface of some of the less
perfect crystals (Plate IV-1-f). Cruciform interpenetration twins (Plate
IV-1-d) of diametral prisms are present, but are relatively rare. In the
finer sediment fraction (0,1-0,3 mm), swallowtail contact twins of delicate,
tabular selenite are associated with radiating clusters of bladed and/or aci-
cular crystals (Plate IV-1-f); (100) is the twin plane.

Pyritized "worm" tubes and foraminiferal infillings are sometimes en-—
closed partially or complefely by gypsum (Plate IV-1-e and -g), thus illustrat-

-ing the sequence of their formation (Siesser and Rogers,1976).

C, GEOCHEMISTRY
The visual identification of pyrite and gypsum was confirmed by X-ray
diffraction of  picked grains. Microprobe analyses showed pyrite to contain
normal amounts of sulphur (53%) and iron (43—442), but unexpectedly high con-
centrations (0,47%) of manganese. Gypsum contained expected values of 28%

calcium and 237 sulphur.

D. AGE

The planktonic foraminifer, Globigerina nepenthes, was found in sample

3153 and an Upper Middle Miocene to Middle Pliocene age was assigned to the
sample. Sample 3202 contained diagnostic calcareous nannofossils and was dated

as Upper Miocene to Lower Pliocene (Siesser, 1975)5
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E. ORIGIN

The presence of pyrite 1s not unexpected because an anaeorobic, HZSf
rich environment conducive to its formation exists off Walvis Bay today
(Copenhagen, 1934, 1953; Calvert and Price, 1970, 1971a; Veeh, Calvert and
Price, 1974). WorldQWide oceanographic conditions are thought to have re-
mained the same from Neogene times onwards (Hay, 1974). Active upwelling
of nutrient-rich water promotes extremely high productivity of phytoplankton
in the euphotic zone, which is subject to high levels of solar radiation.
Although zooplankton and fish graze the phytoplankton continually, vast
amounts of organic detritus sinkK through the water column to the sea floor.
In the better—oxygenated upper layers of the water columm, aerobic bacteria
decompose the organic debris. In so doing they consume dissolved oxygen and
in the lower layers there is so little oxygen that anaerobic conditions pre-

vail. The task of decomposing the residual organic debris falls on a popula-

tion of the sulphate-reducing anaerobic bacterium Desulphovibrib desulphuri-

cans (Butlin, personal communication, in Copenhagen,1953, p.11) both in the
bottom waters and in the interstitial waters of the sediments.

Berner (1970) concludes that undecomposed metabolizable organic matter,
(present to excess in the botto% sediments off Walvis Bay), acts as an energy
source for anaerobic bacteria. These bacteria liberate a certain amount of
sulphur from organic matter, but most of the sulphur they produce (in the
form of hydrogen sulphide) is reduced from sulphate dissolved in sea water
(Berner, 1970, p.2). Constant diffusion of sulphate into the anaerobic zone
from the surrounding sea water means that sulphate is not a limiting factor
in the production of either pyrite or gypsum.

The only likely limiting factor in the production of pyrite in this
region is the availability and reactivity of iron-bearing terrigenous material.
It has been found that the modern organic-rich muds off Walvis Bay are de-
pleted in iron, but that both the Orange and the Kunene Rivers are major
sources of the element (see Chapter'VIIand Bremmer, in prep.). Therefore
the anaerobic sediments of f the Namib Desert today have ample local supplies
of organic matter, sulphate, anaerobic bacteria and hydrogen sulphide, but
distant sources of iron.

Berner (1970) showed that the most likely reactions leading to the
formation of pyrite are:

Fe' ' + H,S=$"Fes" + on”

"FeS" + SO FeS,

The black, very fine—grained "FeS" is actually a mixture of non-crystall-

ine FeS, of mackinawite (Fe S) and of greigite (Fe384). Elemental sulphur

1,05
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(So) is required to oxidize '"FeS" to pyrite (FeSZ)o Berner (1970, p.20)
stated that elemental sulphur can be introduced into anaerobic sediments

by the gradual build-up and then upward diffusion of excess HZS into the
aerobic water overlying the anaerobic interstitial and/or bottom water.

In reacting with the dissolved oxygen the HZS further increases the extent

of the anaerobic zone, while liberating elemental sulphur particles. These
particles then‘settle back into the sediment and react with "FeS" to form
pyrite. Part of the process has been observed in the Walvis Bay region by
Copenhagenv(1953, p.13): "The sulphur in the sea water runs the gamut of
changes from sulphate to complete reduction, and then again to complete oxida-

tion =-=).80, -- H,S -8 —-—)804. It should be noted that during the

oxidation og sulphuretted hydrogen back to sulphate, a considerable amount of
dissolved oxygen is removed from sea water. The 'milky' sea water often
observed in the sea in and around Walvis Bay may be due to colloidal sulphur
formed by the oxidation of sulphuretted hydrogen."

Berner (1970, p.22) estimated that several years are required for the
9 in the presence of abundant HZS and
elemental sulphur. Stable conditions are thus essential. Similarly, the

complete transformation of "FeS" to FeS

size of the gypsum crystals surrounding the pyrite indicate conditions of
slow growth,

Baturin (1972) recorded pH values as low as 7,26 in the modern anaer-
obic muds, with an average value of 7,56. BecauselCaCO3 has a tendency to
dissolve below a pH of 7,8 (Mason, 1966, p.173) any calcareous detritus
such as foraminiferal tests or coccoliths would dissolve and increase the con-
centration of calcium ionms. Although severely depleted, sulphate ions can
still be present under pyrite-producing anaerobic conditions (Berner, 1970).
As soon as the product of the concentrations of calcium and sulphate ions
exceeds the solubility product of calcium sulphate, then gypsum is precipitat-
ed. As long as the pH stays low enough for calcareous detritus to dissolve,
the gypsum crystals continue to grow.

The two samples containing pyrite and gypsum both occur in Neogene
clays on the upper slope, whereas the modern anaerobic environment discussed
above is situated on the middle shelf. However, Dingle and Scrutton (1974)
postulated an Upper Miocene-Lower Pliocene regression, which would have shift-
ed any Neogene analogue of the anaerobic zone towards the slope, while simr
ultaneously lowering sea level. The introduction of anaerobic conditions to
the upper slope then led to this unusual association of pyrite enclosed by

gypsum in a non-evaporitic environment.,



47
CHAPTER V

UNCONSOLIDATED RESIDUAL SEDIMENTS

A, INTRODUCTION

This is the first of four chapters on the unconsolidated sediments of the
study area. (See Fig.V-1 for sample locations). The sediments have been sub-
divideﬂginto 1) residual sediments reworked frcom bedrock, probably during a late- .
Pliocéne regression, 2) sediments relict of Pleistocene regressions, 3) Recent
terrigenous sediments, and 4) Recent biogenic sediments. The authigenic compo-
nents, glauconite and phosphorite are readily identified as residual; calcium
carbonate and organic matter include the bulk of the biogenic components and the
remaining components are assumed to be of terrigenous material. Sponge spicules,
diatom frustules and radiolaria contribute biogenic silica to the '"terrigenous
fraction" of some samples, usually to a negligible extent. This terrigenous
fraction comprises Recent, Pleistocene and residual components, the material gen-
erally inc?gasing in age from the inner shelf seawards. “

Figures V-2 and V-3 summarize the broad compositional and textural trends
of the sediments; Recent terrigenous sand characterizes the inner shelf along
the entire coastline. This coastal sand is flanked by Recent terrigenous mud
north and south of ‘the Orange River, the chief source of terrigenous sediment in
the region. The terrigenous mudbelt grades seawards to coarse relict terrigen-
ous sand diluted with mud. Most of the Orange shelf is blanketed by foraminiferal
biogenic sediment; mud values are lowest along the outer shelf and highést on the
slope. The foraminiferal biogenic mud on the Walvis slope merges with terrigen-—
ous, glauconitic and phosphatic sand on the outer and middle Walvis shelf.

Detailed geophysical and vibrocoring traverses between the Orange River and
LUderitz (Joynt, 1975, personal communication) show that the residual and biogenic
components overlie strata which dip very gently seawards. The residual and bio-
genic sediment is usually less than 1 m thick, but is flanked on its landward side
by a lens of terrigenous sediment, which reaches a thickness of over 70 m off the
Orange River (Hoyt et al., 1969).

Figure V-3 complements Figure V-2 by showing the variation in the composi-
tion and texture of the surficial sediments along six selected profiles,‘whereas
Figures V-4 to V-9 illustrate, in greater detail, the variations in texture and in
coarse-fraction components along the same six profiles,

In this chapter the residual authigenic components, glauconite and phos-
phorite, are first discussed, emphasizing the depositional history of an important
.pelletal phosphorite source-rock. A short section is devoted to a lag deposit

of coarse quartzose sand on the Orange middle shelf.
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B. GLAUCONITE

1, Regional distribution

Most of the sediments contain at least a trace of glauconite (Fig. V-10).
The only glauconite-free sediments are terrigenous muds off the Orange and biogen-
ic muds on the slope. Four deposits contain more than 57 glauconite, three on
the Walvis shelf and one on the Orange shelf. The southernmost belt extends from
Hondeklip Bay (Birch, 1975, Fig. II-11) to Port Nolloth, Birch (1975) related
this deposit to outcrops, which Dingle (1973a) presumes to be Cretaceous and Pal-
aeogene in age. To date few samples of this glauconitic rock have been sampled
"and none has been dated. | ‘

The glauconite belts on the Walvis shelf each transgress the margin from
the middle shelf southwestwards towards the upper slope. The belts are wider
and richer towards the north. Rare granules of purely glauconitic sandstone
were detected in superficial sediments from the LUderitz Bank indicating a prob-
able source-rock for the glauconite off Hottentot Bay. Glauconite-rich conglom-
eratic phosphorite of post Middle-Miocene age was recovered from the southern tip
of the middle belt off Chamais Bay. Glauconite decreases in abundance shore-
wards in the belt off Baker Bay. A vibrocore operated by the Marine Diamond
Corporation near the bay penetrated 9,5 m of very fine terrigenous sand and then
1 m of almost pure glauconite sand before reaching bedrock, composed of glauconit-
ic phosphorite (0'Shea, 1973, personal communication). The glauconite deposit
on the middle shelf off Baker Bay therefore persists shorewards but becomes buried

beneath a lens of terrigenous sand.

2. Relationship of K,0_to glauconi te

The 1,5% K,0 isopleth on the Walvis shelf (Fig. V-11) outlines the three
glauconite deposits described above. On the Orange shelf the K20 derived from
glauconite on the middle shelf merges landwards with the K20 derived from the -
glauconite-free terrigenous muds (Figs. V-10, and V-11). Thus, where blanketing
or dilution of residual glauconite is at a minimum, as on ‘the Lideritz Bank (Fig.
V-12), there is a direct relationship between the concentrations of glauconite and
of K,0. This is further demonstrated by the bivariate plot of glauconite versus
KZO (Fig. V~13). Despite the independent trend caused by terrigenous sediments
there is a clear positive relationship between the two variables with a correlation
coefficient of 0,773. |

The distribution of K,0 in the mud fraction (Fig. V-14) parallels the dis-

2
tribution of KZO in the total sample and is similarly related to glauconite on the
Walvis shelf and to terrigenous mud on the Orange shelf. This implies that glau-

conite contributes KZO to the mud fraction, particularly on the Llilderitz Bank.

3. Relationship of glauconite to shelf'morphology and to sediment texture

Glauconite is present along each of the six selected profiles, except that
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off the Orange River (Figs. V-3 to V-9). Off Knoll Point (Fig. V-9) glauconite
is confined to the very fine sand fraction and is located on the middle shelf.

Off Hottentot Bay, Llderitz, Chamais Bay and the Buffels River (Figs. V-8, V-7,
V-6 and V-4) glauconitevranges from very fine to coarse sand-size. Qff the
Buffels River (Fig. V-4) glauconite is exposed on the middle shelf, midway be-
tween terrigenous sediment beside the inner shelf and foraminiferal sediment on
the outer shelf, Off Chamais Bay (Fig. V-6) glauconite concentrations occur both
on the middle shelf and at the foot of the Chamais Slump; glauconitic phosphorite
was dredged from the slumped shelf break to the south of the profile. Glauconite
also occurs on both the shelf and the slope off Lllderitz (Fig. V-7) but the shelf
concentration becomes dominant as the LUderitz Bank is approached off Hottentot
Bay (Fig. V-8). There is a striking correlation between the morphological feat-
ure of LUderitz Bank and the abundance of glauconite, Concentrations of up to
98% have been obtained, making parts of this deposit the richest found thus far

on the continental margin of southern Africa. The grains are chiefly concentrat-
ed in the fine and very fine sand fractioms., They are typically the well-rounded,
polished and unsutured black to dark green variety reported by Birch (1971 and
1975) to be the dominant variety on, the Agulhas Bank and on the shelf south of the

study area.

C. PHOSPHORITE

1. Nomenclature

Several terms used in the following discussion of the phosphatic components
of the sediment are defined first.

Phosphorite .- Bushinsky (1966) defined phosphorite as a marine sedimentary
rock containing more than 187 P205e Sand—sizelpellets will
also be referred to as phosphorite in this chapter, because
they are considered to be intradclasts formed from phosphorite
material.,

Microsphorite Riggs and Freas (1965, p.10) originally defined microsphorite
as "... a microcrystalline mud ... which is precipitated with-
in the basin of deposition and shows little or no evidence.of
transportation. It occurs disseminated as a cement or binder
to the terrigenous diluents; as discreet laminae and beds; and
in organically controlled structures such as burrows, fossil
‘molds, algae structures, and faecal pellets.".

Carbonate The mineral characteristic of phosphorites (Gulbrandsen,

fluérapatité 1969; Tooms, Summerhayes and Cronan, 1969; Rooney and Kerr,

1967).



Francolite

Intraclast

Peilet
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The fluorine-rich variety of carbonate fluorapatite.

Folk (1962, p.63) first defined the term, but oniy'applied it
to carbonate sediments, Riggs and Freas (1965, p.12), in
describing the phosphorites of Florida, used the word in the
same sense as Folk,-but applied it to microsphorite: "Intra-
clasts are particles of contemporaneous ﬁicrosphorite beds,

which were periodically torn up during periods of high energy,

‘transported as clastic grains, and deposited within the basin-

as sands and gravels". Folk (1962, p.63) spoke of a wide size
range from very fine sand to boulders, of variable forms from
equant to highly discoidél, and of a high degree of rounding.
In several papers, (for example, Rooney and Kerr, 1967;
D'Anglejan, 1967; Tankard, 1974a) the term 'pellet" describes
grains which aré identical to the organic~rich phosphorite
pellets discussed below. The terms 'pelletal phosphorite
rock" and "phosphorite pellet" avoid genetic implications. and
already enjoy wide acdeptance in the literature. However, the
terms "intraclastic phosphorite rock" and "microsphorite intra-
clast" are perhaps more precise if the model proposed by Batur-—
in (1971, p.375) for the formation of such particles is correct.,
At this early stage of reseéarch into the South West African
phosphorites and diatomaceous muds, it is premature to use the
more precise terms for two reasons. Firstly, there is as yet
little direct evidence to link microsphorite formation in dia-
tomaceous, mugds and the formation of microsphorite intraclasts

derived by disruption of microsphorite layers or concretions.

"Secondly, thé term "microsphorite', although coined over ten

years ago, a;'a term parallel to "micrite'", and despite its
pqten;ial, has not gained general acceptance. This may be due
to a combination of two factors; the clumsiness_of the word it-
self, and publication of the term in relatively.inaccessible
sources (Riggs and Freas, 1965; Freas and Riggs, 1968; Trueman,
1971).- The term "pellet is nevertheless unsatisfactory and

should be replaced by "intraclast' as soon as it is justified

- by future research. In fact, pellets, as defined by Folk

(1959, p.7) have a size range of 0,03 to 0,15 mm (coarse silt
and very flné sand), whereas the phosphorite "pellets" gener-
ally have diameters between 0,125 and 0,5 mm (fine and medium
sand). In addition, Folk (1959, p.7) considers the pellets to
bevfaecal pe;lets in most cases, whereas the "pellets" under

discussion are probably intraclasts.
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2. Regional distribution

As in the case of glauconite, most of the sediments contain some phosphor-—
ite, with the general exception of inner-shelf terrigenous sediments and upper-
slope biogenic muds (Fig. V-15). Pellets occur on the middle shelf off the
Buffels River to Llderitz and P205 values do not exceed 107 (Fig. V-15). Phos—
phorite-poor sediments on the inner and outer shelves have background values of
less than 0,57 P205,

rich deposit of phosphorite pellets is exposed on the outer shelf. Sands con-

North of Hottentot Bay, north of the LUderitz Bank, a very

taining up to 26,47 P are blanketed by younger phosphorite-poor calcareous sedi-

205
ment on thg upper slope and by younger organic-rich muds on the middle shelf.

This residual deposit of phosphorite extends north towards Walvis Bay (Bremmer,
1975a) where organic-rich diatomaceous muds cover the middle shelf (Calvert and
Price, 1971a). The source of the phosphorite pellets is possibly pelletal-
phosphorite bedrock, which has been sampled at station 3232 (25°22,0'S, 14°05,0'E)
in a depth of 210 m (Summerhayes et al., 1973). The petrography and depositional
history of this rock-type will be discussed in Section V-C-6, Its occurrence in
association with seaward-dipping sub-bottom reflectors is discussed in Section
II-4c (Fig. II-13).

Phosphatized foraminiferal infillings characterize the area between the
-inner and outer shelf breaks off the Buffels River. They are derived from a
planktonic~foraminiferal limestone, friable fragments of which have been noted .
within samples of unconsolidated sediment. Texturally, the foraminiferal infill-
ings are confined to fine and very fine sand (Fig. V-16), the fractions which nor-
mally contain the bulk of planktonic-foraminiferal sediments (Fig. V-4). Phos-—
phorite pellets range in size from coarse to very fine sand (Figs. V-16 and V-9),
reflecting their residual rather than biogenic origin.

Seawards of the Llderitz Bank (Fig. V-8) unsutured black phosphorite is
partially replaced in the medium-sand fraction by a highly sutured, orange—colour-
ed variety, which has been mapped and analyzed by Bremmer (in prep.) on the Walvis
and Kunene shelves north of 25°S. He has shown by microprobe analyses that a
nucleus of dorganic-carbon-rich, unsutured phosphorite is surrounded by a pellicle
of highly sutufed, orange-brown, slightly glauconitized phosphorite (Bremer, 1975,

personal communication).

3., Carbon dioxide content

Most South African research on phosphorites has been concentrated on the
abundant Agulhas Bank deposits (Parker, 1971; 1975; Parker and Siesser, 1972;
Dingle, 1975). One feature of the_francolite in the Agulhas Bank phosphor?te
‘rocks is a relatively high CO2 content, which ranges from 5,3 to 5,9% with a mean
value of 5,57 o, (Parker, 1971). This is in sharp contrast t¢ the Phosphoria

Formation in the western United States of America (Gulbrandsen, 1970), where val-
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~ues range from 0,5 to 2,77 CO, with a mean value of 1,8% CO Bremner (1975a)

2 2°
analyzed 7 samples of phosphorite pellets from the Walvis shelf north of 25°S.

Using the peak-pair method (Gulbrandsen, 1970) employed by Parker (1971) he ob-

tained values ranging from 3,0 to 4,1% CO, with a mean value of 3,3% CO, midway

between the Agulhas Bank and the Phosphoria results. Three samples ofzphosphor-
ite pellets and one sample of phosphatized foraminiferal infillings have been an-
alyzed by the writer (Fig. V-17). Phosphorite pellets exhibit a wide range .
from 4,3 to 5,87 CO

with a mean value of 5,17 CO The highest vlaue was for

2 2°
sample 3232 from the station where pelletal-phosphorite rock was dredged. This
value is surprisingly high, because the phosphorite rock represents the source for
the pellets analyzed by Bremner (1975a), who obtained consistently lower values

of C02.

4. Relationship of P O. to other variables

Senin (1969) has discussed the occurrence of phosphorite pellets in bot t om
sediments of the shelf between St Helena Bay (33°S) and the Kunene River (1708),
based on analyses of 140 samples. He described the interrelationships between
phosphorus and mud, clay, median diameter, calcium carbonate and organic carbon.
A negative relationship wés observed with both mud and with clay and the highest

concentrations of phosphorus were associated with fine and medium sands (cf. Fig.

3 plot, nor in the P versus

organic carbon plot. However the latter plot was based on only 28 samples and

V—16). No trend was observed in the P versus CaCO

therefore Senin (1969) queried its validity.

The present writer's data, based on analyses of approximately 400 sémplés,
likewise show no clear trend between either PZOS and CaC03, or between P205 and
organic carbon, An indication of a positive relationship between P205 and organ-
ic carbon (Fig. V-~18) 1is noted in samples containing more than 67 organic carbon,
from the middle shelf and the upper slope north of Lideritz (Chapter VIII).
However no comparable trend is seen in the diatomaceous oozes on the middle shelf
off Walvis Bay (Bremmer, 1976, personal communication), which is attributed to
rapid recycling of phosphate back into the sea water after the death of planktonic
organisms, _

Like Senin (1969) the writer found negative relationships between P205 and
mud as well as clay; conversely there was a weak positive relationship between
P205 and sand. In contrast, the P205—content of a small suite of mud samples
(Fig. V-19) was markedly low (less than 17 P205). Nevertheless the P205-content
increases steadily northwards towards both the P205—rich residual sands on the
outer shelf and the organic-rich muds on the middle shelf, again stressing the im-

portance of phosphate, both residual and modern north of Lﬂderitz;
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5. Relationship of phosphorite to shelf morphology and to sediment texture

The textural variations of ‘the phosphorite pellets were di:scussed in Sect-
ion C.1, Figure V-4 demonstrates the localization of phosphat{zed foraminiferal
infillings, over the inner shelf break off the Buffels River. Off the Orange
River, Chamais Bay and LUderitz (Figs. V-5 to V-7) phosphorite is found on the
middle shelf. Its presence on the middle shelf off Lllderitz beside the inner
shelf-break and seaward of a glauconite concentration, also on the middle shelf,
is significant because these residual components were probably derived from Neo-
gene phosphorite rocks and Palaeogene quartzose limestones, respectively. The
seismic profile from this region across the middle shelf was interpreted as a Ter-
tiary'sequence by Du Plessis et al. (1972) and as a Quatérnary deltaic sequence by
Dingle (1973a). The sedimentological evidence favours the former interpretation,
because the Recent deltaic sediments off the Orange River are typically phosphor-
ite-deficient.,

_ The profiles in Figures V-4 to V-9 illustrate that phosphorite maxima are
usually found adjacent to glauconite maxima. This characteristic is brought out
in Figure V-20. Glauconite maxima on the Orange shelf occur on the flanks of a
bfoader phosphatic zone., It is suggested that the phosphorite is derived from
both the Miocene phosphatic limestones capping the Orange Banks (Fig. II-7) as
well as from the underlying strata, which crop out on the middle shelf, Glauco-
nite on the landward side of the broad middle shelf is probably derived from yet
older (probably Palaeogene) strata (Dingle, 1973a) but on the outer shelf it is
derived from Dingle's (1973a) T3 sediments between the inner and outer shelf
breaks.

~ On the Walvis shelf, the two belts of glauconitic sediment between Chamais
Bay and LlUderitz may‘bé related to the same horizon. Off Chamais Bay (Fig. V-6)
the seaward méximﬁm occurs at the foot of the Chamais Slump. It is suggested
that glauconite ié,derived from a horizon croppihg out on the middle shelf off
Baker Bay, which is re—exposed by the Chamais Slump. Similarly the extensive de-
posit on the LUde%itz Bank may be linked to the glauconite maximum on the upper
slope by slumping and exposure of a continuous glauconitic horizon underlying the
outer sheif (cf. Fig. II-6 for location of slumping on the upper slope). P

In contrast to the Orange shelf, where a weak antipathetic relatioﬁship
was observed between glauconite and phosphorite, there is a marked antipaEhetic
relationship between the two components on the Walvis shelf (Fig. V-20). This is
in contrast with the shelf south of latitude 30°S (Birch, 1975) and to the Agulhas
Bank (Birch, 1971) where both glauconite and phosphorite are typically clbsely

0

assoclated.
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6. Pelletal phosphorite source-rock

a. Location
The rock was dredged from a depth of 210 m cn the outer shelf off Knoll
Point at station 3232 (25°22,0'S, 14°05,0'E).

b. Petrography

- The sample consists of several angular pebble-size fragments of pale
greenish yellow (10Y7/2) phosphorite, containing dark brown lithoclasts (Plate
V-1la) and an occasmnnal molluscan cast. The phosphate value (26,27 P 5
72,87 carbonate—apatlte) is amongst the highest obtained thus far for any rock on
the southern African continental margin.

The phosphdrite is classified as slightly pebbliy fine to medium phosphar-
enite:quartz-rich pelletal phosphate wackestone. Intergranular fabric is com-—
posed of a mixture of 20% collophane and 207 micrite. Biogenic grains are re-
stricted to small amounts (2%) of fish bones (Plate V-16) and traces of benthonic
foraminifera. Angular very fine quartz sand constitutes 20% of the rock.

The lithofacies differs from all thé lithofacies described in Chapter III,
because authigenic grains are the dominant comporiénts° Phosphorite pellets con-
stitute 30% of the rock. The pellets are very fine to medium sand-size, are
chiefly spheroidal, and are rounded to well rounded (Plate V-1ic). The few elong-
ate ellipsoidal pellets usually display elongate nuclei, often of fish bones
(Plate V-1d) and some have a poorly defined concentric structure (Plate V-le).

Most pellets have transparent, anisotropic rims around an og%que centre (Plates
V-1lc to V-le). Bremmer Qbersonal éommunicatiqn, 1975) has analyzed pellets from
this rock sample as part o} a detailed microprobe study of unconsolidated residual
bhosphdrite pellets on the Walvis shelf. He finds that both the pellets and the
intergranular fabric 6f the rock sample are rich in carbonate—apatite, but that

the transparent rims of some of the pellets are slightly glauconitized. The opa— -
que centres of the pellets are rich in pyrite, probably formed by the processes
described in Chapter IV. Birch (1975,.p.79, Plate iV-21) obtained similar results
for phosphorite pellets from the shelf south of 30°s.

c. Depositional environment and diagenesis

Several of the petrographic characteristics of this rock can be explained
~ by invoking a depositional process similar to that inveked for the conglomeratic
phosphorite rocks described in Chapter III. Both the pellets and the lithoclasts
have been reworked from an older formation under high~energy conditions. I
suggest that the original environment of deposition of the reworked material was
within highly’reducing, organic-rich diatomaceous muds like those off Walvis Bay
today. Veeh‘EE_Ely (1974, p.190) reported: '"Thin unconsolidated laminae and

lenses’ of phosphatized muds, presumably 'incipient' phosphorite, made visible by



Plate V-1. Petrography of pelletal phosphorite and surface

texture of residual quartz grains

V-la. Fragment of older phosphorite containing fish debris within pelletal

phosphorite (Sample 3232C).(X20).

V-1b. Pellets and fish{ﬁgbris in pelletal phosphorite. (Sample 3232C). (X20).
V-lc. Spheroidal pellets rich in opaque material, chiefly organic matter, set in
organic-free matrix. Note transparent pellicle around most pellets. (Sample
3232C). (X70).

V-1d. Two ellipsoidal pellets with nuclei of fish debris. (Sample 3232C).(X70).

V-le. Faint indications of concentric structure in spheroidal pellet. (Sample

3232C).(X70).

V-1f., Well-rounded quartz grain from relict, residual deposit on middle Orange

shelf. (Sample 2743).(X20).

V-1g. Impact pits on quartz grain relict from Neogene regression, stringers of

reprecipitated silica from prolonged burial in sea water., (Sample 2743).(X2500).
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danha, 150 km north of Cape Town, in Florida, North Carolina, and dn the contin-
ental shelf off Baja California. The petrology and origin of Pliocene phosphor-
ite pellets in the Varswater Formation near Saldanha have been described by Tank-
ard (1974a). The pellets were reworked from the well-consolidated Saldanha For-
mation, a quartzose phosphorite rock tentatively dated as Miocene (Tankard, 1975a)
by correlation with a similar lithology, bearing Miocene penguin bones near Cape
Town (Simpson, 1973). A similar sequence of events in Florida led to the depos-
ition in the Miocene of the Noralyn Member of the Bone Valley Formation, which was
reworked in the Pliocene during the deposition of the overlying Homeland Member
(Freas and Riggs, 1968). Rooney and Kerr (1967) describe a similar deposit of
phosphorite pellets in North Carolina, focussing on the pellets' mineralogy.
Finally, D'Anglejan (1967) described a residual shelf deposit off Baja California
between latitudes similar to those of the study area. No source-rock was detected
on the shelf but the study is solely devoted to pellets completely analogous to
those which are studied only as a section of both this study and that of Bremmer

(1975a).

D. QUARTZ

1. Regional distribution and relationship to shelf morphology

Muddy sediment containing coarse quartz grains overlies the belt of rocky
topography on the middle shelf south of the Orange River (Figs. V-21 and V-4).
This anomalously coarse terrigenous sediment lies seaward of Recent terrigenous
muds, and presumably forms a lag deposit beneath the mud. Sediment immediately
seaward of the most quartzose samples is rich in glauconite, as well as in well-
rounded, granule-size, quartzose and glauconitic phosphorite lithoclasts’, A
seaward change in bedrock lithology is indicated. Farther seawards foraminiferal
sediment covers the sea floor. The quartzose sediment is therefore fortuitously
exposed between zones of biogenic and terrigenous Recent sediments,

Off LUderitz (Figs. V-21 and V-7) quarfz is found across the entire shelf
and on the upper slope. It is chiefly restricted to the very fine sand fraction,

unlike the coarser material just described.

2. Depositional history

A detailed study of surface textures of quartz grains in the coarse sand
fraction (Rogers and Krinsley, in prep.) indicates that the grains are well round-
ed, polished, pitted and grooved (Plates V-1f and V-1g) in a similar fashion to
grains studied from a beach on the exposed west coast of Namafualand (Plates VII-a
to ViIrc). Granules within the sediment, however, contain similar well-rounded
and pitted grains indicating a local source of grains that have already undergone

at least one cycle of littoral modification. The writer suggests that, like the
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phosphorite pellets, the original sandstone was deposited during a Late Miocene
Early Pliocene regression (Dingle and Scrutton, 1974). The present deposit of
coarse quartz sand was produced during a Late Pliocene-Early Pleistocene regression
(Dingle, 1973a).

Off LUderitz the outer shelf and the ﬁpper slope are underlain by semi-con-
solidated Neogene clays (cf. Chapter IV). The coarse fraction of these clays 1is
dominated by very fine quartz sand, which was reworked and winnowed during the

Late Pliocene regression mentioned above.

E. CONCLUSIONS

Residual sediments in the form of glauconite and phosphorite pellets are
easily identified in middle-shelf to upper-slope sediments in the study area.
Texturally anomalous deposits of both coarse and fine residual quartz sands are
also recognized, seaward of Recent deposits of terrigenous mud. Both types of
quartzose deposit contain residual grains of glauconite and of phosphorite.

These residual sediments were probably: derived from Tertiary sediments underlying
the margin.

Pelletal phosphorite rock from the outer shelf north of LUderitz may be a
source~rock for the distinctive deposit of phosphorite pellets extending north
past Walvis Bay (Bremner, 1975a). The pellets were probably formed in Miocene,
organic-rich, diatomaceous oozes and reworked during a Late Miocene-Early Pliocene
regression, They were then buried after the succeeding transgression and locally

became consolidated as pelletal phosphorite rock.
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(3508) causing the sequence of southerly gales, upwelling, fog and aridity along
the west coast as far north as Walvis Bay (23°S) and beyond. The presence of a
low~pressure cell travelling south over the west coast during summer increases the
pressure gradient at the coast and powerful gales result (Van Zinderen Bakker,
1976, p.6). (The effects of these gales on sedimentary processes will be dis-
cussed in Chapters VII and VIII),

The Indian-Ocean anticyclone lies well to the east of southern Africa
during summer, permitting moist maritime air to penetrate beyond the Drakensberg,
where orographic rain precipitates over the headwaters of the Vaal and the Orange
rivers (Fig. VI-14, However if the anticyclone maintains a stable westward posi-
tion beside the east coast in summer, the rain-bearing winds cannot reach the in-
terior and droughts result.

In winter the high-pressure belt is found at the surface over both the
oceans and the continent, leading to dry conditions inland. At the same time,
equatorward shifting of the westerlies brings the southwestern and southern
coasts into the path of the storm track of the Southern Ocean's westerlies (Fig.
VIi-1p, 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 gentle drizzle (De Villiers and SBhnge, 1959, p.18).

Tropical convectional rain moves southward in summer as the Inter—Tropical
Convergence shifts south with the sun. Rain is brought in this way to the catch-
ments of the north-bank tributaries of the Orange River and to the intermittent
rivers of South West Africa draining into the Namib Desert. The erosional effect
of a rare summer thunderstorm as far south as Viooisdrif on the Lower Orange River
is vividly described by De Villiers and SBhnge (1959, p.18): "In summer thunder
conditions may arise in the interior as a result of which restricted areds may re-
ceive more rain in an hour than they usually receive in a year or more. The
authors were privileged to witness one such summer thunderstorm at Vioolsdrif, to-
wards the end of November, 1943. The storm approached from the northwest and was
heralded by a wind of gale force that swept sand and dust to a height judged to be
at least 2,000 feet. This dﬁst—storm swirled and eddied down all the tributary
gorges into the Orange River and beyond to the sandy plains, and was followed by a
deluge of rain swept along almost horizontally by the wind. So much rain fell
that the shallow drainage-channels on the level portions of the Neint Nababeep
Plateau were unable to accommodate the waters, which fell as roaring cataracts over
the edge of the escarpment and formed a magnificent waterfall, miles long and as
much as 700 feet high. All the tributaries to the Orange River were raging torr-
ents, and water flowed where it had not been known to flow for years, trans-
porting enormous quantities of sand and rubble .... 01d alluvial fans were deep-

ly incised ... and a new fan, containing gigantic boulders the size of a room, was
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ed rainfall in the headwaters of the Vaal and the Orange Rivers and reduced vege-
tal cover in the middle and lower catchment would create a situation conducive to
accelerated erosion, Assuming such erosion were characteristic of the Hypsither-
mal Interval in the Early Holocene it may account for the 15 metres of dissection
into the Wlrm Upper Pleniglacial Member III of the Riverton Formation (Butzer,
Helgren et al,, 1973). Bad veld management leading to decreased vegetal cover
has a similar effect and is the direct cause of extensive erosion in many parts of
the catchment today.

If, as postulated at the beginning of this section, the entire climatic
system has shifted equatorward during the Quaternary, then abundant tropical rain
would have characterized interglacials in the Early to Middle Pleistocene. Fine
sediment would have been carried to the coast and coarse gravels and sands would
have been deposited in the river channels. Glacials in the Early to Middle
Pleistocene would have had erosive characteristics similar to the Late Quaternary
interglacials just described. Erosion was more intense, however, because bedrock
dissection is typical of the erosive phases of the Vaal cycle (Butzer, Helgren

et al,, 1973).

b. The Kalahari and the tributaries of the Lower Orange

Clear evidence of both wetter and drier climates exist side by side in the
Kalahari, although little chronological information has yet emerged. The land-
forms described by Grove (1969) are best discussed through a complete cycle from
the Last (Eem) Interglacial through the Wlrm Giacial to the Hypsithermal Interval
and on to the present. The fluctuations in climate in the Kalahari are of parti-
cular significance to sediment discharge into the Lower Orange, because discharge
is liable to vary from abundant in both glacials and interglacials to nothing in
the periods in between.

An attempt is made to interpret the presence of vegetated barchan dunes
within Ntwetwe Pan, itself in the centre of palaeo-Lake Makarikari in the northern
Kalahari (Grove, 1969, p.205). Nearer the Orange River is the dessicated Molopo-
Nossop drainage network, in places cutting perpendicularly through belts of vege-
tated longitudinal dunes.

During the Last (Eem) Interglacial, the Inter-Tropical Convergence Zone
would have penetrated south to about latitude 20°S in summer (Fig. VI-1d) bringing
increased precipitation to palaeo-Lake Makarikari between latitudes 20 and 21°s.
At present, rainfall is so inadequate in the Molopo-Nossop catchment and in the
Lower Orange that aeolian and sheetwash processes of aggradation are dominant.
More southerly penetration of high-intensity convectional rain would have increased
runoff considerably.

During the Wlrm glacial the arid zone moved equatorward causing palaeo-

Lake Makarikari to dry up and a belt of westward-facing barchan dunes was formed
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on the floor of the lake by easterly winds. As the glacial drew to a close the
arid zone moved south again and formed dunes across the Molopo—-Nossop drainage net-—
work, With the onset of the Hypsithermal Interval convectional rain again moved
poleward and rejuvenated the Molopo—Nossop'Rivers, which in places cut a course
perpendicular to the dunes. At the same time the longitudinal dunes were probably
degraded by the high rainfall and they became vegetated. During this period Lake
Dow and Ntwetwe Pan were formed on the floor of Lake Makarikari, partially drowning
the barchan dunes which had been stabilized by vegetation. An equatorward retreat
of the summer position of the Inter-Tropical-Convergence Zone since the Hypsither-
mal Interval is denoted by traces of higher lake levels on the flanks of the bar-—
chans and by the meagre flow of water in the river channels of the Molopo and Noss-—
op rivers. The prevailing arid conditions have allowed the Witputs dune to block
the Molopo, thus depriving the Lower Orange of any sediment from the Kalahari Basin

under modern conditions.

3. Glacio—-eustatic rise of sea level

a. Infilling of incised river channels

During the eustatic rise of sea level the discharge characteristics of the
local rivers not only had to adjust to the rising base-level, but also to changes
of climate in their catchments. In the first place, those rivers which received
enough discharge to incise their beds during glacials filled these incised channels
with sediment during interglacials. However, those rivers whose lower reaches

were dammed by coastal dunes were prevented from incising their beds at all during

glacials.

b. Development of coastal dune plumes in Namaqualand

At the mouths of several of the intermittent rivers of Namaqualand are dis-
tinctive plumes of coastal dunes. The best—defined plume lies north of the mouth
of the Swartlintjies River, which is adjacent to a narrow part of the inner shelf,
only 5 km wide (Fig. VI-4). The plume has three main elements: 1) Pre-Flandrian
dunes; 2) Flandrian dunes (Episode I); 3) Flandrian dunes (Episode II). The nomen-
clature is derived from Cooper (1967) who described ccastal dunes from similar lat-
itudes on the Californian west coast of America. The dune patterns of scuthern
California and of Namaqualand are identical (cf. Cooper, 1967, Plate 12).

The Pre-Flandrian dunes were formed during earlier rises of sea level from
previous interglacials to the Wlrm Interstpdial. These dunes exhibit the same
parabolic outlines as the Flandrian (Episode I) dunes which override them (Fig. VI-
4y, The outlines of the Pre-Flandrian dunes are softened due to degradation in a
moister climate during glacials. Both sets of parabolic dunes are stabilized by
vegetation, and both sets display the extremely long and narrow "hairpin" shape

that Cooper (1967) found to be characteristic of the southern Californian dunes.
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Overriding the vegetated, parabolic, Episode I dunes are discrete masses of
shifting, unvegetated, barchanoid Episode II dunes. The leading edge of each
mass has a lobate form, which is preserved when the mass loses too much material
and becomes stabilized by vegetation.

The patterns of the southern Californian and the Namaqualand dunes are so
similar that it is appropriate to quote Cooper's (1967, p.85) model for their
formation: ‘

"The greatest effectiveness in invasion of older masses or new territory,
determined by the 'effective wind' is straight ahead; burial of vegetation is easy
at the front of the mass. A trough develops behind the advancing front, which be-
comes a path for a concentrated forward air current. Drag due to the containing
walls retards air velocity along the sides, deflecting the flow lines to right and
left. Sand is dropped building lateral ridges. As the active mass moves on,
these, and the floor of the trough as well, are occupied by vegetation and gradual-
ly stabilized .... Loss of material left behind in the flanking ridges, not fullf
compensated by what is picked up from older deposits, results in decrease in the
mass of mobile sand.. The trough narrows; movement ceases when the lateral ridges
meet,"

The Flandrian dunes of Episode I north of the Swartlintjies River were form-—
ed during the Flandrian transgression at the close of the Wlrm II glacial from sand
originally supplied to the lowered glacial mouth of the river by increased winter
runoff. Strong unidirectional southerly winds blew the sand off the beach in
summer, initially from beaches formed at the mouth of the river. Assuming that
sea level was lowered to -110 m, it is seen in Figure VI-4 that the seaward pro-
jection of the river's course intercepts the seaward projection of the western edge
of the dune plume on the 110-m bedrock contour (0'Shea, 1971). Thus at the height
of the glacial the equatorward movement of the winter rainfall zone had converted
the Swartlintjies River from an intermittent to a perennial river delivering sedi-
ment to a mouth 5 km west of the present mouth and 110 m lower than present sea
level.

Onshore the Episode I dunes were rapidly stabilized in parabolic forms by

vegetation supported by the winter rains, which supported Leuccspermum (Rourke,

1972) well north of its modern habitat. During the retreat of the river mouth in
response to a rising sea level, winter runoff gradually declined as the belt of
westerlies gradually shifted polewards bringing more arid conditions to the river's
catchment . The diminishing supply of sand at the river mouth was rapidly augmented
by surf-erosion and remobilization of stabilized Flandrian (Episode I) and pre-
Flandrian dunes. The length of the beach created in this way steadily increased as
sea level rose, so that the point-source at the glacial river mouth was graduaily

replaced by a linear source, the beach. The older stabilized Episode I dunes are
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The sequence from BS-52 at the mouth to BS-55 at Bogenfels illustrates the
abrasion of fluvial grains in the littoralvenvironment. BS~52 (Plate VII~1f)
consists of unmodified subangular grains from the river, whereas BS-95 (Plates
VII-lg and 1h) contains grains, which are already considefably modified by littoral
abrasion., By the time tﬁe grains reach Bogenfels, they are as well rounded as
those of BS-90 .in Namaqualand (Plate VII-1i), and they exhibit scaphoid grooves
and impact V's.

The dune sample, DS-36, from the barchan near Bogenfels was specifically
chosen to search for evidence of earlier fluviatile and littoral surface features
aspociated with modern aeolian features. However, only aeolian features such as
upturned plates coated with reprecipitated silica were observed (Plate VII-1j) and
they were superimposed on grains that had been recently released from bedrock, just
like the fluvial grains. The evidence is compatible with the extremely arid,
high-energy aeolian environment of the Sperrgebiet Trough Namib, where corrasion .of
bedrock has been amply demonstrated (section VII-C-7b).

More typical aeolian features were dominant in grains from DS-47, where the
wind regime has been shown to be quieter and deposition dominates deflation. The
grains are well rounded and have the typical concavities (Plate VII-1k) referred to
earlier. The frosted surface of the grainslis covered with re-precipitated silica
(Plate VII-1}). Kuenen and Perdock (1962, p.651) ascribe this frosting to the
action of desert dew, which is known to be abundant at night in the Namib (Logan,
1960; p.15). Salt spray carried onshore by the wind is deposited on the sand
dunes, often forming a thin crust by lightly cementing the surface grains. At
night the dew dissolves the salt and causes the pH of the dew to rise. A film of
quartz on the grains then goes into éolution, Pnly to be reprecipitated when the

dew evaporates in the course of the day.

d. Conpiusions

The study characterised Orange River grains as relatively unmodified first-
'éYCle grains, which dominate the beaches north of the river mouth and are rapidly
abraded when carried northwards in the high—energy littoral environment. In con-
trast, the material from the Namaqualand coast is polycyclic and the Ofange River
clearly plays no part as a sediment source. The aeolian grains, while not re-
flecting a combined littoral and fluvial source, as expected, nevertheless confirm-
ed that the Sperrgebiet Trough Namib is a higher-energy aeolian environment than

the Namib Sand Sea downwind to the north.

9. Coastal currents

The hydrology of the Benguela Current System affects both terrigenous and
biogenic sedimentation. The topic will be discussed more extensively in Chapter

VIII in connection with the biogenic sg&iments_that dominate the shelf areally.
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The currents over the inner and middle shelves are of most relevance to the dis-
persal and deposition of terrigenous sediments.

Bang (1976) has bemoaned the dearth of direct current measuréments in the
study area, but nevertheless considers that the chief elements of the System have
now been identified. He contrasted the present state of knowledge of the Benguela
Current System with the volume of data being extracted from analogous systems off
N.W. Africa and Oregon.

An examination of oxygen data from routine water-sampling stations off the
south western Cape led to the discovery of a coastal poleward-flowing current
named after the investigator, De Decker (1970). The Oregon analogue is the David-
son Current (Smith and Hopkins, 1972, p.161). In winter, storms reduce stratifi-
cation in the water column and the Davidson Current flows poleward and, to a lesser
degree, seaward along the bottom, in response to barotropic flow induced by cyclon-
ic winds (Sternberg and McManus, 1972). Equatorward flow along the bottom devel-
ops in summer in response to barqtropic flow induced by anticyclonic winds, but
the flow_is‘opposed by a stronger baroclinic flow polewards along the bottom.
Therefore, off Oregon, the net floﬁ along the bottom is poleward throughout the
year, while the surface currents alter their direction of flow seasonally. How-
ever, bottom currents are reinforced by the wind-driven surface currents in winter
and retarded-in summer.

Off the west coast of southern Africa cyclonic winds are only effective in
winter in accelerating the De Decker Current (Shannon, 1966), and they are most
effective south of the Orange River (28°S). Smith and Hopkins (1972) recorded
highest bottom velocities off Oregon during winter, when stormwinds of 20 m/sec
caused maximum bottom velocities of 54~58 cm/sec and maintained velocities in ex-
cess of 40 cm/sec for periods of up to 36 hours. The authors stressed that signi-
ficant net sediment transport occurs when high bottom velocities are maintained
for relatively long periods and with little variation in direction. Hopefully the
necessary bottom—current data will shortly be obtained off the west coast of south-

ern Africa, in order to check the relevance of the Oregon model locally.

10. Models of shelf sedimentation

The study of shelf sediments has passed through three stages, which can be
broadly described as a) the qualitative, b) the quantitative and c¢) the dynamic

stages,

a. Models based on qualitative studies

The earliest information on the sediments of most shelves is usally found in
chart; notations of nautical charts, In many areas the density of chart notations
frequently still exceeds the density of bottom samples available for laboratory ana-

lysis., This greater density can be exploited, for example, south of the Orange
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River, where numerous notations indicate muddy bottom. Such notations were used
when delineating the extent of the terrigenous mud belt off the coast of Namaqua-
1and _

Shepard (1932) was the first geologist to use the worldwide ﬁetwork=of chart
notations by compiling a map of the shelf sediments of the world. He uéed his
data to refute Johnson's (1919) theory that shelf sediments fine seawardsfacross_
the continental shelf to the slope. Instead he found a mosaic of sedimeﬁts.re—
flecting the profound effects of Pleistocene low sea levels on sediment distribution. .

Hayes (1967) continued to use chart notations because of the patchiness of
bottom-sample nets. He pointed out the broad effects of the ¢limatic belts on
shelf sedimentation. Restricting himself to depths shallower than 60 m to mini-
mise Pleistocene effects, he found sﬁnd characteristic of shelf sediment off arid
coasts like the Namib Desert.‘ He criticised one of his own assumptions, that the
coastal climate of a region always represents the climate of the source area of
the sediments. ~ The Orange, along with the Nile, the Amazon and the Indus is one
of many major rivers that cross several climatic zones en route to the coast.
Hayes' trends are not invalidated, but -his conclusions are devalued off coasts

affected by such rivers.

b, Models based on quantitative studies

Emery (196$) produced a benchmark paper on shelf sediments after conducting
regional surveys'of bottom sediments in Qarious parts of the world. He popular-
ized the terms detrital for sediment derived from the land, biogenic for sediments
of organic origin, authigenic for sediment precipitated chemically, relict for
sediments out of equilibrium with their original environment of deposition and
residual for sediment weathered from bedrock. (The term terrigenous (Lisitzin,
1972; p.25) is perferred to detrital in this text, because "detritus" may be either
terrigenous or biogenic).

Héyes' (1967) contribution was updated by McManus (1970), who emphasised the
role of extreme conditions in shelf sedimentation. For example, rivers such as
the Orange deliver the bulk of their sediment during floods that occupy only a
minor portion of the year. He also pointed out that much terrigenous mud is trap-
ped in estuaries and that storm-driven currents can disperse mud deposited on
shelves, He particularly emphasised the work of Gibbs (1967);, who showed that the
Amazon River delivers sediment characteristic of the Andes, and that only the short-
er rivers deliver sediment characteristic of the Eropical coastal climate. By
analogy, the dominating influence of the catchment geology in the Upper Orange River

on terrigenous sediment is readily appreciated.

c, Models based on dynamic studies

Swift (1970, p.9) reconciled modern data and concepts with Johnson's equili-
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brium profile. He identified a nearshore moderr sand prism as a "seaward thinning

(and fining) wedge of nearshore sand" extending seawards from and including the

mainland beach. The modern sand grades into the shelf modern mud blanket and both

sediment bodies overlie and/or lie inshore of the shelf relict sand blanket. The

relict sediment in turn overlies pre—Quaternary bedrock.
Johnson's seaward-fining concept is thus reinstated, but is restricted to
the modern terrigenous sediments near the coast. Swift went on to distinguish

autochthonous sedimentation off easily eroded coasts like the dune coast north of

LUderitz. Allochthonous sedimentation is exempiified by the Orange River delta.
Finally, Swift et al. (1971, p.343) introduced the term palimpsest to describe any
sediment “which exhibits petrographic attributes of an earlier depositional en-—
vironment and, in addition, petrographic attributes of a later environment".

In both of the latter two papers, shelf sedimentation is depicted in terms of
a stochastic process model, although it is not mentioned that the model refers
only to terrigenous sediments. The coast is identified not only as the source of
sediment delivered by rivers, wind and coastal erosion, but also as a reflector.
(Loss of beach sand to coastal dures, however, was recognised as a temporary store
on the coastal plain). The zone of oscillatory wave motion beside the coast then
gave way to a broad shelf Zone, where rotary ctrrents driven by passing storms
were dominant., The slope below the shelf bfeak was distinguished as a quiet zone
acting as a store for any sediment that reached it.

Swift et al. (1971, p.325) have stated that "we will not be able to do little
" more than speculate about shelf sediment transport until geologists undertake to
monitor shelf currents'. Creager and Sternberg (1972,lp.349) then stressed that
quéntiﬁative data tend to be '"ground into the classification scheme" and only then
aré dispersal patterns deduced, and then only by reasoning. They feared the crea—
tion of "a body of.deceiving information", unconfirmed by direct current measure-
ments.

Creager and Sternberg postulate the deposition in the Holocene of a basal
transgressive sequence, overlain nejr the coast once sea level stabilised, by a
nearshore modern sand prism and a shelf modern mud blanket. Farther out to sea
the basal sequence is either relict or palimpsest, Curray (1965) restricted bed-
load transport to water shallower than 10 m in a nearshore zone. (See Section VII-
C-6). Deeper than 10 m he regarded as the shelf zone, where suspended-lcad trans-
port is dominant. Creager and Stermberg (1972, Pt359) then emphasised the impor-
tant role of wind-induced currents, such as the Bavidson Current, in the shelf
zone off Washington, "one of the most completely studied shelf areas in the world"
and a direct West-coast analogue of the southwestern African shelf. They conclude
with a plea for the simultaneous study of both processes and results, so that an

increasing knowledge of modern environments will lead to more accurate interpreta-
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tions of ancient environmento;

An extellent example of an integrated study of both processes and results
over a period of years is given by Drake et al. (1972), who monitored the disper-
sal and deposition of sediment from a major flood off southern California. Re-
peated measurements of both water properties and flood-sediment distribution
showed that at least three years were required for the shelf to return to "normalj'.
A similar long-term study of the Orange River delta was mooted by the writer at a
workshop on shelf sedimentation (First interdisciplinary conference on marine and
freshwater research in South Africa, Port Elizabeth, July 1976). .

The most recent review of shelf dynamics was presented by Swift (1974) who
would regard easily eroded coastlinés, like that of the Namib Sand Sea, as shore-
face "valves" releasing sediment from storage in the dunes. The Orange River

1"

would be regarded as a second 'valve" bypassing sediment each flood from storage

in river sandbanks and marginal mud flats. On the shelf, sediments may be stored
under relatively quiet summer conditions and then dispersed farther by winter - ¢
storms,

Taking a global view, southern Africa is seen as a '"trailing-edge coast"
facring a spreading centre, the mid-ocean ridge (Inman and Nordstrom, 1971).
Such coasts are suited for allochthonous sedimentation off river mouths, but in

sections of desert coast where rivers are dry, the coast is eroded and autochthon-

ous sedimentation prevails.

11. The Orange River delta

a. Introduction

Tile Orange River delta, in comparison with other major deltas, is relatively
unstudied. In contrast the deltas of the Mississippi (cf. Scruton, 1956; Gould,
1970; Wright and Coleman, 1974), the Po (Nelson, 1970), the Niger (Allen, 1964),
the Rhone (Oomkens, 1970), the Amazon (Milliman et al., 1975) and the Orinoco (Van
Ahdel, 1967) have been studied in detail. In these studies maps were compiled
with the help of aerial photographs, surface samples and cores. Current velocit-
ies, suspended sediment concentrations, salinities, wave and wind parameters were
measured to study the complex interaction between river and sea water at the river
mouths.

Preliminary data on the Orange River delta have accumulated during the course
of diamond mining operations along the west coast (Hoyt et al., 1969), and regional
surveys of meteorology (Schulze, 1965), water resources (Rooseboom and Maas, 1974),
and the geology of the continental margin (this study). These data will now be
compiled and assessed and suggestions made concerning‘fruitful avenues of future

research.
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b. River-mouth processes

A model has been developed by Wright and Coleman (1974) forvprocesses at the
mouth of the Mississippi Rivef. This model will be discussed in an attempt to
explain preliminary obserlations of a major flood of the Orange River in the 1973-
1974 water year. A series of oblique-angle photographs of the mouth of the river
were taken by a number of observers, including the writer. The series extends
from July, 1973 in the dry season, to June, 1974, after recording the impact of
the flood. Low-water conditions were also recorded by the LANDSAT-1 (ERTS-1)
satellite, which regrettably ceased functioning just before the flood. Had the
satellite images been available, sediment-dispersal patterns would have been moni-
tored at 18-day intervals. Standard aerial photographs of the river-mouth were
also available and were used to map the subaerial sections of the delta in con-
junction with 1: 50 000 topographical sheets. Unfortunately, permission to re-
produce the photographs was not granted (Government Printer, 1976, personal commun-
ication).

The available images reveal a river meandering across a flat coastal plain
after emerging from a deeply incised course within the .Orange River Mountain Land
(De Villiers and SBhnge, 1959). A sinuous thalweg, typical of straight channels
(Allen, 1965, p.96) characterises most of the river's course during periods of low
discharge. Pools between shallow riffles are locally called 'zeekoegaten'" or
"hippo pools" and sediment settles in them at the end of the wet season. The first
flood of the next wet season often contains more sediment than later floods due to
scouring of these pools (Anonymous, 1922).

Between Upington and the Aughrabies Falls the river gradient increases sub-
stantially (Adamson, 1922) and the river channel consequently adopts a braided
pattern (Wellington, 1955; Allen, 1965, Fig.3). Thirty kilometres from the river
mouth the channel straightens, broadens and changes again to a braided pattern.
However, this change is attributed to aggradation when the stream velocity is
checked on approacﬂing sea level. The river's competence is reduced and aggrada-
tion of excesé sediment results. Four kilometres from the mouth the elongate sand
banks of the braided channel diminish in size and number when the river reaches a
final stretch of dpen water extending to the spit across the mouth. On the south-
ern flank of this open stretch is a lagoonal marsh, which widens seawards to the
river-mouth spit (Fig. VII-8).

At any river mouth the interface between fresh river water, however muddy,
and denser sea water slopes from the surface downyards and upstream above a salt
wedge. The oscillations of this wedge were briefly measured by Brown (1959)
during July, 1956, when the river-mouth channel was some 30 m wide. At low water
springs a salinity of 6,339/00 was measured in the sea just outside the mouth, but

. . e s o .
at high water springs salinities of 34,7 /oo were measured on the upstream side of
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_the spit. Local inhabitants informed Brown (1959) that sometimes the mouth is

completely closed for months and that at these times the water behind the spit can
be used for drinking purposes. Green (1948,p.206) also records that the river
mouth may be closed for months. He K then relates an eyé—witness account of the
arrival of a flood and the explosive breaching of the spit. ‘

During the flood that started in November, 1973, the width and configuration
of the river-mouth channel varied considerably. In general the channel lay clos-—
est to the north bank., The bulk of the flow was confined to the main channel be-
side the lagoonal marsh, The spit was theréfore subject to change only north of
the marsh. During November, 1973, and May, 1974, a;subsidiary spit was built
southwards from the north bank, possibly caused by wave refraction around the lun-
ate river-mouth bar. '

Several of the features observed by Wright and Coleman (1974), on a much
larger scale, at the mouth of the Mississippi River have been noted at the mouth of

the Orange River. They divided the flow regime at the mouth into Regions I to IV,

from the mouth seawards. The flow of the Orange into the sea can be neglected
during the dry winter season when the mouth is frequently blocked. Therefore
the flood situation will be described as more typical of the Orange River. In

Region I, between the end of the river channel and the mouth, turbulent mixing of
the effluent causes deceleration of river flow. This leads to transport of bed-
load in the main channel changing to deposition towards a shoaling river-mouth bar.
At the same time the hydraulic head between the river water and the sea causes ob-
served superelevation. This superelevation may account for the driftwood found by
Brown.. (1959) 12 m above sea level in the dunes on the edge of the lagoonal marsh.
Region II is characterised by a zone of stationary surface waves near the
seaward edge of the bar cresﬁ. This zone lay approkimately 100 m seaward of the
Orange River mouth.  Wright and Coleman (1974) postulate intense turbulence and
rapid deceleration in this region. Rapid deposition of bedlpad allows a lunate
rivér-mouth bar to build up. In Region III the river water experiences an in-
ternal hydraulic jumps from supercritical densimetric Froude numbers with rapid
flow in the river channel, to subcritical Froude numbers with tranquil flow in the
sea. Region IV is the zone where wave; wind .and tidal action mix the effluent
with the ambient sea water. In both Regions III and IV the effluent carries sus-—
pended sediment in a buoyant layér above the denser sea water. The seaward edge
of the effluent was cleérly demarcated off the Oraﬁge River. The boundary was also
seen on a radar screen aboard R.V. "Thomas B, Davie" as a distinct physical barrier
"by Bremner (1974, personal communication) who observed a thin line of foam, and a
marked colour contraét between blue sea water and green effluent. There also
appears to be a slight reduction in wave height in the effluent, which probably

accounts for the boundary on the radar screen.



106

¢. The Orange River delta within the deltaic spectrum

Wright and Coleman (1974) compared seven major deltas, which they placed in
a spectrum from the river-dominated Mississippi delta to the wave-dominated Sene-
gal gelta. The Orange River delta belongs to the wave-dominated extreme of the
specéru@. .The subaerial pbrtion of the delta does not protrude into the sea, the
mouth beiﬁgtglosed with a straight spit (Fig., VII-8); also the beaches near the
mouth are deflated to form dune deposits along the coast (Fig. VII-8). Wright
and Coleman (1973) fed monthly wave and discharge statistics into a computer pro-
gramme which calculated the nearshore wave power, digcharge intensity and the "dis—
charge effectiveness index". This index is the rafio between the discharge per
unit width of the river mouth and the wave power per unit width of wave crest near
the coast.‘ During floods the Orange River is at least partially effective, but
during winter it is clearly ineffecti&e. When the necessary data become available
the relative position of the Orange River delta within the deltaic spectrum can be
confirmed by calculating the mean annual discharge effectiveness index. This in-
dex varies from 5477,0 for the Mississippi delta to 0,3 for the Senegal delta
(Wright afid Coleman, 1973, Table 4). |

d. Dispersél and déposition of suspended sediment
i) The immediate vicinity of the river mouth

.Accogding to Wright and Coleman (1974), the zoﬁe of maximum turbulence in
Region II is tﬁe site of bedload deposition. In this way a lunate river-mouth bar
is formed seaward of the mouth.  In winter such a bar is eroded by longshore drift
and the sediment is transported northwards along the beach towards Chamais Bay.

The ultimate fate of the river's bedload was discussed in Section VII-C-6 and 7.
Attention is now paid to the fivef's suspended load,

In the river itself the most common sediment sampled was fine to very fine
sand of variable sorting (Fig. VII-6). Near the mouth (Fig. VII-19) the lagoonal
marsh contains no sand, only silt and clay. This fine texture reflects the quiet
j depositioral environment, protected from turbulent river flow in the main channel
and surf-zone turbulence on the seaward side of the river-mouth spit. The high
energy of the spit beaches, and particularly of the channel through the spit is
apparent from the total absence of fines and the coarseness of the sand near the
turbsleqt Regibn II. .During an earlier major flood, Low (1967) sampled freshly
dépositéd gravel with a mean size as coarse as 50 mm (very coarse pebbles) and a
sand fraction rich in garnet and magnetite. Thus, as is typical in deltas, an ex-
tremely high—energy environment is situated close to an extremely low-energy en-
vironment. Offshore the textural gradations are less abrupt.
i1) Delta front

Like Wright and Coleman (1973, p.771), the writer was unable to sample the
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river-mouth bar beneath the turbulent Region II. In other words the bar crest
(Wright and Coleman, 1973, Fig. 14) has not been sampled. However, bottom samples
from as shallow as 12 m seawards across the continental shelf can be used to follow
textural trends in deeper water and to map the areal extent of the delta's litho-
facies (Figs. VII-19 to VII-25). The offshore deltaic sediments fall into two
main lithofacies. Slightly silty very fine sand on the delta front seaward of

the river-mouth bar is succeeded below approximately the 40-m isobath by first
clayey silts and then silty clays on the more steeply sloping prodelta (Fig. VII-
21). This terminology is taken from Gould (1970), who reported clean sand on the
bar crest of the Mississippi in depths of less than 10 m, and a sequence of silty
sand and sandy silt on the delta front to a maximum depth of 120 feet (37 m).

In describing their deltaic spectrum, Wright and Coleman (1973) focussed
their attention on the morphology and sedimentology of each delta's floodplain and
coastline. No comparison of the subaqueous portions of each delta was made be-
yond the observation that river—dominated deltas have convex profiles, whereas
wave-dominated deltas have concave profiles. The Orange delta, nevertheless has
a convex profile due to deposition on a convex inner shelf of Precambrian rock.
The primary control of the deposition of suspended sediment from the river, how-
ever, is quite clearly wave action,.

Off the equally exposed west coast of Washington and Oregon, Smith and Hop-
kins (1972, p.l163) found a band of very fine and fine sand, derived from the Colum-
bia River, between the O and 40 m isobaths. They stressed the predominance of a
3,5¢ mode (very fine sand) in these sediﬁents and a silt content of less than 10%.
Examination of Figure VII-19 shows that such sediments also characterise the delta
front between the 10 m and the 40 m isobaths off the Orange River. Settling—-tube
analyses of the sand fraction show a subtle but definite fining seawards of the
very fine sand on the delta front. To what extent can this trend and the change
to silt and clay near 40 m be ascribed to wave action?

iii) Boundary between delta-front sand and prodelta sand

Smith and Hopkins (1972, p.163) assumed that sediment transport by small-
amplitude waves of moderate steepness begins when the depth (d) is approximately
one quarter of the typical deep-water wavelength (Lo). For a typical (T = 10
seconds) swell off Washington, LO equals 156 m (LO=1,56 T2). LO/4 then equals
39 m, at the observed sediment boundary. In addition, bottom drifters released
inside the 40 m isobath moved towards the beach under the influence of the shoaling
waves, whereas drifters released between the 40 m and 90 m isobaths moved poleward
parallel to the coast. Applying the same rule-of-thumb, the critical depth for
the typical 1ll-second wave recorded at LlUderitz (Van Ieperen, 1975) is 47 m, re-

latively near the observed boundaryvbetween the delta front and the prodelta.
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Another approach is to note the increase of orbital velocity at the bottom
when waves leave deep water (<LO/2) and enter water of intermediate depth
(Lo/2 to L0/20) (Allen, 1970, p.152). One can then observe at what depth. the
orbital velocity at the bottom exceeds the threshold velocity (10 cm/sec) of
sediment at the delta-front/prodelta boundary (Allen, 1965, Fig. 10; Allen, 1970,
Fig. 5.8). |

Allen (1970, p.157) recommends that the mass transport velocity (Um) be cal-
culated using Stokesian theory, which applies to water depths greater than LO/IO.
Values of Um for the average wave at Lllderitz (Van Ieperen, 1975) can be obtained
by inserting values for mean significant wave height (Hmo=1,8 m), mean wave period
(T = 11 seconds), celerity {c), and wavelength (L) for various depths (d) in the
following formula (Allen, 1970, eqﬁations 5.20 and 5.8):

U = (7 .H)

¢, cosh 4m (4 + 2)
mo ) T
: m/sec
sinh2 (ZWd)
L
where ¢ = gL tanh 2md n/sec

2 L

and z distance below sea level.

At the bottom d4+2z = 0 so that cosh 47

f‘—(d + z) =1, The equation then
simplifies to:
T H, ,c 1 m/sec
Um = —) (5) ~——s——
L 2 sinh2 (__i'rrd)

With the aid of standard tables (Wiegel, 1964) the following values were obtained
(Table VII-§)%

TABLE VII-§

Variation of mass transport velocity (qh) with depth, using mean wave statistics

from Lideritz (Van Ieperen, 1975)

Water depth (d) Mass Transport Velocity (Um)
m n/sec
20 ‘ 23,2
25 16,0
30 | 11,3
35 8,2
40 6,7
45 4,4
50 3,2
55 2,4
60 . 1,7
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Mean wave period (T) = 11 secs. Mean sighificant wave height (ﬁﬁo) = 1,8 m,
Mean deepwater wavelength (Lo) = 188,8 m,
T:o/2=94,4 m. 1'0/4 = 42,2 m. fo/lo = 18,9 m.

The variation in mass transport velocity with depth is plotted against the
variation in the proportions of sand, silt and clay across the Orange River delta
(Figure VII-26), The threshold velocity is exceeded at 33 m for the mean data
used and seaward of this depth deposition of silt and clay becomes important.
Application of more sophisticated formulae to the waverider data now being collect-
ed off the mouth of the Orange River (Woodward, 1976, personal communication) may
lead td more precise trends. These initial trends are nevertheless encouraging
and confirm the dominance of wave action in determining the depth range of the
delta front/prodelta boundary. '

iv) Disequilibrium on the delta front

During May 1974, in the dying phase of the flood, a series of bottom samples
across the prodelta to the delta front failed to detect the sharp boundary between
the two zones near 40 m. Relatively high silt and clay values were found in
delta-front sediments within the 40 m isobath. Similar results were obtained by
Drake et al. (1972), who sampled the shelf off the mouth of the Santa Clara River
in Southern California, after a major flood had deposited 50 x 106 tons of sedi-
ment, Duriné an extended study involving periOdic measurements of sediment
thickness, sediment texture, suspended sediment concenfration, currents, salinity
and water temperature, Drake et al. (1972) traced the redistribution of the flood
sediment from its initial locus within the 30-m isobath to its final resting place
on the middle shelf below 100 m., An estimate of 3 years for the sediments to
reach equilibrium was made,

v) Prodelta

Whereas the delta-front sand has a reiatively restricted areal extent (Fig.
VII-23) the silt and clay of the prodelta (Figs., VII-24 and 25) are found up to
100 km north of the mouth and as far south as St Helena Bay (33°S) (Birch, 1975).
According to Hoyt et al. (1959) (Fig. VII-9), the delta front and the prodelta
opposite the mouth reach a thickness of over 60 m. Only in such areas of high
terrigenous input are unconsolidated sediments the sole control of the shelf's
bathymetry (Fig. II-18). South of the mouth a lens of prodelta silty ciay (Figs.
VII-7 and VII-21) is clearly detected on detailed bathymetry charts (Figs. II-17
and II-18) as a zone of intermediate steepness between the 70 m and 120 m isobaths.
However, the thickness of the lens is only of the order of 10 m (0'Shea, 1971).

Two textural trends are observed within the prodelta. Immediately opposite
the river mouth and below the 40-m isobath a zone of clayey silt grades seawards
into silty clay to a depth of 120 m (Fig. VII-21). In deeper water is a trans-
gressive deposit of very fine sand (Fig. VII-19) deposited during the Flandrian
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transgression on the Early-Holocene delta front. Wave action is considered the
prime control of this fining trend into deeper water. Despite an inadequate
sampling grid a second trend was detected, from clayey silt at the northern tip
of the prodelta to silty clay from the centre of the delta southwards (Fig. VII-
21). This trend may have a more complex origin.

As shown on Fig. VI-3 the wave spectrum off the delta can affect the bottom
out to the 175-m isobath, if wave base is assumed to be LO/Z and the maximum wave
period to be 15 seconds. The prodelta is therefore well within the zone of
interaction with waves and the resultant agitation of the bottom waters probably
both hinders deposition and causes resuspension of prodelta sediment.

During the 1973-1974 flood the turbid plume of effluént usually moved horth
of the mouth along the coast. QOne observer noted that during a morning flight
this northward deflection was less marked and the boundary of the plume was less
distinct. In contrast, during afternoon observations the plume was deflected
sharply northwards and the plume's seaward boundary curved round to méet the coast
only a kilometre or so south of the mouth. A similar pattern was observed by
Low (1967) during the previous major flood. This oscillating pattern is probably
caused by the marked diurnality of the west coast's wind system. Data from the
first-order weather station at Alexander Bay show that the diurnality is more
marked in summer, when floods can be expected, and that the southerly afternoon
winds attain greater velocities in summer than in winter (Fig. VII-12). A north-
ward wind-driven current of fluctuating velocity is postulated to account for
deltaic deposition north of thé mouth.

On certain of the LANDSAT-1 images taken before the 1973-1974 flood (e.g.
1183-08173) a dilute plume of effluent is seen beside the coast of}Nahaqualand,
south of the delta, suggesting the presence of the poleward-flowing De Decker
Current (De Decker, 1970; Bang._1976). Regrettably few current measbrements have
been made of the De Decker.Current. Foster (1973, personal communication) measur—
ed surface and mid-water currents with velocities of up to 1,5 m/séc flowing in v
various directions over the inner shelf. He noted a regular swing of the current
to the south in the evenings when the wind abated. These observatiohs were made
aboard an anchored vessél, M.V. "Rockeater'", during diamond-prospecting operations
off the Orange River.

On a broader scale, Stander (1964) and De Decker (1970) observed that the De
Decker Current normally reaches latitude 25°S on the northern edge of the study
area, but in late summer and early autumn it penetrates as far south as the Orange
River and sometimes as far as Cape Point south of Cape Town. The activity of this
current during summer floods explains the discovery of driftwood from the Orange
River and bean seeds from Angola on the Namaqualand coast as much as 400 km south

of the delta (Wagner and Merensky, 1928). During summer floods the De Decker
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Current is opposed on the surface by wind-driven equatorward currents, particular-
ly in the afternoons., The mean position of the €ffluent plume will therefore
tend to lie north of the mouth. This may explain the northward assymetry of the
delta as a whole (Hoyt et al., 1969) and the deposition of the faster-settling
very fine sand and coarser silt to the north (Fig. VII-24), Deposition of the
finer silt and of the clay south of the mouth is attributed to transport by the
"De Decker Current, particularly at night and in the morning when wind velocities
are at a minimum (Fig, VII-12).(Fig. VII-25). |

Divers working off the west coast (Murray, 1969; Christie, 1975, personal
communication) report extremely turbid conditions over the inner shelf. Similar
conditions on the Agulhas Bank were studied by Zoutendyk (1973) who confirmed his
own observations of zero visibility within a one-metre thick bottom layer, by
measuring zero transmission near the bottom with a transmissometer. Poléward
transport of clay and of silt therefore probably increases in winter, when storms
~ both resuspehd sediment and accelerate the De Decker Current (Shannon, 1966).

vi) Compositional tracers of sediment dispersal

i The model proposed for the dispersal of effluent from the Orange River has
been based, in the previous sections, on textural data. What evidence exists to
substantiate or negate the model in the composition of the sediments?

In their study of clay minerals of the World Ocean, Griffin et al. (1968)
noted that illite dominated deep-sea sediments off southern Africa. They attrib-—
uted this distribution to drainage of illite-rich sediments from the more arid
regions in the western catchment of the Orange River. A reconnaissance study of
clay minerals in 44 marine samples and 7 river samples confirmed that illite is
indeed the dominant clay mineral. It comprises 60-80%7 of most marine samples and
also of the river samples from both the arid and temperate sections of the catch-
ment (Fig. VII-27).

Montmorillonite is gubordinate to illite in the river samples (Fig. VII-28),
but there is a striking difference between samples from the mainstream of the '
Orange Rive%\(ZO—BOZ) and samples from rivers in the arid western paft of the
catchment (0-10%). On the inner shelf north andi:south of the Orange River mouth
there is a concentration of montmorillonite (20-30%), but the highest values (30-
607) are concentrated on the upper slope. (Preliminary results from Chester and
Elderfield (1975)Aindicate the absence of halmyrolysis of Orange River clays on
entering sea water. They quote an average composition for their suite of river
and delta samples of 507 montmorillonite, 407 illite, 10% kaolinite and less than
5% chlorite, but in the absence of further details this difference in dominant
clay minerai cannot be assessed.) The Kunene River has been suggested as a like-
ly source for montmorillonite; Bremmer (1975¢) found montmorillonite dominating

kaolinite in the absence of illite in Kunene River sediment..
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Minerals with a 7& peak, presumed to be dominantly kaolinite, have low
abundances (Fig. VII-29). Values in excess of 207 are found on the slope and
towards the north of the area and are probably due to poleward transport in the
Deep Compensation Current (Hart and Currie, 1960) from the kaolinite-rich Congo
River (Biscaye, 1965; Griffin et al., 1968; 36rnhold; 1973). The current probably
also entrains kaolinite from the Kunene Rivef (Bremner, 1975c).

Van der Merwe and Heystek (1955a) show that montmorillonite dominates soils
on weathered basalt in the‘Drakensberg Mountains and on weathered dolerite in the
High Veld within the catchment of the Upper Orange. The same authors (1956)
proved that the sedimentary rocks underlying the High Veld weather to illite-mont-
morillinoid mixed-layer minerals and then to illite and sometimes to soil kaolin.
In the arid western half of the catchment, leaching is inhibited and bedrock is
subjected chiefly to mecﬁanical disintegration. Random mixed-layer illite-
montmorillinoid minerals are typical of this region (Van der Merwe and Heystek,
1955b).

The predominance of illite in all the river samples and the greater concen-
tration of montmorrilloni%e in the mainstream samples, confirms that the Upper
Orange catchment, underlain by sediments of the Karoo Supergroup, is the chief
source of suspended sediment in the Orange River. The clay-mineral distribution
lends itself more to tracing sediment dispersal on an oceanic scale. Other
approaches will therefore be used to trace'the dispersal of Orange River sediment
in finer detail.

The proportion of terrigenous detritus in the marine sediments has beenitaI—
culated by adding the percentage of calcium carbonate, organic matter, glaucdnite,
and carbonate apatite, and then assigning the residue to "térrigenous detritus".
This indirect method is subject to an accq@ulation of experimental errors and the
detritus includes biogenic silica in the férm of diatom frustules, radiolarian
tests and sponge spicules, However, all:but one or two highly organic, diatom-
rich samples from the middle shelf off Sylvia Hill (25°S) contain negligible pro-
portions of such siliceous debris,

Near the coast, south of the Orange River (Fig. VII-30) the inner—shelf sedi-
ment is diluted by shell fragments, as previously noted in Fig. VII-17. North
of the river, the inner-shelf sediment contains over 907 terrigenous detritus as
far north as Hottentot Bay (26OS), where shell fragments become more important
diluents again. South of the river, values in excess 6f 90% are confined to the
narrow belt of silty clay extending south towards St Helena Bay (Birch, 1975).

In general, sediment dominated by terrigenous detritus. lies within. 50 km of the
land, due to dispersal processes parallel to the coast, .

In a reconnaissance study of the clay fraction (<2 micron fraction), the
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proportions of iron (Fig. VII-31) and of manganese (Fig. VII-32) were measured by
atomic-absorption spectrophotometry. Both elements mimicked terrigenous detritus
in their distribution, but the patterns were not as distorted seawards off Llder-
itz, where residual quartz is common (Chapter V). River clay containing over

107 iron is dispersed northwards as far as Baker Bay (27040fS) and south towards
St Helena Bay (Fig. VII-31) (Birch, 1975). Seaward bulges of the regional trend
off LUderitz are attributed to terrigenous-poor, but iron-rich, glauconitic sedi-
ments (Chapter V). Low values (<4%) north of Spencer Bay‘(26°S) are probably due
to dilution by organic matter (Sée Chapter VIII). '

Manganese (Fig. VII-32) proved to be the least ambiguous tracer for the dis-
persal of Recent terrigenous clay. Values in excess of 400 p.p.m. were restrict-
ed to the rivers and the immediate vicinity of the Orange River mouth. Values in
excess of 150 p.p.m. extended northwards along the inner ana middle shelf to
Spencér Bay (26OS) and southwards to St Helena Bay (33°S) (Birch, 1975).

The cumulative evidence of these compositional tracers confirms the bi-
directional, coast-parallel dispersal and depositional model presented above.

Seaward and northward dilution by biogenic sediment is the subject of Chapter VIII.
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CHAPTER VIII

BIOGENIC .SEDIMENTS

A, INTRODUCTION

The physical oceanography of the study area is characterized by variability
within broadly defined patterns. Consequently, variability both in space (patchi-
ness) and in time is characteristic of the distribution of the region's marine
flora and fauna, Accepting that sea level reached its present average position
some 6 000 years ago, the qﬁestion should be asked "to what extent do the biogenic
sediments in the area reflect 'average' conditions within the water column during
the past 6 000 years?"

In this chapter the chief characteristics of the physical oceanography of the
area are first described. Geochemical data, in the form of calcium—carbonate and
organic-carbon distributions, are then discussed to assess their accuracy in re-
flecting conditions in the shelf waters. A series of reconnaissance studies of
the biogenic components of the samples, divided into plankton, nekton and benthos

are then presented as additional indicators of regional oceanographic trends.

B. PHYSICAL OCEANOGRAPHY

1. Regional setting

The study area lies at the centre of the Benguela Current System, one of the
four major eastern-boundary currents in the world i.e. the Peru, California, Can-—
ary and Benguela Current Systems. The Benguela is bounded offshore by the South-
'East Atlantic Trade Wind Drift | part of the gyral circulating anti-
éyclonically around the South Atlantic Ocean (Hart and Currie, 1960). The Drift,
of relatively warm, nutrient-poor oceanic water of normal salinity, is separated
from the cool, nutriept—rich,vlow-salinity waters of the Benguela by an "offshore
divergence belt" over the shelf break. Plumes of wind-induced upwelled water
appear periodically beside the coast and are separated from the ''divergence belt"
by an intermediate zone of water upwelled in earlier phases (Bang, 1971).

Upweliing occurs frequently and is most intense between the Orange River and
LUderitz (Stander, 1964), north of a "pivot'", such as that noted off Chamais Bay
(28°S) in late summer by Bang (1971, Fig. 15). Such a "pivot" tends to move
equatorward in spring and again poleward in autumn (Stander, 1964) in harmony with
‘the movement of the South Atlantic Anticyclone controlling the coastal winds (see

Chapter VII),.

2. Upwelling mechanism

Upwelling in the Benguela €urrent is caused primarily by the action of con-

stant trade winds blowing equatorwards, combined with Coriolis force (the effect of
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the earth's rétation). According to Ekman (1905, in Hart and Currie, 1960), such
a combination of forces results in net offshore movement of the surface water to
the lefﬁ of the wind direction in the southern hemisphere. Hart and Currie (1960)
concluded that South Atlantic Central Water is brought onto the shelf by this mech-
anism. However upwelling to the surface depends on the strength of coastal winds,
which have already been discussed in some detail in Chapter VII. From the data

-~ available it can be predicted that upwelling will be strongest and most intense off
the Sp%rrgebiet Trough Namib (276-2808). In addition, the season of most intense
upwelling will vary from spring off Walvis Bay (cf. Stander, 1964, p.35) to summer
off Cape Town (cf. Shannon, 1966, p.9).

Hart and Currie (1960, p.185) decided that all the water moved offshore by
surface Ekman currents is replaced by upwelling across the shelf. Bang (1976, p.9)
calculated that the rate of upwelling across the shelf is too slow to compensate
for water moved rapidly offshore by surface Ekman currents. He suggested the
probability of some compensatory movement equatorwards of the Good Hope Jet. This
Jet is a bottom Ekman current, which attains velocities of up to 1,5 m/sec along
the shelf break (Bang, 1973). It probably feeds directly into the upwelling sys-
tem just north of the Chamais Slump, where the shelf is at its narrowest (Bang,

1971, Fig. 9; 1976, p.10).

3. Conservative properties

a. Introduction
f Hart and Currie (1960) conducted an autumn survey off the Orange River
(28°30'S) and off Sylvia Hill (2508) during a period of quiescence subsequent to
upwelling. They repeated their survey during spring, when upwelling was active
énd intense and correlated data on both conservative and non-conservative proper-

ties of sea water with microplankton studies.

b. Temperature o

In autumn (Figs. VIII-1 and VIII-3) temperatures are higher and therefore
temperature gradients greater due to solar heating of surface water. Ih spring
(Figs. VIII-2 and VIII-3) gradients are correspondingly less pronounced despite
the greater abundance of cold, upwelled water. Poleward flow off Sylvia Hill
associated with the Angola Current (Moroshkin et al., 1970) accounts for the warmer
temperatures in autummn (Fig. VIII-1). Stander (1964, p.17) remarks on the per-
sistent upwelling of cool water off the Orange River over the Orange Banks even
under the quiescent conditions found in autumn (Fig. VIII-1).  He ascribed this to
the effect of the shallow and wide Orange shelf, which forces water to well up over

it onto the Walvis shelf farther north.

¢. Salinity

Salinity has the advantage that it is unaffected by solar heating, which in
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autumn warms poorly saline upwelled water over the middle shelf off the Orange

and over the upper slope off Sylvia Hill. The dilution of the sea by fresh water
from the Orange River, particularly after the summer rains, is easily detected
(Fig, VIII-1 and VIII-3), along with the poleward intrusion of saline water of

the Angola Current near the coast off Sylvia Hill. The persistent tongue of cool,
upwelled water leading northwards to the upper slope from LUderitz (Stander, 1964,
p.16) is also well shown in Figures VIII-3 and VIII-1.

4. Non-conservative properties

a. Introduction

Nutrient and oxygen levels fluctuate according to the rates of both consump-
tion by plankton and replenisﬁment by upwelling. They are therefore termed non-
conservative properties of sea water. The interplay between nutrient levels,
which determine the productivity of the surface water, and oxygen levels which in-
fluence the preservation of organic matter is of vital importance in understanding

the distribution of bottom sediments on the continental margin.

b. Oxygen

The interface between the oxygen-rich Benguela Current and the oxygen-poor
Angola Current fluctuates seasonally with significant consequences for both marine
organisms and biogenic sediments. Visser (1970) discusses the formation of an
oxygen-minimum layer, which is 850 m thick off the Congo River. Three causes
were suggested: 1) oxidation of dead plankton and their excreta (termed "seston"
by Hart and Currie, 1960) while sinking through the water colum; 2) respiration
of oxygen by living plankton; and 3) chemical and bacterial decomposition of org-
anic-rich biogenic sediments.

Oxygen is replenished from the atmosphere at the air-sea interface in the
mixed surface layer, and is also produced by phytoplankton via photosynthesis.
However plankton-rich water is less transparent to the light required for photo-
synthesis, thus inhibiting this mode of oxygen replenishment. In addition, the
stability of .the thermocline helps to conserve the oxygen-poor water within it by
hindering vertical mixing (Visser, 1970). '

Copenhagen (1953) and Hért and Currie (1960) both correlated periods of calms
and of northerly winds with the onset of mass mortalities of marine organisms.
Under such conditions both upwelling caused by southerly winds and replenishment
of water from the Good Hope Jet (Bang, 1976) cease. The upwelled water contains
5-6 ml 02/1, whereas the oxygen levels can drop to below 0,5 ml 02/1 in the oxygen-
minimum layer (Visser, 1970). Therefore when upwelling ceases to replenish
oxygen, and calm conditions inhibit mixing in the surface layer, continuing oxida-
tion of sinking organic detritus, respiration of plankton and decomposition of

organic—rich sediments lead to upward expansion of thel bottom layer of oxygen-poor
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water (Fig. VIII-1). When the layer reaches the surface, mass mortalities of
plankton, nekton and birdlife occur. This additional influx of organic detritus
accelerates the consumption of oxygen until anaerobic conditions occur, particu-
larly in the interstitial waters of the sediments. Under these circumstances
organic matter is not oxidized and accumulates on the sea floor. (The formation
of pyrite and gypsum under similar conditions during the Neogene is proposed in
Chapter 1IV,)

Oxygen-deficient water is more extensive off Sylvia Hill than off the Orange
River (Figs. VIII-1 and VIII-2) demonstrating the greater influence of the De
Decker Current (De Decker, 1970) farther north, and the coastward shift with in-
creasing latitude. The importance of monitoring the De Decker Current is stress-—
ed by Bang (1976), who proposed the installation of 6xygen—sensing, current-

measuring buoys at key positions along the continental margin.

c. Phosphate

The inverse relationship between oxygen and phosphate concentrations is
clear in both Figures VIII-1 and VIII-2, but nutrient regeneration in bottom waters
over the middle shelf is best illustrated in Figure VIII-2. Both Hart and Currie
(1960) and Calvert and Price (1971b) present evidence of recycling of nutrients
removed from upwelled water at the surface near the coast and released over the
middle shelf on decomposition of the sinking organic detritus. The formation of
microsphorite in the organic-rich bottom sediments formed under these conditions

is discussed in Chapter V.

C. MICROPLANKTON

Hart and Currie's (1960) data on microplankton have been re-plotted above
their respective profiles (Figs. VIII-1 and VIII-2) to facilitate comparison of
physical, chemical and biological parameters. The vast numbers of microplankton
were plotted on an arithmetic scale to stress the greater importance of the Sylvia
Hill region during both seasons (Figs., VIII-1, VIII-2, and VIII-3), and the rich-
ness of the coastal waters as opposed to oceanic waters.

Diatoms predominate at most stations (Figs. VIII-1 and VIII-2) particularly
towards the coast, whereas dinoflagellates dominate the impoverished flora at a
few stations farther offshore. Protozoa, including planktonic foraminifera,
occur in relatively small quantities at all stations, particularly off the Orange
River, but actual quantities tend to be higher off Sylvia Hill (Hart and Currie,

1960, Tables 14 and 15).

] D. SEDIMENT COMPOSITION
1. Calcium carbonate

Birch et al. (1976, Fig. 5) have shown that high concentrations of calcium

carbonate blanket the outer shelf and the upper slope off southwestern Africa,
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south of 19°s. The 507 isopleth swings towards the coast off Hondeklip Bay
(36%5),swings seaward again off Chamais Bay (2808) and coastwards again at Con-
ception Bay (24°9). Figure VIII-4 illustrates the northward divergence seawards
of the carbonate-rich sediments between latitudes 25° and 30°S. On comparing
this trend with the surface distribution of temperature, salinity and microplank-
ton (Fig. VIII-3) observed by Hart and Currie (1960) one notes a positive corre-
lation with temperature and salinity and a negative correlation with the abundance
of microplankton. The closest correlation, albeit negative, is with the micro-
plankton distribution in autumn after upwelling had subsided. This suggests that
the relatively quiescent conditions between periods of active upwelling are most

significant in terms of biogenic sedimentation in the study area.

2. Organic carbon

The distribution of organic carbon illustrates better than any other para-
meter the distinction between organic-rich sediments off southwestern Africa and
organic-poor sediments east of Cape Agulhas (Birch et al., 1976, Fig. 6). Within
the west-coast sediments there is a general increase in organic carbon towards the
north, but the richest patches in a given area tend to lie on the middle shelf.
The highest values (>10Z) are found on the middle shelf between 2105 (Palgrave
Point) and 26°S (Spencer Bay), but most of the sediments are considered organic-
rich, other shelf sediments generally containing less than 1% (Emery et al., 1973,
p.836). _ '

Be twaen 25o and 3OOS (Fig. VIII-5) organic-carbon values afe low near the
coast, where wave action keeps the water well aerated, thus accelerating the oxid-
ation of organic matter (Marchand, 1928), Inner-shelf sediments are more organic-
rich in the north, probably reflecting the quieter wave regime north of Llderitz
(Van Ieperen, 1976). Off the Orange River, values exceed 27 on the middle shelf
in a zone midway between wave-agitated waters inshore and the current-swept outer
shelf (Bang, 1976). Closer to the coast, but still on the mid&le shelf, the
sediments are diluted by organic-poor terrigenous fines. Lower mud values (Fig.
VII-23) on the Orange Banks indicate that the Good Hope Jet (Bang, 1976) may gen—
erate a shelf-edge bottom Ekman layer in the region, which helps to concentratée
organic detritus on;the middle shelf. Below the shelf-break, organic-rich sedi-
ments are attributed ﬁo shelf-edge upwelling (Bang, 1971). Farther down the
slope, sediments are depleted in organic matter due to oxidation while settling
through the well-aerated South Atlantic Central Water. Summerhayes (1972) and
Birch et _al. (1976) ailso detected downslope reduction in organic-carbon values
" south of the study area and invoked the same explanatioﬁ.

The northern half of the region is characterized by anomalously high values

of organic carbon, both on the shelf and on the slope (Fig. VIII-5). High values
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on the slope are due to the development of oxygen—deficient bottom water as de-
tailed in Section VII-B-3b. Below the shelf break, between latitudes 26°20'S

and 24020'5, there is a zone containing 5-10% organic matter (Bremmer, 1974;

Birch et al., 1976, Fig. 6). This unusually organic-rich slope deposit is corre-
lated with the periodical development of a major plume of upwelling north of a
pivot off the Sperrgebiet Trough Namib (Stander, 1964, p.33), and to vigorous
shelf-edge upwelling, illustrated in the salinity profile off Sylvia Hill in
autumn (Fig, VIII-1). Relatively low values southwest of Lllderitz across the
shelf may be caused by funnelling of the Good Hope Jet's oceanic waters onto the
sheif to compensate for upwelling (Bang, 1976). _

North of Hotfentot Bay (26°S), outer-shelf sediments, although containing
2-47% organic carbon; nevertheless have lower values than those on the slope or thé
middle shelf, thus continuing the trend observed on the Orange shelf.

The highest values (up to 14%) are found on the middle shelf north of Spenc-
er Bay (Fig. VIII-5) and mark the southern éip of the well-known diatomaceous
oozes that extend northwards past Walvis Bay to Palgrave Point (Birch gt al., 1976,
Fig. 11). Thé relatively constant upwelling regime off the wind-swept Sperrgebiet
Trough Namib continually supplies nutrient-rich water to feed large standing crops
of phytoplankton off the Namib Sand Sea, between Lllderitz and Walvis Bay. The
phytoplankton are grazed on their seaward edge by zooplankton (Unterﬂberbacker,
1964; Du Plessis, 1967), and pelagic fish feed over the middle shelf above the
boundary between the two plankton zones (Visser et al., 1973). Mass mortalities
of both plankton and fish occur, particularly after the spring upwelling season,

" and are associated with intrusions of warm, saline, oxygen—poor water of the Angola
Current (See section VIII-3b). |

Restricted suites of mud (<63 micron) and clay (<2 micron) fractions were
analysed for organic carbon. Similar patterns were observed to that obtained for
the main suite (Fig. VIII-5). ' The mud data (Fig. VIII-6) emphasized the separa-
tion of two zones of organic-rich sediment north of Bogenfels and south of Port
Nolloth. The clay data, in contrast, emphasized the lack of organic carbon in
both slope- and inner—-shelf sediments (Fig. VIII-7). In neither fraction did theg
fractionation process lead to higher values than those obtained whén analyzing the
original samples.

Summerhayes (1972, Fig. 71. VIIL1.4) plotted organic carbon versus silt
values for sediments from the Agulhas Bank. He differentiated between terrigen-—
ous and bidgenic sediments and showed that whereas terrigenous sediments increased
their orgahic’éarbon content slightly with incréasing silt content, biogenic sedi-
ments were richest in. organic carbon when they contained 30-507% silt. Between
latitudes 25° and 30°S on the west coast a similar pattern has been obtained for

both clay and silt versus organic carbon (Figs. VIII-8 and VIII-9). The most



13° 14° 15° 16° 17° 18°
250_ ] ‘n . 2 , ] 1 | g 5 [ I I ] L £ [ ) 250
. ‘1‘ + { Sylvia Hill ‘
) 1 b -
o — " Iﬂ _____ Organic Carbon
-  — S ' in<63p(mud) fraction it
—t g weight per cent
i 1 1
— i ) e,
. —r—} i{ ' 10,00 - 10,48 A
+— g Spencer Bay . o
1 A\ 1 . .
— t NAMIB SAND SEA .: ]
26°~ l‘ Y ; 7.0 9.9 ..zso
T } o Hottentot Bay '
s "UY e,
. ,: IT " . . ey 4'0 6,9
1 S 7 L
—" ] .
N—t — 2,0 - 3,9
i = t—1 LUDERITZ i
@ \ \ : o - 1.9
y Elizabeth Bay
274 ] - -27°
\
h | Pomona
U R \ 101
INER Numbe negq i
\\ \' \\ \ Bogenfels of r =44
\\ \w [I . s.mp.es J | D SN BN N SE R ) r:l,
l AT \ / \ Baker Bay o 2 4 6 8 10 L
! b\ N Per Cent Organic Carbon
,;‘ /] Chamais Bay o
L471 |/ . \\ 28
1 N
B b b ‘
" 4 3
\
k \‘ .
\' Orange River !
/ !
X .-1‘ )
m ©
\
h 0 20 4 60 80 ﬁo =29 |
\ L N Ld Lol L I i
'j \\ PORT NOLLOTH ‘
\,
T E *
i X -~
{ \"' | -7 \\ 1.
* Q44 . Butfels R\ ) :
("} A\ X, (\ =7
\ ~-..+\ ey - “i” 1_ oo
| ' M o lo ' ! 1 -l 35
15° 16 17 18°e ]

Fig. VILI-6



13° 14° 18° 16° 17 18
[¢) ] | ) L ) I ] g § 1 ) 4 | I 250
25 Ne— Sylvia Hill ’
N 1
—_t— : .
— izt 111 Y (O Organic Carbon
| . '\ . . !
] MU in<2p{(clay) fraction
__‘—:Fq‘ ! kit weight per cent
1 ===l e : ) ; -
ij Spencer Bay 10.0-13,2
1 I :
° _ NAMIB SAND SEA .- 70-99 o
26~ L S 5k ’ . 26
——,—_. a
t by Hottentot Bay
— R 40-6.9
- v 7 3 b
4 20-3.9
] LUDERITZ !
A— \ 0-1,9
0 9> gElizabeth Bay °
27 - \ - 27
< \ !
N : Pomona
‘ ‘\ Al N 10 i
S Bogenfels Nu:f\ber n=44
- ) N Samples
h '\L Baker Bay 0O 2 4 6 8 10 122 upk
\‘ N Per Cent Organic Carbon
o % b I { Chamais Bay ’ o
28 : | = 28
. i )
SN
] . S //,4 /i k N i
.. ; \
TR . \
. . s
4 Y ./ Orange River i
f [ ,' ¥
) k
/
o Km o
294 : 0 20 40 60 0 1 —29
- \ 1
Depths in metres Y:;—ﬂ*:‘*\_r L L 1
- . —— . PORT NOLLOTH
Y\ SOUTHERN ./~ ) -
" .AFRICA T = \ -
4 1o o = N )\ N :
< S N[l Buffels R,
B [ N =AU J //
“\ .- { (’ z (\ ’-’
o 7 “= QUL N n o
30 ] T LD l )\T ' T ] < ° T ] ° L 1) L“ ]O 350
13° 14° 15° 16 a7 18°E

Fig.VIII-7



ORGANIC CARBON vs SILT

i n=405

¢ Authigenic
m Biogenic

o + Terrigenous
.:.":;' T
- ' T 7 ]
“b.0o 20 .00 46.00 50,00 90.00 10C.00
SILT IN WEIGHT PER CENT '

Fig. Vill-8



r

NT

R CE

E.

IN WEIGHT P

CARBON

12.00
1

y.0¢

0

5

H

1

13

ORGANIC CARBON vs CLAY

¢ Authigenic
m Biogenic

+ Terrigenous

L

| 50 .0 100.00
IN WEIGHT PER CENT

Fig Vil-9



120

organic-rich sediments generally contain approximately 50% silt and 25% clay, and
are biogenic. The down-slope decrease in organic carbon in biogenic sediments

is well illustrated by Fig. VIII-9,.

E. BIOGENIC COMPONENTS

1. Introduction

The biogenic components of the sediments have been grouped into plankton,
nekton and benthos. Most of the data have been supplied by specialists who have
examined representative samples from the area. Only the benthonic foraminifera
are being studied intensively (Martin, 1974) and failure to stain subsamples on
retrieval has prevented differentiation between the tests of living and dead for-
aminifera. Only broad trends will therefore be drawn from the present prelimin-

ary study of the biogenic components.

2. Plankton
a. Phytoplanktdn'

' i). Diatoms, Diatoms were detected in the sand fraction at isolated points
in two areas (Fig. VIII-10), in the terrigenous mud belt off the Orange River and
in the organic-rich sediments north of Llderitz. The clay fréction of a sample
from the middle-shelf south of Sylvia Hill (25°S) was almost entirely composed
of diatom frustules and the silt fraction of both shelf and slope sediments con-—
tained frustules,

Eleven samples were sent to Mr, I. Kruger, who is familiar with diatom
species encountered in the surface waters off South West Africa. A pilot study
was suggested to compare the diatom death;assemblages in the sediments with the
known life-assemblages in the water. Five inshore samples ranging in depth from
38 to 110 m, and s;x offshore samples ranging from 562 to 1495 m were selected for
study.

Twelve genera and seventeen species were identified.! In general, inshore
samples contain more diatoms and a greater variety .of spegies than offshore samples.
Sixteen species were identified but only five species are common in inshore sam-
ples; three are occasionally abundant. |

Actinocyclus ehrenbergii

Coscinodiscus centralis (occasionally abundant)

Coscinodiscus - gigas var. .praetexta (occasionally abundant)

Fragilaria karsteni

Thalassiosira decipiens (occasionally abundant)

All are known to be indicative of coastal waters (Kruger, 1973, personal

communication) and Fragilaria karsteni was also singled out by Hart and Currie

(1960, p.248) as such an indicator. Species diversity generally increases south-
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wards; six species were found off Sylvia Hill, whereas twelve species were found
off the Buffels River,

Offshore samples contained far fewer diatoms than inshore samples, reflect-
ing the relative scarcity of diatoms in the overlying‘water (Hart and Currie,
1960, p.240).. Only six species were identified in the offshore saﬁples; the
three most frequently encountered are:

. Coscinodiscus centralis

Fragilaria karsteni

Coscinodiscus gigas var. praetexta

These diatoms are commonly found in the inshore samples suggesting that
"inshore" conditions extend beyond the shelf break. Hart and Currie (1960,
P.240) also suggested that much longer traverses are needed before truly oceanic
conditions are reached. In our samples a definitely oceanic species, Rhizoso-

lenia robusta, was found in only'one sample. Only four of the seventeen species’

in the sediments are contained in a list of 95 diatom species published by Hart
and Currie (1960, Table 12, p.219). The four species are:

Fragilaria karsteni: Dominant in 11/92 stations.. Present in 26/92 stationms.

Chaetoceros didymum: Dominant in 9/93 stations. Present in 16/92 stations.

Rhizosolenia robusta: Present in 3/92 stations.

Coscinodiscus gigas: Present in 2/92 stations.

F. karsteni and C. gigas are present in 7/11 sediment samples whereas C.
didymum and R. robusta only occur in one sampie.

Because go few species are found in the.sediments, it is likely that the
vast majority of diatoms are dissolved while sinking to the bottom through‘sea
water, which is always undersaturated with respect to amorphams silica (Sverdrup
et al., 1942, p.180). Only those diatoms with skeletons robust enough’ to with-

stand dissolution are preserved in the sediments. Coscinodiscus gigas var.

praetexta is a good example of such a diatom. On the other hand, Hart and Currie
(1960, p.246) write of "the outstanding importance of the group Chaetoceraceae in
the rich coastal waters during both the seasons studied ..." Despite the fact
that the highest concentrations of these diatoms were found beside Sylvia Hill on
both surveys of Hart and Currie (Fig. VIII-3), Chaetoceraceae were absent from all
sediment samples, except one off the Orange River. The most abundant diatom in
the surface water thus appears to be one of the most soluble, Such large-scale
solution of silica leads to continual recycling of nutrients in the coastal zone
of upwelling as reported by Hart and Currie (1960, p.203)“and Calvert and Price
(1971, pp.515-520).

ii) Dinoflagellates. Dr. R.J. Davey of ESSO Production Research-European
examined eleven samples¥from two traverses, one off the Orange River and another

off Sylvia Hill. His main conclusions (Davey and Rogers, 1975) are that a simple
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dinoflagellate-cyst assemblage is dominated by the same two species found on the

western Agulhas Bank (Davey, 1971). Spiniferites ramosus var. ramosus found in

sediments beneath upwelled water near Cape Hangklip is dominant near the coast off

the Orange River and Sylvia Hill. Operculodinium centrocarpum, found beneath the

warm Agulhas Current, is dominant beneath warmer offshore water on the west coast.
The same two cysts were found by Dr. H. Schalke during pollen analysis of five
cores from Rietvlei near Cape Town (Schalke, 1973). The cysts were cited as

evidence of a marine transgression in one of the cores.

b. Planktonic foraminifera

Dr. W.G. Siesser undertook a pilot study to compare the species of plankton-
ic foraminifera in surface sediments with the species found in cores from the
slope offaCape Town. Sixty-three samples were screened to exclude particles fin-
er than 0,125 mm, i.e. only particles coarser than very fine sand were retained.
Counts were made to determine the number of individuals per gram of sediment.
Reéults are shown in Fig. VIII-11. In general, the trends afe as expected.  Low
values (<1O3 ind/g) are found in a belt near the coast, the belt widening north
of Chamais Bay until it covers the entire shelf off Sylvia Hill. The highest
values (>1051ind/g) lie on the middle Orange shelf seaward of very low values
(<103 ind/g) near the coast and slightly lower values (104—105 ind/g) offshore.
The highest values coincide with foraminiferal sediments rich in organic matter
and faecal pellets. Cold upwelled water is rich in nutrients, and a rich érop of
phytoplankton is developed. Protozoa, including foraminifera, and radiolaria,
are not found near the coast but make their appearance 40 to 50 km offshore in
warmer oceanic water (Figs., VIII-1 and VIII-2). Off Walvis Bay it has been est-
ablished that zooplankton‘values decrease landwards from a maximum on the middle
shelf, whereas phytoplankton values decrease seawards (Unterlberbacker, 1964, Fig.
1; Du Plessis, 1967, Chart 22). The transition zone is where zooplankton graze
on phytoplankton (Kruger, 1973, personal communication). Zooplankton faecal
.pellets (Seston) are common in the water over the Orange middle shelf (Figs. VIII-
1 and VIII-2) and can be directly related to abundant grazing zooplankton in a
similar transition zone. Because zooplankton faecal pellets accelerate the sett-—
ling of organic matter (Smayda, 1971) such areas of high surface productivity are
underlain by organic-rich foraminiferal sediments.

Semiquantitative counts (Siesser, 1973) of planktonic and benthonic foramini-
' fera were made by Dr. Siesser on sixteen samples from the Orange shelf. All but
one sample were from the foraminifera-rich zone. The assemblage comprises four
subantarctic, one transitional, seven subtropical, and one tropical species. The

subantarctic species Globigerina quinqueloba has the highest mean abundance (about

33%) followed by the two subtropical species Globigerinella aequilateralis (about
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16Z) and Globoquadrina dutertrei (about 15%), the transitional species Globorotal-—

ia inflata (about 137) and the subantarctic species Globigerina bulloides (about

127); miscellaneous species made up about 67Z.

c. Coccoliths

High mud values on the slope correspond with high carbonate values (Figs.
VII-23 and VIII-4). Scanning electron micrographs demonstrate that coccoliths
dominate the'clay fraction on both the slope and the outer shelf. They are also
important constituents of the silt fraction, associated with fragments of foramin-

iferal tests and occasional coccospheres.

3. Nekton

Swimming organisms in the study area rénge from pelagic and demersal fish to
seabirds, seals ahd whales. Fish debris is occasionally encountered in the form
of rare otoliths on the Orange shelf and more common vertebrae, jawbones, teeth
and scales on the Walvis shelf (Fig. VIII-10).

No bird neﬁéinS'were.found but the islands of Possession and Ichabo, in
particular, are abundantly coated with phosphate-rich guano from birds such as
cormorants and gannets. ' The distribution of seabirds in the study area was mapp-
ed by Summerhayeé et al. (1974), who found that many species were concentrated up
to 150 km out to sea along the shelf break. This distribution was attributed to
the offshore divergence belt (Bang, 1971), where shelf-edge upwelling is maintain-
ed by the steady, powerful trade winds throughout the year. In contrast, the
coastal waters are subject to a seasonally and diunmnally variable wind regime and
consequently upwelling is a more intermittent.process, leading to less reliable
food resources fpr marine avifauna.

A possible seal coprolite was described in Chapter III, but no bones were
recovered. No whale bones were found although they are frequently trawled from
the shelf off Cape Town and have been dredged from the shelf north of latitude

25°S (Bremner, 1975, personal communication).

4. Benthos
a. Benthonic foraminifera

Visual estimates of the abundance of benthonic foraminifera in the sand
fraction of all samples were made aﬁd plotted (Fig. VIII-12). Tests were observ-
ed in all samples except those from the Orange River delta. South of Port Nolloth
(29°20'S) tests were also observed in the terrigenous mud belt, presumably under
conditions of slower sedimentation. Highest concentrations were confined to
patches on thé middle and outer shelf, but this distribution is probably controlled
landwards by tefrigenous dilution and seawards by deposition of the debris of
planktonic foraminifera and coccoliths (cf. Siesser, 1972b for Agulhas Bank com-

ponents) .
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During coarse-fraction component analysis benthonic foraminifera were gen-
erally most abundant in the medium-sand fraction (Figs. V-3 to V-8) but were ,
commonly found also in the fine and coarse-sand fractions. Only along the Knoll-
Point profile (25030'5) were benthonic foraminifera, chiefly Bolivina, abundant
in the very-fine-sand fraction of the organic~rich sediments on the middle shelf.

Martin (1974) identified 104 species from 57 genera in 67 samples from the

study area. Five depth zones were tentatively proposed (Table VIII—@). .

TABLE VIII-<I

Depth zones of benthonic foraminifera

(Martin, 1974)

Zone Depth range (m) Bathymetric zone

1 0-40/50 Inner shelf

2 40/50-120 Inner shelf

3 120-420 Middle to outer shelf
4 420-900 Upper slope

5 900 Middle slope

In Zone 1 limited numbers of a few species were found on the rocky nearshore

part of the inner shelf. Ammonia beccarii, Pararotalia sp. and Discammina sp.

were most abundant. Zone 2 occupies the outer section of the inner shelf, which

is largely covered with terrigenous mud from the Orange River. Elphidium advenum

is abundant throughout the zone, but Florilus boueanum becomes less abundant with

depth and may be averse to the mud substrate. Elphidium advenum remains important

in Zone 3 across the middle shelf to about 350 m on the outer shelf but Cassidu-

lina laevigata v. carinata and Uvigerina perigrina are the major contributors. In

sandy facies Quinqueloculina agglutinans is a major component. The upper slope

in Zone 4 is characterized by Bulimina marginata, B. inflata and B. alazanensis,

and Brizalina spathulata and Uvigerina canariensis become important. Zone 5, on

the middle slope is poor in numbers but rich in large specimens of Dentalina fili-.

formis, Pyrgo serrata, P. murrhina, Martinotiella communis, Vaginulina spinigera

and Karreriella bradyii.

The distribution of benthonic foraminifera (Fig. VIII-12) corresponds in
broad terms to that for organic carbon (Fig. VIII-5). Wave action hinders the
development of benthic communities near the coast. On the other hand, low temp-
eratures, reduced food supply and high pressures limit numbers on the slope, but
the stable conditions encourage the growth of numerous species., Enhanced organic-
carbon values on the middle and outer shelf combine with favourable physical con-

ditions to stimulate the growth of benthic communities.,
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Badly abraded foraminifera, particularly .the shallow-water Ammonia beccarii,

are found well beyond their optimal depth range of 0-50 m, A Late Tertiary re-

gression is suggested to explain their anomalous distribution (Dingle, 1973a).

%. Mollusgg

North of Hottentot Bay, gravelly sand and sandy gravel are common on the
sﬁélf (Fig. VII-20). Unbroken mollusc shells are the chief components of this
gravel (Fig, VIII-13) and identifications have been made by Drs. A.J. Tankard and
B.F. Kensley of the South African Museum and by Mr. A.J. Carrington of the Anglo-
American Cofporétion of South Africa.

Ten species of bivalves, eight species of gastropods, and three species of
brachiopods were identified. These are listed in seﬁarate groups in order of the

frequency of their presence in the 53 samples examined e.g. Lucinoma capensis (26)

was identified in 26 of the 53 samples. The regional distribution of the four

species encountered most frequently is illustrated in Figure VIII-14,

BIVALVES

Lucinoma capensis (26)

Dosinia lupinus (15)

Carditella similis (9)

Limopsis chuni (7)

Tellina cf. gilchristi (4)

Palliolum vitreum (3)

Pitar (lamelliconcha) callicomatus (2)
Aulacomya .ater (1)

Macoma: ordinaria (1)

Ostrea sp. (1)

GASTROPODS

Nassarius analogica (16)
Turritella declivis (4)
Volutacorbis abyssicola (3)
Argobuccinum argus (2)
Ancilla bulloides (1)
Natica saldontiana (1)
Conus gradatulus (1)

BRACHIOPODS

Discinisca tenuis (3)
Kraussina rubra (3)
Terebratulina.cf. abyssicola (1)

Geographically, most of the shells are located on the middle and outer shelf,
north of Hottentot Bay. One of the richest assemblages was found in sample 3224
from the shelf break (215 m) off Sylvia Hill. Among the shells were Aulacomya

ater, Ostrea sp., and Argobu¢cinum argus, all extant species which today live in

the subtidal zone (Carrington and Tankard, 1973, personal communications). Anoth-

er shell from the same assemblage was Pitar (lamelliconcha) callicomatus whiqh has
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not previously been recorded from South West African waters. Rare living speci-
mens have only been recordgd from the East Pacific coast between Mexico and Ecua-
dor in depths of 26 to 73 m (Kensley, 1973, personal communication). Little is
known about the depth ranges, time spans, and environments of some of the listed
molluscs. However, Tankard and Carrington are of the opinion that assemblages
from outer shelf sediments (e.g. 3224) are of shallow-water origin. Because all
the species are extant, and because few are found as far back as the Tertiary, it
is suggested that the shell beds on the outer shelf de#eloped during a late Tertiary
regression postulated by Dingle (1973a, p.355).

Near the coast, brachiopods attached to dredged rock samples are all Recent

as are specimens of the small gastropod Nassarius analogica associated with the

mud belt off the Orange River., The delicate, small lamellibranchs Palliolum

vitreum and Carditella similis are the only unbroken molluscs found so far on the

Orange Banks.

c. Ostracodes
Dingle (1973, personal communication) determined that ostracodes were present

in small numbers but no detailed work has been attempted to date.

d. Faecal pellets

The distribution of faecal pellets (Fig. VIII-15) closely parallels that of
organic carbon. Structureless, dark brown, ovoid faecal pellets are typically
very—fine-sand size on the middle shelf and are relatively rare off the mouth of
the Orange River. They increase ip concentration south of the Orange River in
the belt of terrigenous mud untii off the Olifants River over 907% of the sediment
is composed of faecal pellets (Birch, 1975). A steady southward decline in sedi-
mentation rate is suggested to account for the steady increase in faecal pellet
abundance. As off Cape Agulhas (Rogers, 1971) pquchaete worms are invoked to
account for the pellets beéause Christie (1972, personal communication) found large
numbers of the worms in terrigenous mud off Lambert's Bay (32°s).

Larger, more friable, medium-sand-size faecal pellets composed of carbonate
detritus are distinctive components of the organic-rich sediment below the shelf
break north of LUderitz. Polychaete wérms are agaln suggested to explain thev
presence of the pellets, which are a feature of the outer shelf and.the upper slope.
as far north as the Walvis Ridge (Bremmner, 1975a). The worms are probably con-
fined to this section of the continental margin because nowhere else are slope and

upper-shelf sediments so rich in organic detritus.

E. CONCLUSIONS
The data presented above suggest that most of the continental margin seaward

of the inner shelf is rich in biogenic detritus, which reflect the periodic occurr-—
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ence of quiescent conditions following intense periods of upwelling. A sharp
distinction, however, is drawn between the sediménts on the Orange shelf, where
nutrient-rich, poorly saline water is warmed by solar insol tion, and the colder
waters over the Walvis shelf. According to Sverdrup et al. (1942), solar radia-
tion reaches a world maximum at 30° latitude off Namaqualand, which may explain
why planktonic foraminifera can thrive and dominate the sediments seaward of the
Orange inner shelf. The surface waters are warm enough but not too low in salin-
ity for these organisms to thrive. This favourable environment is created by a
combination, then, of topographically induced upwelling and solar warming of sur-
face waters, .

The Walvis shelf is extraordinarily rich in biogenic detritus, but in the
study area the intensity of the wind—aécelerated upwelling off the Sperrgebiet
Trough Namib and the lower intensity of solar radiation maintains much cooler wat-
er over most of the shelf, thus forcing the planktonic foraminifera seawards over
the continental slope. The decline in intensity of upwelling north of the study
area and the increasing influence of the warm Angola Current allows the foramini-
fera to move back over the shelf, as reflected in the carbonate content of the
sediments (Bremmer, 1974). The unstable conditions on the fluctuating northern
boundary of the Benguela Current System are reflected in a belt of the most organ-—
ic-rich sediments in the world. The biogenic sediments are therefore considered

to be valuable indicators of the long-term oceanographic regime in the region.
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CHAPTER IX
CONCLUSIONS
A. MESOZOIC SEDIMENTATION

The study area lies off the Orange River and the Namib Desert, between lat-
itudes 25° and 30°S. The shelf was chiefly constructed during the Cretaceous,
when the chief source, presumably the Orange River, was located between latitudes
32° and 3308, well south of its present position (28°40'S).(Emery et al., 1975).
During the Early Cretaceous the depositional basin was restricted to the west by
South America and to the south by the Falkland Plateau, so that any wave-driven
dispersal system would have been much weaker than that prevailing today. The
combination of a wet climate, widespread distribution of Karoo sediments and a
newly lowered base-level led to an outpouring of terrigenous sediment into the
sea and the creation of a river-dominated, possibly partly subaerial, delta of

Mississippian proportions.

B, NEOGENE SEDIMENTATION

By the end of the Cretaceous the Orange River appears to have reached its
present position, possibly as a result of crustal warping in its catchment. Its
present channel gives evidence of an original meandering course across flat-lying
. Karoo sediments, such as those underlying the Upper Orange and the Upper Vaal
Rivers today. At least two periods of uplift caused the river to incise its
meanders through the Karoo sediments in the Middle and Lower Orange to the under-
lying Precambrian rocks (De Villiers and SBhnge, 1959). In places the river re-
excavated valleys in the pre-Karoo topography, but in others it cut across the
structural grain of the Precambrian sequences. The gentler slopes of the valley
(De Villiers and SBhnge, 1959) cut during the earlier period of uplift indicate
a wetter, possibly more tropical climate, probably during the Earﬁy Tertiary,
after which offshore deposition declined (Emery et al., 1975). Uplift at the
end of the Teréiary led to the incision during the Quaternary of the precipitous
gorge of the Lower Orange, as well as that of the Fish River Canyon (Haughton,
1927; Simpson and Davies, 1957). . The steeper valley slopes are attributed to-
aridification of the lower reaches of the Orange River system, as a result of the
initiation and northward migration of the Benguela Current and the Namib Desert
since the Early Tertiary (Van Zinderen Bakker, 1976). ‘ During interpluvials,
such as that of today, the lower reaches of the Orange River system received
little water from tributaries, so that incision progresses intermittently during
floods derived from the headwaters, which are far upstream and subject to a wetter

climate.
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C. BATHYMETRY
The continental margin is divided into the Orange shelf, which is up to
100 km wide and 200 m deep, the Walvis shelf, which is up to 80 km wide and 400 m
deep, and a transitional Zzone.:off .Chdmais Bay (ZSQSyb:which»is'only,AO.km.wide.
The inner shelf is defined as the area underlain by Precambrian rocks, which is
usually within 10 km of the coast and shallower than =100 m. The coastal outline
along the edge of the inner shelf is intimately related to lithological variations
in Precambrian bedrock. The offshore edge appears to be relatively uniform as
far as latitude 26°S, where Precambrian Damara sediments underlie a wider, more

gently sloping inner shelf.

D. PETROGRAPHY OF POST-PALAEOZOIC BEDROCK

The middle shelf, south of the Orange River, is underlain by relatively
steeply dipping beds of ferruginous sandstone and mudstone, which form scarps on
the sea floor. North of the Orange River, similar scarps on the middle shelf are
composed of petrographically homogeneous quartzose lime wackestones. On seismic
evidence the unfossiliferous sandstones are thought to be Cretaceous and are tent-
atively correlated with ferruginous Pomona beds onshore, which are considered to
be Cretaceous. The poorly fossiliferous limestones are tentatively dated as
Palaeogene by analogy with an identical lithofacies on the Agulhas Bank.

The outer shelf is generally underlain by relatively flat-lying Neogene
strata, which cap a much thicker succession of more steeply dipping Cretaceous and
Palaeogene strata. Samples of semi-consolidated clay from the Walvis shelf have
been dated as Neogene using nannofossils, and nummulitic limestones from the Orange
Banks have been éssigned an Upper Middle Miocene age. Overlying conglomeratic
phosphorites are thus no older than Upper Miocene. Undated quartz-free algal
limestones cap the Tripp Seamount and the Orange Banks, in the similar depth ranges

of 150-200 m.

E. NEOGENE, AUTHIGENIC GYPSUM AND PYRITE

Two samples of Neogene semi-consolidated clays from the upper slope off
LUderitz contain pyritized worm tubes, sometimes enclosed by euhedral crystals of
gypsum. A Late-Pliocene/Early-Pleistocene regression is invoked to shift anaero-
bic conditions from the middle shelf to the upper slope. Pyrite forms by combin-
ing terrigenous adsorbed iron with sulphur released by anaerobic bacteria from the
reduction of sea-water sulphate. Gypsum is formed once the solubility product of
calcium and sulphate is exceeded. Calcium is provided by the dissolution of
planktonic foraminiferal tests, and sulphate is a dissolved constituent of sea

water.
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F. RESIDUAL PHOSPHORITE PELLETS
The outer shelf north of latitude 26°S is unusual in that the bedrock strata
~ have steeper dips than those underlying the outer shelf farther south. The sur-
ficial sediment in the area is phosphorite pellets derived from pelletal phosphor-
ite bedrock. The pellets within the bedrdck were probably formed of microsphor-
ite (microcrystalline phosphorite) in unconsolidated laminae in Miocene diatomace-
ous oozes, Pellet formation occurred during a Late-Miocene regression, which con-
centrated the pellets as a lag deposit. The succeeding Pliocene transgression
deposited matrix material less organic-rich than the original microsphorite. The
resultant pelletal phosphorite was then subject to a Late-Pliocene regression,
which eroded the pellets out of the bedrock to form, for the second time, a lag

deposit of phosphorite pellets.,

G. RESIDUAL GLAUCONITE
Although phosphorite and glauconite sands often occur in the same deposits
elsewhere on the continental margin, the two minerals are concentrated in separate
regions in the study area. Glauconite is concentrated in three main belts cutt-
ing diagonally across the Walvis shelf, the richest deposit being located on the

LUderitz Bank on the middle shelf north of LUderitz.

H. RESIDUAL QUARTZ
Very fine residual quartz sands on the middle and outer Walvis Shelf are de-
rived from semi-consolidated Neogene clays and possibly also from quartzose lime
wackestones. Coarse quartz sand on the middle shelf south of the Orange River

was eroded from unfossiliferous littoral sandstones of ?Palaeogene age.

I. QUATERNARY CLIMATIC FLUCTUATIONS

The effect of Quaternary'climatic fluctuations on sedimentary processes along
the west coast and its hinterland is reviewed. There is evidence that the clima-
tic zones on average lay farther south than today, at the beginning of the Pleisto-
cene, so that pluvials were caused by high-intensity summer rainfall during inter-
glacials., By the Late Pleistocene, pluvials were associated with glacials, which
brought low-intensity winter-rainfall to the catchment of the Orange River, in par-
ticular. The northern edge of the Namib Desert may have oscillated during the
same period from an Early Pleistocene interglacial position in the Saldanha region
to beyond the mouth of the Congo River during Late Pleistocene glacials. Evidence
of Late-Pleistocene glacio-eustatic regressions is supplied by river channels in-
cised to -100 m where submerged beaches have also been found. Transgressions are
recorded by infilled river channels, raised beaches, and complex sequences of

stabilized coastal dunes.
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J. RECENT TERRIGENOUS SEDIMENTATION

The bulk of the terrigenous sediment reaching the coast today is derived
from friable Karoo sediments in the catchment of the Upper Orange River. The
sediment is delivered, chiefly in suspension, to the coast in summer, where it is
fractionated and then dispersed both up and down the céast. ‘A'powerful littoral
drift carries the river's bedload along the beaches north of the Orange River.
Violent gales then deflate a series.of south—-facing beaches between Chamais Bay
(28°3) and Elizabeth Bay (27OS).‘ " Various trains of barchan dunes formed from '
sand_blown>off.the beaches coalesce near Llideritz (26°40'S) at the southern end
of the Namib Sand Sea. _ The seaward edge of the Sand Sea is eroded by wave
action, thereby feeding sand back into thé littoral zone to nourish the four cus-
pate forelands between latitude 25°s and Walvis Bay (23°S).

Back at the mouth of the Orange River, the river's suspended load is deposit-
" ed on a wave-dominated submarine delta. Véry fine sand charécterizes the delta
front between 0 and approximately -40 m; clayey silt and then silty clay are found
on the prodelta between -40 and -120 m. Afternoon southerly gales generate nor-
therly currents, which carry the summer floodwaters north of the mouth until the
wind drops in the evening. At night and in the morning a weak counter-current
is able to move undeposited sediment back towards the mouth. In winter during '
periods of low dischargé the wind system is weak, thus allowing the counter-
current to transport sediment southwards as far as St Helena Bay (33°S). The re-
sult is a thick deposit, up to 70 m thick, of clayey silt north of the Orange,

and 10 m of silty clay.in a long, narrow belt south of the river.

K. RECENT BIOGENIC SEDIMENTATION _

The deposition of biogenic sediment is largely controlled by the Benguela‘
Current. Rich deposits of planktonic foraminifera from the slope to the middle
shelf indicate that upwelling is an inner-shelf phenomenon off the Orange. In
contrast, off LlUderitz, foraminiferal sediments are confined to the slope and.the
outer Walvis shelf. This distribution coincides with the development of the major
plume of upwelling north of the peak-wind region between Pomona and Bogenfeis
'(27—2808). North of 27°S:the winds, although seasonally still powerful, steadily
decline in strength. At the same time the well-oxygenated northward-moving, nut-
rient-rich upwelled water begins to interact with oxygen-depleted, southward-moving
water from the Oxygen Minimum Layer extending south from the -equator. ' The inter-
action causes the death, at intervals, of vast numbers of phytoplankton. Their
debris form the most organic-rich belt of diatomaceous oozes in the world, stretch-
ing from latitude 26°S in the study area to beyond Walvis Bay, where it forms a

deposit over 10 m thick, on the middle shelf,



132

REFERENCES
ACOCKS,J.P.H. 1953. The veld types of South Africa. Mem.bot.Surv.S.Afr.28:1-192.

ADAMSON,G.D. 1922. Possibilities of irrigation in the lower reaches of the Orange
River. S.Afr.Irrigation Mag. 1(3):225-229,

AHMED,A.A-M. 1968. Geochemical and mineralogical studies of sediments from the
south-west African shelf. Unpubl.M.Phil. thesis, Univ.London.

ALLEN,J.R.L. 1964. The Nigerian continental margin: bottom sediments, submarine
morphology and geological evolution. Mar.Geol. 1: 289-332,

ALLEN,J.R.L. 1965. A review of the origin and characteristics of Recent alluvial
sediments. Sedimentology. 5: 89-191.

ALLEN,J.R.L. 1970. Physical processes of sedimentation. London: Allen and Unwin.
AMES,L.L. 1959. The genesis of carbonate apatites. Econ.Geol. 54: 829-841.
ANONYMOUS. 1922, Silt in the Orange River. S.Afr.Irrigation Mag. 1(4): 175-176.

BAGNOLD,R.A. 1941. The physics of blown sand and desert dunes. London: Chapman
and Hall, '

BANG,N.D. 1971. The southern Benguela Current region in February, 1966: Part II.
Bathythermography and air-sea interactions. Deep-Sea Res. 18: 209-224,

BANG,N.D. 1973. Oceanography: Oceanographic environment of southern Africa. In:
SPIES,J.J. and DU PLESSIS,P.C. eds. The Standard Encyclopaedia of Southern
Africa, 8: 282-286. Cape Town: Nasou. :

BANG,N.D., 1976. On estimating the oceanic mass flux budget of lateral and cross
circulations of the southetn Benguela upwelling system. 1lst interdisciplin-
ary Conf.mar. freshwater Res.S.Afr. Fiche 6G4-7 All.

BARNARD,W.S., 1973. Duinformasies in die Sentrale Namib. Tegnikon. Dec: 1-13.

BATURIN,G.N. 1971, Formation of phosphate sediments and water dynamics. Oceano-
logy 11: 372-376. '

BATURIN,G.N, 1972, Phosphorus in intérstitial waters of sediments of the south-
eastern Atlantic. Oceanology 12: 849-855.

BATURIN,G.,N., MERKULOVA,K.I. and CHAIOV,P.I. 1972, Radiometric evidence for recent
formation of phosphatic nodules in marine shelf sediments. Mar.Geol. 13(3):
M37-M41.

BEETZ,W. and KAISER,E. 1926. Die Lagerungsverhiltnisse der Hlteren Schichten in
der slidlichen Namib. In: KAISER,E. Die Diamantenwlste Sldwest-Afrikas.
Berlin: Reimer.

BERNER,R.A. 1970. Sedimentary pyrite formation. Am.J.Sci. 268: 1-23,

BEUKES,N.J. 1969. Die sedimentologie van die Etage Holkranssandsteen, Sisteem
Karroo. Unpubl.M.Sc. thesis, Univ.Orange Free State, Bloemfontein. 1-138.

BEUKES,N.J. 1970. Stratigraphy and sedimentology of the Cave Sandstone Stage,
Karoo .System. In: HAUGHTON,S.H. ed. Proc.2nd I.U.G.S. Gondwanaland Symp.
-Pretoria: .C.S.I.R., 321-341.

BIRCH,G.F. 1971. The glauconite deposits on the Agulhas Bank, South Africa.
Unpubl.M.Sc. thesis, Geol.Dept., Univ.Cape Town,

BIRCH,G.F. 1974. Phosphorite deposits off the southwestern Cape coast and their
relationship to the unconsolidated sediments. Tech.Rep.jt geol.Surv./Univ.
Cape Town.mar.Geol.Progm., 6: 16-23,

BIRCH,G.F. 1975. Sediments on the continental margin off the west coast of South
Africa. Unpubl.Ph.D. thesis, Geol.Dept, Univ.Cape Town.




133

" BIRCH,G.F. and ROGERS,J. 1973, Nature of the sea floor between Llderitz and Port
Elizabeth. S.A., Shipping News Fishg.Ind.Rev. 28(7): 56-65.

BIRCH,G.F., ROGERS,J., BREMNER,J.M. and MOIR,G.J. 1976. Sedimentation controls
‘on the continental margin of southern Africa. 1lst interdisciplinary Conf.
mar.freshwater Res.S.Afr. Fiche 20a Cl1-D12.

BISCAYE,P.E. 1965. Mineralogy and sedimentation of Recent deep—sea clay in the
Atlantic Ocean and adjacent seas and oceans. Bull.geol.Soc.Am. 76: 803-832.

BLATT,H., MIDDLETON,G. and MURRAY,R. 1972, Origin of sedimentary rocks. New
Jersey: Prentice Hall.

BOGOROV,G.V., VOLOVOV,V.I. and ILYIN,A.V. 1971. Microrelief of the Atlantic
bottom. In: Conditions of sedimentation in the Atlantic coean. Oceanol.Res.

21: 247-270. (In Russian : English abstract).

BORNHOLD,B.D. 1973. Late Quaternary sedimentation in the eastern Angola:Basin.
Woods Hole oceanogr.Inst. WHOI-73-80: 1-213.

BOWMAN,I. 1924. Desert trails of Atacama. Spec.Publ.Am.,geogr.Soc. 5: 1-362.

BREED,C.S., FRYBERGER,S.G., McCAULEY,C. and LENNARTZ,F. In press. Chapter N.
Namib Sand Sea. In: McKEE,E.D. ed. Studies of glagbal sand seas.
Prof.Paper U.S.geol.Surv.

BREMNER,J.M. 1974, Texture and composition of surficial continental margin sedi-
ments between the Kunene River and Sylvia Hill, S.W.A, Tech.Rep.jt.geol.
Surv./Univ.Cape Town mar.Geol.Progm. 6: 39-43.

BREMNER,J .M. 1975a. Faecal pellets, glauconite, phosphorite and bedrock from the
Kunene-Walvis continental margin. Tech.Rep.jt.geol.Surv./Univ,Cape Town
mar.Geol .Progm. 7: 59-67.

BREMNER,J.M. 1975b. Physiography of the Kunene-Walvis shelf and adjacent drainage
area. Tech.Rep.jt.geol.Surv./Univ.Cape Town mar.Geol.Progm. 7: 5-10.

BREMNER,J,M. 1975¢c. Mineralogy and distribution of clay minerals on the South
West African shelf and adjacent hinterland. Tech.Rep.jt.geol.Surv./Univ.
Cape Town mar.Geol.Progm. 7: 46-55,

BREMNER,J.M. 1In prepargtion. Sediments on the South West African continental
margin between 17 S and 25 S. Ph.D. thesis in preparation.

BRITISH STANDARDS INSTITUTION. 1963. Methods for the determination of particle
size of powders. Part 2. Liquid sedimentation methods. Br.Stand.Inst.
BS 3406: 1-49.

BRITISH STANDARDS INSTITUTION. 1967. Methods of testing soils for civil engineer-
ing purposes. Text 7(c). Standard method for fine-grained soils (pipette
method). Br.Stand.Inst. BS 1377: 61-72.

BROECKER,W.S., THURBER,D.L., GODDARD,J., KU,T-L, MATTHEWS,R.K. and MESOLELLA,K.J.
1968, Milankovitch hypothesis supported by precise dating of coral reefs
and deep sea sediments. Science 159: 297-300.

BROWN,A.C. 1959. The ecology of South African estuaries. Part IX: Notes on the
estuary of the Orange River. Trans.R.Soc.S.Afr. 35: 463-473.

BRUCE,R.W. andeRﬂGER,G,P. 1970. Die algemene geologie en geomorfologie van die
bo-Oranjeopvanggebied gelle in die HoBveldstreek, met spesiale verwysing na
die invloed daarvan op gronderosie. Internal Rep.res.Inst.Highveld Region,
Potchefstroom. 1-77.

BRYAN,G.M. and SIMPSON,E.S.W. 1971. Seismic refraction measurements on.the contin-
ental shelf between the Orange River and Cape Town. In: DELANY,F.M. ed,
The geology of the East Atlantic continental margin. Rep.Inst.geol.Sci.
70(16): 191-198. :




134

BURCHELL,W.J. 1822. Travels in the interior of southern Africa. London: Longman,
Hurst, Rees, Orme 'and Brown. 2 vols.

BURKE, K., DUROTOYE,A.M., and WHITEMAN,A.J. 1971. A dry phase south of the Sahara
20 000 years ago. W.Afr.J.Archaeol., 1: 1-8.

BURNETT,W.C. 1974, Phosphorite'depoéits from the sea floor off Peru and Chile :
radiochemical and geochemical investigations concerning their origin.
Unpubl.Ph.D. thesis, Inst.Geophys., Univ., Hawaii.

BUSHINSKY,G.I. 1966. O01ld phosphorites of Asia and their genesis. Jerusalem:
Israel Programme for Scientific Translations (1968 translation from Russian).

BUTZER,K.W. 1971a, Fine alluvial fills in the Orange and Vaal basins of South
Africa. Proc.Ass.Am.Geogr. 3: 41-48,

BUTZER,K.W. 1971b. Environment and archaeology: An ecological approach to pre-
history. 2nd ed. London: Methuen.

BUTZER,K.W. 1973a. The geology of Nelson Bay cave, Robberg, South Africa.
S,Afr,archaeol.Bull, 28: 97-110,

BUTZER,K.W. 1973b. Pleistocene 'periglacial" phenomena in southern Africa.
Boreas, 2(1): 1-11.

BUTZER,K.W., EOCK,G.J,, STUCKENRATH,R, and ZILCH,A. 1973. Palaeohydrology of Late
Pleistocene lake, Alexandersfontein, Kimberley, South Africa. Nature. 243
(5406): 328-330,. ‘

BUTZER,K.W., HELGREN,D,M., FOCK,G.J. and STUCKENRATH,R. 1973. Alluvial terraces
of the Lower Vaal River, South Africa: a reappraisal and reinvestigation.
J.Geol, 81: 341-362,

CALVERT,S.E. and PRICE,N,B, 1970. Minor metal contents of Recent organic-rich
sediments off South West Africa. Nature. Lond. 227(5258): 593-595.

CALVERT,S.E. and PRICE,N.B. 1971a. Recent sediments of the South West African
shelf. In: DELANY,F.M. ed. The geology of the East Atlantic continental
margin. Rep.Inst.geol.Sci, 70(16): 171-185.

CALVERT,S.E. and PRICE,N.B. 1971b. Upwelling and nutrient regeneration in the
Benguela Current, October, 1968, Deep-Sea Res. 18: 505-523,

CARRINGTON,A.J. In preparation. Tertiary and Quaternary deposits of the Hondeklip
Bay area, Namaqualand. Ph.D. thesis in preparation.

CARRINGTON,A.J. and KENSLEY,B.F. 1969. Pleistocene molluscs from the Namaqualand
coast. Amn,.S.Afr.Mus. 52(9): 189-223, :

CARVER,R.E. 1971. Heavy-mineral separation., In: CARVER,R.E. ed. Procedures in
sedimentary petrology. 427-452. New York: Wiley-Interscience.

CHAPPELL,J. 1974, Late Quaternary glacio- and hydro-isostasy, on a layered earth.
Quatern.Res. 4(4): 405-428,

CHESTER,R. and ELDERFIELD,H. 1975. Ion-exchange characteristics of Orange River
sediments, Namibia, Ann.Rep.res.Inst.afr.Geol.Univ. Leeds 19: 8.

CHRISTIE,N.D. 1975. Relationship between sediment texture, species richness and
volume of sediment sampled by a grab. Mar.Biol. 30: 89-96.

COETZEE,J.A. 1967, Pollen analytical studies in East and Southern Africa. In:
VAN ZINDEREN BAKKER,E.M. Sr, ed. Palaeoecology of Africa 3: 1-146.

COOKE,H.B.S. 1947. The development of the Vaal River and its deposits. Trans.geol.
Soc.S.Afr., 49: 243-260.




135

COOKE,R.U. and WARREN,A, 1973. Geomorphology in deserts. London: Batsford.

COOPER,W.5. 1967. Coastal dunes of California. Mem.geol.Soc.Am. 104: 1-124.

COPENHAGEN,W.J. 1934, Occurrence of sulphides in certain areas of the sea bottom
onn the South African coast. Investl Rep.Fish.mar.Biol.Surv.Div.Un.S.Afr.
3 1-11. : B —— —— :

COPENHAGEN,W.J. 1953, The periodic mortality of fish in the Walvis region. A

phenomenon within the Benguela Current. Investl Rep.Div.Sea Fish,S.Afr. .
Y l4: 1-35. S Al v —

CREAGER,J.S. and STERNBERG,R.W. 1972, Some specific problems in understanding
bottom sediment distribution and dispersal on the continental shelf. In:
SWIFT,S.J.P., DUANE,D.B. and PILKEY,0.H. eds. Shelf sediment transport:
process and pattern., Stroudsburg: Dowden, Hutchinson and Ross. 347-362.

CURRAY,J.R. 1960. Sediments and history of Holocene transgression, continental
shelf, northwest Gulf of Mexico., In: SHEPARD,F.P., et al. eds. Recent sedi-
ments, Northwest Gulf of Mexico, Tulsa: Am.Ass.Petroleum.Geol.221-266,

CURRAY,J.R. 1961, Late Quaternary sea-level: a discussion. Bull.geol.Soc.Am.
72: 1707-1712.

CURRAY,J.R. 1965. Late Quaternary history, continental shelves of the United
States. 1In: WRIGHT,H.E. and FREY,D.G. eds. The Quaternary of the United
States, New Jersey: Princeton University Press. 723-735.

D'ANGLEJAN,B.F. 1967. Origin of marine phosphorites off Baja California, Mexico.
Mar.Geol. 5: 15-44,

D'ANGLEJAN,B.F. 1968. Phosphate diagenesis of carbonate sediments as a mode of in
situ formation of marine phosphorites: observations in a core from the

Eastern Pacific. Canad.J.Earth Sci. 5: 81-87.

DARTEVELLE,E. and ROGER,J. 1954, Contribution 4 la connaissance de la fauna du Mio-
céne de 1'Angola. Communicaciones Servico-Geologico Portugal. 35: 227-312.

DAVEY,R.J, 1971. Palynology and palaeo—environmental studies, with special refer-
‘ence to the continental shelf sediments of South Africa. In: FARINACCI,A.
ed. Proc. 2nd planktonic Conf. Rome. 331-347,

DAVEY,R.J. and ROGERS,J. 1975. Palynomorph distribution in Recent offshore sedi-
ments along two traverses off South West Africa. Mar.Geol. 18: 213-225.

DE DECKER,A.H.B. 1970. Notes on an oxygen—-depleted subsurface current off the
west coast of South Africa. Investl Rep.Div.Sea Fish.S.Afr. 84: 1-24.

DE VILLIERS,J. and SUHNGE,P.G. 1959. Geology of the Richtersveld. Mem.geol.Surv.
S.Afr, 48: 1-295;

DIESTER-HAASS,L., SCHRADER,H.-J. and THIEDE,J. 1973. Sedimentological and palaeo-
climatological investigations of two pelagic ooze cores off Cape Barbas,
North-West Africa. 'Meteor" -Forsch.-Ergebnisse C (16): 19-66.

DINGLE,R.V. 1971, Tertiary sedimentary history of the continental shelf off south-
ern Cape Province. Trans.geol.Soc.S.Afr. 74: 173-186.

DINGLE,R.V. 1973a. The geology of the continental shelf between Llderitz and Cape
Town, (Southwest Africa), with special reference to Tertiary strata.
J.geol.Soc.Lond. 129: 337-363.

DINGLE,R.V. 1973b. Regional distribution and thickness of post-Palaeozoic sedi-
ments on the continental margin of southern Africa. Geol.Mag. 110(3): 97-102.

DINGLE,R.V, 1973c. Preliminary stratigraphical classification of the Cainozoic
succession on the South African continental shelf. Trans.R.Soc.S.Afr. 40(5):
367-372.




136

\

DINGLE,R.V. 1975. Agulhas Bank phosphorites : a review of 100 years of investiga-
tion., Trans.geol.Soc.S.Afr, 77: 261-264,

DINGLE,R.V., GERRARD,I., GENTLE,R.I. and SIMPSON,E.S.W. 1971. The continental
shelf between Cape Town and Cape Agulhas, In: DELANY,R.M. ed. The geology
of the East Atlantic continental margin. Rep.Inst.geol.Sci. 70(16): 199-209.

DINGLE,R.V. and SCRUTTON,R.A. 1974. Continental breakup and the development of
post-Palaeozoic sedimentary basins around southern Africa. Bull.geol.Soc.Am.
85: 1467-1474,

DRAKE,D.E., KOLPACK,A,L. and FISCHER,P.J. 1972. Sediment transport on the Santa
Barbara-Oxnard shelf, Santa Barbara Channel, California. In: SWIFT,D.J.P.,
DUANE,D.B. and PILKEY,0.H, eds. Shelf sediment transport : process and
pattern., Stroudsburg: Dowden, Hutchinson and Ross. 307-331.

DUNHAM,R.J. 1962. Classification of carbonate rocks according to depositional
texture. In: HAM,W.E., ed. Classification of carbonate rocks - a symposium,
Mem.Am.Ass.Petrol,.Geol. 1: 108-121.

DU PLESSIS,A., SCRUTTON,R.A., BARNABY,A.M. and SIMPSON,E.S.W. 1972. Shallow
structure of the continental margin of southwestern Africa. Mar.Geol. 13:
77-89.

DU PLESSIS,E. 1967. Seasonal occurrence of thermoclines off Walvis Bay, South
West Africa. Investl Rep.mar.Res.Lab.S.W.Afr, 13: 1-16.

EDWARDS,D. 1974, Vegetation of the Upper Orange River valley and environs. In:
VAN ZINDEREN BAKKER,E.M. Sr. ed. The Orange River: Progress Report.
Proc. 2nd limn,.Conf. on Orange River System Bloemfontein: Inst.env.Sci.,
Univ, Orange Free State. 13-30. ‘

EINSELE,G. and WERNER,F. 1972. Sedimentary processes at the entrance Gulf of
Aden/Red Sea. '"Meteor" -~ Forsch.-Ergebnisse C (10): 39-62,

EKMAN,V.W. 1905. On the influence of the earth's rotation on ocean currents.
Ark Math.Astr.Fys. 2(11): 1-53.

EMERY ,K.0. 1968. Relict sediments on continental shelves of world. Bull.Am.Ass.
Petrol.Geol. 52(3): 445-464.

EMERY,K.0. 1971. A geophysical and geological study of the Eastern .Atlantic con-
tinental margin, 1971-1974. Woods Hole: National Science Foundation and
Woods Hole Oceanographic Institution.

EMERY,K.0. 1972. Eastern Atlantic continental margin: some results of the 1972
cruise of the R.V. Atlantis II. Science 178: 298-301.

EMERY,K.O0. and GARRISON,L.E. 1967. Sea levels 70:000 to 20 000 years ago.
Science 157: 684-687.

EMERY,K.O0., MILLIMAN,J.D. and UCHUPI,E. 1973. Physical properties and suspended
matter of surface waters in the southeastern Atlantic Ocean. J.sedim.Petrol.

43(3): 822-837.
EMERY,K.O., UCHUPI,E., BOWIN,C.0., PHILLIPS,J. and SIMPSON,E.S.W. 1975. Continent-

al margin off western Africa: Cape St Francis (South Africa) to Walvis Bay
(South West Africa). Bull.Am.Ass.petrol.Geol, 59: 3-59,

EMILIANOV,E .M. and SENIN,Hu.M. 1969. Peculiarities in the material composition of
sediments on the shelf of South-Western Africa. (Lithology and mineral re-

sources) 2: 10-25 (In Russian).

FAYOSE,E.A. 1970. Stratigraphical palaeontology of Afowo 1 well, South Western
Nigeria. J.min.Geol. 5(1-2): 1-99.




137

FINKEL,H.J. 1959. The barchans of southern Peru. J.Geol. 67: 614—647.

FLEMMING,B.W. 1976. Construction and calibration of an automatically recording
settling tube system for the hydraulic grain size analysis of sands.
Tech.Rep.jt.geol.Surv./Univ. Cape Town mar.Geoscience Group 8: 47-59.

FLEMMING,N.C. 1965. Form and relation to present sea level of Pleistocene marine
erosion features. J.Geol, 73: 799-811.

FLINT,R.F. 1971. Glacial and Quaternary geology. New York: Wiley.

FOLK,R.L. 1954. The distinction between grain size and mineral composition in
sedimentary rock nomenclature. J.Geol. 62: 344-365.

FOLK,R.L. 1959. Practical petrographic classification of limestones. Bull.Am.Ass.
Petrol.Geol. 43(1): 1-38,

FOLK,R.L. 1962. Spectral subdivision of limestone types. Mem.Am.Ass.Petrol.Geol.
1: 62-84.

FOLK,R.L. 1968, Petrology of sandstones. In: Petrology of sedimentary rocks.
102-140. Austin: Hemphill's.

FOSTER,R.W. 1974. Report on vibracore programme March 1972 to January 1974.
Internal Rep.Mar.Diamond Corp. 1-35.

FRANCHETEAU,J. and LE PICHON,X, 1972. Marginal fracture zones as structural frame-
work of continental margins in South Atlantic Ocean. Bull.Am.Ass.Petrol.Geol.
56(6): 991-1007.

FREAS,D.H. and RIGGS,S.R. 1968. Environments of phosphorite deposition, in the
Central Florida phosphate district. In: BROWN,L.F. ed. Proc.Fourth Forum
Geology of Industrial Minerals, Bureau of econ.Geol.Univ. Texas, Austin.
117-128.

FRYBERGER,S.G. In press. Chapter F. Dune forms and wind regime. In: McKEE,E.D.
ed. Studies of global sand seas. Prof.Paper U.S.geol.Surv,

FULLER,A.0. 1972. Possible fracture zones and rifts in Southern Africa. In:
Studies in Earth and Space Sciences. Mem.geol.Soc.Am, 132: 129-172.

GALEHOUSE,J.S. 1971. Point counting. In: CARVER,R.E. ed. Procedures in sediment-—
ary petrology. 385-409. New York: Wiley-Interscience.

GERMOND,R.C. 1967. Chronicles of Basutoland. Morija: Morija Sasuto Book Depot.

GEVERS,T.W., PARTRIDGE,F.C. and JOUBERT,G.K., 1937. The pegmatite area south of
the Orange River in Namaqualand. Mem.geol.Surv.S.Afr, 31: 1-172,

GIBBS,R.J. 1967. Amazon River: environmental factors that control its dissolved
and suspended load. Science 156: 1734-1737.

GOLDHABER,M.B. and KAPLAN,I.R. 1974, The sulfur cycle. In: GOLDBERG,E.D. ed.
The Sea, Volume 5, Marine Chemistry: 569-655, New York: Wiley-Interscience.

GOULD,H.R. 1970. The Mississippi Delta Complex. 1In: MORGAN,J.P. ed. Deltaic
sedimentation: modern and ancient. Spec.Publ.Soc.econ.Palaeont.Miner.
15: 3-30.

GREEN,L.G. 1948. To the River's End. Cape Town: Timmins.

GREENMAN,L. 1969. The Elizabeth Bay Formation, LlUderitz, and its bearing on the
genesis of dolomite, Trams.geol.Soc.S.Afr. 72(3): 115-121.

GRIFFIN,J.J., WINDOM,H. and GOLDBERG,E.D. 1968. The distribution of clay minerals
in the World Ocean. Deep-Sea Res. 15(4): 433-460.

GROLIER,M.J. ERICKSEN,G.E., McCAULEY,J.F. and MORRIS,E.C. 1974. The desert land
forms of Peru: a preliminary photographic atlas. Preliminary interagency
Rep.: Astrogeology 57 U.S.Geol.Surv. 1-146.




138

GROVE,A.T. 1969. Landforms and climatic change in the Kalahari and Ngamiland.
Geogr.J. 135: 191-212,

GUILCHER,A. 1969, Pleistocene and Holocene sea level changes. Earth—-Sci.Rev.
5: 69-97.

GULBRANDSEN,R.A. 1969. Physical and chemical factors in the formation of marine
apatite. Econ.Geol., 64: 365-382,

GULBRANDSEN,R.A. 1970, Relation of carbon dioxide content of apatite of the Phos-
phoria Formation to regional facies. U.S.geol.Surv.Prof.Paper 700-B:
B9-B13.

HALLAM,C.D, 1964. The geology of the coastal diamond deposits of Southern Africa
(1959). 1In: HAUGHTON,S.H. ed. The geology of some ore deposits in Southern
Africa., Johannesburg: Geol.Soc.S.Afr. 671-728.

HARGER,H.S, 1913, Some features associated with the denudation of the South Afric-
an continent, Proc.geol.Soc.S.Afr. 16: xxii-~xxxixX.

HARMSE,H.J. VON M, 1974. An evaluation of the possible influence of rock and soil
on erosion in the catchment area of the Hendrik Verwoerd Dam. In: VAN ZIND-
EREN BAKKER, E.M. Sr., ed. The Orange River: Progress Report. Proc. 2nd
limn.Conf. on Orange River System Bloemfontein: Inst.env.Sci., Univ.Orange
Free State. 31-40.

HART,T.J. and CURRIE,R.I. 1960. The Bénguela Current., Discovery Reps. 31: 123-298.

HASTENRATH,S.L. 1967. The barchans of the Arequipa region, southern Peru. 2Z.
Geomorph. 11: 300-331.

HAUGHTON,S.H. 1927, Notes on the river—system of south-west Gordonia. Trans.R.
Soc.S.Afr. 14: 225-231.

HAUGHTON,S.H, 1931. The Late Tertiary and Recent deposits of the west coast of
South Africa. Trans.geol.Soc.S.Afr. 34: 19-57.

HAY,W.W. 1974. Introduction. 1In: HAY,W.W. ed. Studies in palaeo-oceanography.
Spec.Publ,Soc.econ.Palaeontol ,.Mineral. 20: 1-5,

HAYES,M.0. 1967. Relationship between coastal climate and bottom sediment type
on the inner continental shelf. Mar.Geol. 5: 111-132.

HAYS,J.D., LOZANO,J. and IRVING,G. 1974a., -17 000 year map of ghe Atlantic and
western Indian sectors of the Antarctic Ocean (60o to 30~ South). Climatic
Res.Unit Publ. 2: 52, Norwich: School of Environmental Sciences.

HAYS,J.D., LOZANO,J. and IRVING,G. 1974b. High southern latitude estimated tempera—
ture ‘changes of the last 20 000 years. Climatic Res.Unit Publ. 2: 80.
Norwich: School of Environmental Sciences.

HEIN,J.R. and GRIGGS,G.B. 1972. Distribution and scanning electron microscope
(SEM) observations of authigenic pyrite from a Pacific deep-sea core.
Deep-Sea Res. 19: 133-138.

HENDEY,Q.B. 1974. The Cenozoic Carnivora of the south-western Cape Province.
Ann.S.Afr.Mus. 1-369.

HOYT,J.H. OOSTDAM,B.L. and SMITH,D.D. 1969. Offshore sediments and valleys of the
Orange River (South and South West Africa). Mar.Geol., 7(1): 69-84.

HOYT,J.H., SMITH,D.D. and OOSTDAM,B.L. 1965a. Sediment distribution on the inner
continental shelf, west coast of southern Africa. Bull.Am,Asgoc.Petrol.Geol.
49: 344-345 (Abstract).

HOYT,J.H., SMITH,D.D. and OOSTDAM,B.L. 1965b. Pleistocene low sea-level stands on
the southwest African continental shelf. Abstr. 7th int.Congr., Int.Ass. )

quatern.Res. 227,




139

"
HULSEMANN,J. 1966. On the routine analysis of carbonates in unconsolidated sedi-
ments. J.sedim.Petrol, 36(2): 622-625.

HUMPHRIES ,D.W. 1961. A non-laminated miniature sample splitter. J.sedim.Petrol.
31: 471-473, :

ILYIN,A.V. 1971. Main features of geomorphology of Atlantic bottom. In: Condit-
ions of sedimentation in the Atlantic Ocean. Oceanol.Res. 21: 107-246.
(In Russian: English abstract).

INMAN,D.L., EWING,G.C. and CORLISS,J.B. 1966. Coastal sand dunes of Guerrero
Negro, Baja California, Mexico., Bull,geol.Soc.Am, 77: 787-802.

INMAN,D.L. and NORDSTROM,C.E. 1971. On the tectonic -and morphologic classificat-
ions of coasts. J.Geol. 74: 1125-1136.

JACOT GUILLARMOD,A. 1962. The bogs and sponges of the Basutoland mountains.
S.Afr.J.Sci. 58(6): 179-182.

JACOT GUILLARMOD,A, 1963. Further observations on the bogs of the Basutoland
mountains. S.Afr.J.Sci. 59(4): 115-118.

JACOT GUILLARMOD,A. 1969. The effect of land-usage on aquatic and semi—aquatic
vegetation at high altitudes in southern Africa. Hydrobiologia 34(1l): 3-13.

JACOT GUILLARMOD,A. 1972a. The Caledon River in the early days of European settle-
ment. - The Civ,Engr. in S.Afr. Feb., 1972: 93-94,

JACOT GUILLARMOD,A. 1972b. The bogs and sponges of the Orange River catchment
within Lesotho. The Civ.Engr. in S.Afr, Feb. 1972: 84-85.

JOHNS,W.D., GRIM,R.E. and BRADLEY,W.F. 1954. Quantitative estimations of clay min-
erals by diffraction methods. J.sedim.Petrol. 24(4): 242-251.

JOHNSON,D. 1919. Shore processes and shoreline development. New York: Wiley.

JOHNSON,M.R., BOTHA,B.J.V., HUGO,P.J,, KEYSER,A.W., TURNER,B.R. and WINTER, H.de
la R. In press. Preliminary report on stratigraphic nomenclature in the
Karoo sequence. Rep.S.Afr.Comm.strat.Nomenclature.

JOUBERT,P. 1975. The gnéisses of Namaqualand and their deformation. Trans.geol.
Soc.S.Afr. 27(3): 339-345.

JOUBERT,P. and KRBNER,A, 1971. The Stinkfontein Formation south of the Richters-
veld. Trans.geol.Soc.S.Afr. 75: 47-54,

JOYNT,E.H., GREENSHIELDS,R, and HODGEN,R. 1972. Advances in sea and beach diamond
mining techniques. ECOR Symp.Ocean's Challenge to S.Afr.Engrs. C.S.I.R.S71.

KAISER,E. 1926. Die Diamantenwliste Sldwestafrikas. Berlin: Reimer,

KAYSER,K. 1973, BeitrHge zur geomorphologie der Namib-Klistenwllste. Z.Geomorph.
N.F. Suppl. Vol. 17: 156-157.

KEULDER,P.C. 1973. Hidrochemie van die bo-Orarjeopvanggebied met spesiale verwys-—
ing na die beskikbaarheid van kleigeadsorbeerde katione. Unpubl.Ph.D. thesis,
Univ.Orange Free State, Bloemfontein., 1-185.

KEULDER,P.C. 1974. Hydrochemistry and geochemistry of the catchment area of the
Hendrik Verwoerd Dam. In: VAN ZINDEREN BAKKER,E.M. Sr. ed. The Orange River:

Progress Report. Proc. 2nd limn,.Conf. on Orange River system. Bloemfontein:
Inst.env,.Sci.Univ. Orange Free State, 41-54.

KEYSER,U. 1972. The occurrence of diamonds along the coast between the .Orange
River estuary and the Port Nolloth Reserve., Bull.geol.Surv.S.Afr. 54: 1-23.

KING,L.C. 1968. The morphology of the earth, a study and synthesis of world scen-
ery, 2nd ed. New York: Hafner.




-

140

KING,L.H., 1967. Use of a conventional echo-sounder and textural analyses in de-—
lineating sedimentary facies: Scotian Shelf. Candd. J.Earth Sci. 4: 691-708.

KNETSCH,G. 1937. BeitrHge zur Kenntnis der DiamantlagerstHtten an der Oranjemlind-
ung in SlUdwestaftrka. Geol.Rdsch. 28: 188-207.

KOKOT,D.F. 1965. Oranjerivier. Tegnikon. l4: 7-9.

KOLODNY,Y. and KAPLAN,I.R. 1970. Uranium isotopes in sea-floor phosphorites.
Geochim.et cosmochim.Acta. 34: 3-24.

KORN,H. and MARTIN,H. 195la. The seismicity of South-West Africa. Trans.geol.Soc.
S.Afr. 54: 85-88.

KORN,H. and MARTIN,H. 1951b. The Pleistecene in South West Africa. Proc. 3rd Pan
Afr.Cong.Prehistory 14-22.

KRIEL,J.P. 1972. The role of the Hendrik Verwoerd Dam in the Orange River project.
The: Civ.Engr., in S,Afr. Feb. 1972: 5I=61.

KRINSLE#,D.H. and DOORNKAMP;J;Co 1973, Atlas of quartz sand surface textures.
Cambridge: Cambridge University Press.

KRBNER,A. 1975. Late Precambrian formations in the western Richtersveld, Northern
Cape Province. Tfans.R.Soc.S.Afr. 41(4): 375-433,

KRONER,A. and JACKSON,M.P.A. 1974, Geological reconnaissance of the coast between
Lideritz and Marble Point, South West Africa. In: KRONER,A. ed. Contribu-
tions to the Preeambrian geology of Southern Africa: A volume in honour of
John de Villiers. Bull.,Precambrian Res.Unit., 15: 79-103. Geol.Dept.,

Univ. Cape Town. :

KUENEN,Ph.H. and PERDOK,W.G. 1962, Experimental abrasion 5. Frosting and defrost-
ing of quartz grains. J.Geol, 70: 648-658.

LARSON,R.L. and LADD,J.W. 1973. Evidence for the opening of the South Atlantic in
the Early Cretaceous. Nature Lond. 246: 209-212,

LEWIS,A,D. 1936. Sand dunes of the Kalahari within the borders of the Union.
S;Afr.geogr.J. 19: 22-32,

LEWIS,K,B., 1971, Slumping on a continental slope inclined at 1°-4°, Sedimentology
16: 97-110.

LISITZIN,A.P. 1972, Sedimentation in the world ocean. Spec.Publ.Soc.econ.Paleont.
Miner. 17: 1-218.

LOGAN,R,F. 1960. The Central Namib Desert, South West Africa. Publ.nat.Acad.Sci.
- nat.Res.Coun. 758: 1-141.

LOGAN,R.F. 1969. Geography of the Central Namib Desert. In: McGINNIES,W.G. and
GOLDMAN,B.J. eds. Arid lands in perspective. Tucson: Am.Assoc.Advancement
Sci. 129-143.

LOGAN,ﬁ0F. 1972. The geographical divisions of the deserts of South West Africa.
Mitt.Basler Afr.Bibliogr. 4-6: 46-65,

LOVE,L.G. 1965. Micro-organic material with diagenetic pyrite from the Lower
Proterozoic Mount Isa shale and a carboniferous shale. Proc.Yorkshire geol.
Soc. 35: 187-202. '

LOW,D.C. 1967. Observations regarding the O}ange River effluent. Unpubl.Rep.
Anglo Am.oceanogr.Res.Unit. 1-2.

MARCHAND,J.M. 1928. The nature of the sea-floor deposits in certain regions on
the west coast. Spec.Rep.Fish.mar.Biol.Surv.S.Afr. 6: 1-11.

MAREE,B.D..1966. Die voorkoms van diamante op land en onder die see langs die
weskus van suidelike Afrika. Tegnikon. 15: 149-159.



141

MARSH,J.S. 1973, Relationships between transform directions and alkaline igneous
rock lineaments in Africa and South America. Earth Planet.Sci.Lett. 18:
317-323. .

MARTIN,H. 1965. The Precambrian geology of South West Africa and Namaqualand.
Precambrian Res,Unit., Geol.Dept., Univ.Cape Town.

MARTIN,R.A. 1974, Benthonic foraminifera from the western coast of southern
Africa. Tech.Rep.jt.geol,Surv./Univ,Cape Town mar.Geol.Progm. 6: 83-87.

McBRIDE,E.F. 1963. A classification of common sandstones. J.sedim.Petrol.33:
664-669.

McCAULEY,J.F. 1973. Mariner 9 evidence for wind erosion in the equatorial and mid-
latitude of Mars., J.geophys.Res. 78(20): 4123-4137.

McKEE,E.D. In press. Studies of global sand seas. Prof.Paper,U.S.Geol.Surv,

McKEE,E.D. and BREED,C.S. 1974, An investigation of major sand seas in desert
areas throughout the world. 1In: FREDEN,S.C., MERCANTI,E.P. and BECKER,M.A.
eds. Third Earth Resources Technology Satellite - 1 Symposium. NASA,
SP-351: 665-679.

McMANUS,D.A. 1970. Criteria of climatic change in the inorganic components of
marine sediments. Quatern.Res. 1: 72-102,

MASON,B. 1952. Principles of Geochemistry. 2nd edn. New York: Wiley.

MEADE,R.H. 1969, Errors in using modern stream-load data to estimate natural
rates of denudation. Bull.geol.Soc.Am, 80: 1265-1274.

MEADE,R.H. and TRIMBLE,S.W, 1974. Changes in sediment loads in rivers of the At-
lantic drainage of the United States since 1900. In: Symposium - Effects of
Man on the Interface of the Hydrological Cycle with the Physical Environment
- TAHS - Publ. 113: 99-104.

MEIGS,P. 1966. Geography of coastal deserts. UNESCO arid zone Res. 28: 1-140.

MERENSKY,H. 1909. The diamond deposits of Llderitzland, German South West Africa.
Trans.geol.Soc.S.Afr. 12: 13-23,

METEOROLOGICAL SERVICES OF THE ROYAL NAVY AND THE SOUTH AFRICAN AIR FORCE. 1944.
Weather on the coasts of southern Africa., Volume 2. Local information.

Cape Town: S.Afr.Govt.

MIDGLEY,D.C. and PITMAN,W.V. 1969. Surface water resources of South Africa.
Rep.hydrol.res.Unit Univ.Witwatersrand 2/69: 1-54.

MILLIMAN,J.D. and EMERY,K.0. 1968. Sea levels during the past 35 000 years.
Science. 162: 1121-1123,

MILLIMAN,J.D., SUMMERHAYES,C.P., and BARRETTO,H.T. 1975. Oceanography and suspend-
ed matter off the Amazon River February-March 1973. J.sedim.Petrol. 45(1):
189-206,

MORGANS,J.F.C. 1956. ©Notes on the analysis of shallow-water soft substrata.
J.anim.Ecol. 25: 367-387.

MOROSHKIN,K.V., BUBNOV,V.A. and BULATOV,R.P. 1970. Water circulation in the east-
ern South Atlantic Ocean. Oceanology. 10: 27-37.

MURRAY,L.G. 1969. Exploration and sampling mathods employed in the offshore dia-
mond industry. In: Ninth Commonw.min.metallurg.Congr.Lond. Paper 14: 1-24.

MURRAY,L.G., JOYNT,R.H.,, O'SHEA,D.0'C., FOSTER,R.W. and KLEINJAN,L. 1971. The
geological environment of some diamond deposits off the coast of South West
Africa. In: DELANY,F.M. ed. The geology of the East Atlantic continental
‘margin., Rep.Inst.geol.Sci. 70(13): 119-141.




142

NAGTEGAAL,P.J.C. 1973. Adhesion-ripple and barchan-dune sands of the Recent
Namib (SW Africa) and Permian Rotliegend (NW Europe) Deserts. Madoqua
.(Series II), 2(63-68): 5-19,

NELSON,B.W, 1970. Hydrography, Sediment dispersal, and Recent historical develop-
ment of the Po River Delta Complex. In: MORGAN,J.P. ed. Deltaic sediment-
ation: ancient and modern. Spec.Publ.Soc.econ.Paleont.Miner. 15: 152-184,

O'BRIEN,R.J. 1972, The barchans of the Southern Namib: a grain size analysis.
Proc, 4th S.Afr.Univ.geogr.Conf, 22-31.

OOMKENS,E. 1970. Depositional sequences and sand distribution in the postglacial
Rhone Delta Complex. In: MORGAN,J.P. ed. Deltaic sedimentation: ancient
and modern. Spec.Publ,Soc.econ.Paleont.Miner. 15: 198-212,

O'SHEA,D.0'C, 1971. An outline of the inshore submarine geology of southern South
West Africa and Namaqualand. Unpubl.M.Sc. thesis, Geol.Dept., Univ. Cape
Town.

PARKER,R.J, 1971, The petrography and major element geochemistry of phosphorite
nodule deposits on the Agulhas Bank, South Africa. Bull.S.Afr.nat.Comm.
oceanogr.Res.mar.Geol .Prgm. 2: 1-94,

‘PARKER,R.J. 1975, The petrology and origin of some glauconitic and glauco-
conglomeratic phosphorites from the South African continental margin.
J. sedim.Petrol. 45(1): 230-242.

PARKER,R.J. and SIESSER,W.G, 1972, Petrology and origin of some phosphorites from
the South African continental margin. J.sedim.Petrol. 42(2): 434-440.

PATERSON,W.S.B., 1972, Laurentide ice sheet: estimated volumes during Late Wiscon-
sin. Rev.geophys.Space Physics, 10: 885-912, '

PENCK,A. 1914. The shifting of the climatic belts. Scottish geogr.Mag. 30:
281-293, v

PRICE,N.B. and‘CALVERT,S.E° 1973. The geochemistry of iodine in oxidiped and re-
duced Recent marine sediments. Geochim.et cosmochim.Acta.37: 2149-2158.

REUNING,E. 1931. The Pomona-Quartzite and Oj;ter—Horison on the west coast of the
mouth of the Oliphants River. Trans.R.Soc.S.Afr. 19: 205-214,

RICH,J.L. 1942. The face of South America: an aerial traverse. Spec.Publ.Am.

geogr.Soc. 26: 1-299.
RICKARD,D.T. 1970, The origin of framboids. Lithos. 3: 269-293,

RIGGS,S.R. and FREAS,D.H. 1965. Stratigraphy and sedimentation of phosphorite in
the Central Florida Phosphate District. Am,Inst.min.Metall.petrol.Engrs.
Preprint No. 65H84: 1-17.

ROGERS,A.W. 1915a. The geology of part of Namaqualand. Trans.geol.Soc.S.Afr. 18:
72-101.

ROGERS,A.W. 1915b. The occurrence of dinosaurs in Bushmanland. Trans.R.Soc.S.Afr.
5: 265-272.

ROGERS,A.W. 1917. Namaqualand. S.Afr.geogr.J. 1: 23-33.
ROGERS,A.W. 1922, Post-Cretaceous climates of South Africa. S.Afr.J.Sci. 19: 1-31.

ROGERS,J. 1971. Sedimentology of Quaternary deposits em the Agulhas Bank.
Bull.S.Afr.nat.Comm,oceanogr.Res.mar.Geol .Progm. 1l: 1-117.

ROGERS,J. 1972. Preliminary observations on texture, composition and depositional
‘history of sediments on the Orange-LlUderitz continental margin. Tech.Rep.
S.Afr.nat.Comm.oceanogr .Res.mar.Geol .PFogm. 4: 44-59,




143

ROGERS,J. 1973, Texture, composition and depositional history of unconmsolidated
sediments from the Orange-LlUderitz shelf, and their relationship with Namib
Desert sands. Tech.Rep.jt geol.Surv./Univ,.Cape Town mar,Geol,Progm. 5:
67-88.

ROGERS,J. 1974, Surficial sediments and Tertiary limestones from the Orange-
LUderitz shelf. Tech.Rep.jt geol.Surv./Univ.Cape Town mar.Geol.Progm. 6:
24-38,

ROGERS,J. 1975a. Sediment flow along the coastal zone of Namaqualand and the

Southern Namib. Tech.Rep.jt.geol.Surv./Univ.Cape Town mar.Geol.Progm. 7:
35~36.

ROGERS,J. 1975b, Reconnaissance study of clay minerals and regional distribution
of potassium on the Orange-LUderitz continental margin. Tech.Rep.jt geol.
Surv./Univ.Cape Town mar.Geol.Progm. 7: 56-58,

ROGERS,J. 1975c. Surface textures of quartz grains from subaqueous and aeolian en-’
vironments in the Orange-LlUderitz coastal zone. Tech.Rep.jt geol.Surv./
Univ.Cape Town mar.Geol.Progm. 7: 28-34,

ROGERS,J. and BREMNER,J.M. 1973. Bathymetry of the Llideritz-Walvis continental
margin. Tech.,Rep.jt geol.Surv,/Univ.Cape Town mar.Geol.Progm. 5: 7-9.

ROGERS,J. and KRINSLEY,D.H. In preparation. Surface textures of quartz grains from
subaqueous and aeolian environments of the Orange-LWUderitz coastal zone and
middle shelf,

ROGERS,J., SUMMERHAYES,C.P., DINGLE,R.V., BIRCH,G.F., BREMNER,J.M. and SIMPSON,
E.S.W, 1972, Distribution of minerals on the seabed around South Africa and
problems in their exploration and everntual exploitation. In: ECOR Symp.
Ocean's Challenge to S.Afr.Engrs.C.S.I.R. S71.

ROGERS,J. and TANKARD,A.J. 1974, Surface textures of some quartz grains from the
west coast of southern Africa. Proc.Electron Microscopy Soc.S.Afr. 4: 55-56.

ROONEY,T.P.and KERR,P.F. 1967. Mineralogic nature and origin of phosphorite, Beau-
fort County, North Carolina, Bull.geol,Soc.Am. 78: 731-748,

ROOSEBOOM,A. 1974, Meting en analise van sedimentafvoer in riviere. Tech.Rep.
Dept Water Affairs S.Afr. 58: 1-43.

ROOSEBOOM,A. and MAAS,N.F. 1974, Sedimentafvoergegewens vir die Oranje—, Tugela-
en Pongolariviere. Tech.Rep.Dept Water Affairs S.Afr, 59: 1-48.

ROURKE,J.P. 1972, Taxonomic studies on Leucospermum R. Br. J.S.Afr.Bot.Suppl.
Vol. 8: 1-194.

SARNTHEIN,M. 1971. Oberfllchensedimente im Persischen Golf und Golf von Oman. IIX.
Quantitative Komponentenanalyse der Grobfraktion. ''Meteor'-Forsch.-Ergeb-—
nisse C(5): 1-113.

SARNTHEIN,M. and WALGER,E. 1974. Der aBlische Sandstrom aus der W-Sahara zur
Atlantikkllste. Geol.Rdsch. 63(3): 1065-1087.

SCHALKE,H.J.W.G. 1973. The Upper Quaternary of the Cape Flats area (Cape Province,
South Africa). Scripta Geologica. 15: 1-57.

SCHULZE,B.R. 1965, Climate of South Africa. Part 8, General Survey. Weather
Bur.Dept Transport S.Afr. WB 28: 1-330.

SCRUTON,P.C. 1956. Oceanography of Mississippi delta sedimentary environments.
Bull.Am,Ass.petroleum Geol. 40: 2864-2952,

SCRUTTON,R.A. 1973. Gravity results from the continental margin of South-Western
Africa, Mar.geophys.Res. 2: 11-21.




144

SCRUTTON,R.A. and DINGLE,R.V. 1975, Basement control over sedimentation on the
continental margin west of southern Africa. Trans.geol.Soc.S.Afr. 77:
253-260,

SEELY,M.K. and SANDELOWSKY,B.H. 1974. Dating the regression of a river's end-
point. S.Afr.archaeol.Bull.Goodwin Ser. 2: 61-64.

SELBY,M.J., RAINS,R.B. and PAIMER,R.W.P, 1974, Eolian deposits of the ice-free
Victoria Valley, Southern Victoria Land, Antarctica. N.Z.Geol.Geophys.
17(3): 543-562.

- SENIN,Yu.M. 1969. Phosphorus in bottom sediments of the South West African shelf.
(Lithology and mineral resources.) 1: 11-26, (In Russian).

SHACKLETON,N.J. and OPDYKE,N.D. 1973. Oxygen isotope and palaeo—-magnetic strati-
graphy of Equatoria% Pacific corg V28-238: oxygen isotope temperatures and
ice volumes on a 10~ year and 10 year scale. Quatern.Res. 3(1): 39-55.

SHANNON,L.V. 1966. Hydrology of the south and west coasts of South Africa.
Investl.Rep.Div.Sea Fish.S.Afr. 58: 1-62,

SHEPARD,F.P. 1932. Sediments of the continental shelves. Bull.,geol.Soc.Am, 43:
1017-1039.

SHEPARD,F.P. 1973. Submarine Geology. New York: Harper &nd Row.

SIESSER,W.G. 1971, Petrology of some South African coastal and offshore carbonate
rocks and sediments. Bull.S.Afr.nat.Comm.oceanogr.Res.mar.Geol.Progm. 3:
1-232,

SIESSER,W.G. 1972a. Limestone lithofacies from the South African continental
margin. Sedimentary Geol. 8: 83-112.

SIESSER,W.G. 1972b. Abundance and distribution of carbonate constituents in some
South African coastal and offshore sediments. Trans.R.Soc.S.Afr. 40(4):
261-277. )

SIESSER,W.G. 1973, Micropalaeontology and palaeoclimatology of some South African
continental slope cores. Tech.Rep.jt geol.Surv./Univ.Cape Town mar.Geol.
Progm. 5: 94-114.

SIESSER,W.G. 1975. Calcareous nannofossils from the South African continental
margin, Bull.jt geol.Surv./Univ.Cape Town mar.Geol.Progm. 5: 1-135.

SIESSER,W.G. and ROGERS,J. 1971. An investigation of the suitébility of four
methods in routine carbonate analysis of marine sediments. Deep-Sea Res.
18: 135-139.

SIESSER,W.G. and ROGERS,J. 1976. Authigenic pyrite and gypsum in South West
African continental slope sediments. Sedimentology. 23(4): 567-578.

SIESSER,W.G., SCRUTTON,R.A. and SIMPSON,E.S.W. 1974. Atlantic and Indian Ocean
margins of Southern Africa. In: BURK,C.A. and DRAKE,C.L. eds. The geology
of continental margins. New York: Springer-Verlag. 641-654.

SIMPSON,E.S.W. 1966. Die geologie van die vastelandsplat. Tegnikon. 15: 168-176.

SIMPSON,E.S.W. 1968. Marine geology: progress and problems. Proc.geol.Soc.S.Afr.
71: 97-111,

SIMPSON,E.S.W. 1971. The geology of the south-west African continental margin: a
review. In: DELANY,F.M. ed. The geology of the East Atlantic continental
margin. Rep.Inst.geol.Sci. 70(16): 157-170.

SIMPSON,E.S.W. and DAVIES,D.H. 1957. Observations on the Fish River Canyon in
South West Africa. Trans.R.Soc.S.Afr. 35(2): 97-107.




145

SIMPSON,E,S.W. and DU PLESSIS,A, 1968. Bathymetric, magnetic and gravity data
from the continental margin of southwestern Africa. Canad.J.Earth Sci. 5:
1119-1123.

SIMPSON,E.S.W., and NEEDHAM,H.D. 1967. The floor of the southeast Atlantic: a
review. In: UNESCO-IUGS Symp.Montevideo, Uruguay : Continental drift emphas-—
izing the history of the South Atlantic area. 39-81.

SIMPSON,E.S.W. and PURSER,S.M.L. 1974. Southeast Atlantic' and southwest Indian
Oceans. Bathymetry 1:10 000 000 at 33~., Chart 125A. 1st ed. Geol.Dept,
Univ.Cape Town.

SIMPSON,G.G., 1973. Tertiary penguins (sphenisciformes, spheniscidae) from Yster-
plaats, Cape Town, South Africa. S.Afr.J.Sci. 69: 342-344,

SMAYDA,T.J. 1971. Normal and accelerated sinking of phytoplankton in the sea.
Mar.Geol. 11: 105-122, *

SMITH,J,D. and HOPKINS,T.S. 1972. Sediment transport on the continental shelf off
of Washington and Oregon in light of recent current measurements. In:
SWIFT,D.J.P., DUANE,D.B. and PILKEY,O0.H. eds. Shelf sediment transport:
process and pattern. Stroudsburg: Dowden, Hutchinson and Ross. 143-180.

STANDER,G.H. 1964, The Benguela Current off South West Africa. Investl Rep.mar.
Res.Lab.S.W.Afr., 12: 1-43, ’

STERNBERG,R.W. and McMANUS,D.A. 1972. Implications of sediment dispersal from
long-term, bottom—current measurements on the continental shelf of Washing-
ton. In: SWIFT,D.J.P., DUANE,D.B. and PILKEY,0.H. eds. Shelf sediment
transport: process and pattern. Stroudsburg: Dowden, Hutchinson and Ross.
181-194,

STOCKEN,C.G. 1962. The diamond deposits of the Sperrgebiet, South West Africa.
Field excursion guide, 5th Ann.Congr.geol.Soc.S.Afr. 1-16.

SUMMERHAYES,C.P. 1972. Aspects of the mineralogy and geochemistry of Agulhas Bank
sediments. Tech.Rep.S.Afr.nat.Comm,oceanogr.Res.mar.Geol.Progm. 4: 64-81.

SUMMERHAYES,C.P., BIRCH,G.F. and ROGERS,J. 1971. Distribution of phosphate in
sediments. Tech.Rep.S.Afr.nat.Comm.oceanogr.Res.mar.Geol.Progm. 3: 77-81.

SUMMERHAYES,C,.P,, BIRCH,G.F., ROGERS,J. and DINGLE,R.V. 1973, Phosphate in sedi-
ments off southwestern Africa. Nature Lond. 243: 509-511.

SUMMERHAYES,C.P., HOFMEYR,P.K. and RIOUX,R.H.. 1974, Seabirds off the southwestern
coast of Africa. Ostrich. 45: 83-110.

SVERDRUP,H.U., JOHNSON,M.W. and FLEMING,R.H. 1942, The oceans, their physics,
chemistry and general biology. New York: Prentice-Hall.

SWIFT,D.J.P. 1970. Quaternary shelves and the return to grade. Mar.Geol. 8: 5-30.

SWIFT,D.J.P. 1974, Continental shelf sedimentation. In: BURK,C.A. and CLARKE,C.L.
eds. The geology of continental margins. New York: Springer-Verlag. 117-135.

SWIFT,D.J.P., STANLEY,D.J. and CURRAY,J.R. 1971. Relict sediments on continental
shelves: a reconsideration., J.Geol. 79(3): 322-346.

TANKARD,A.J. 1974a. Petrology and origin of the phosphorite and aluminium phos-
phate rock of the Langebaanweg-Saldanha area, South-Western Cape Province,
South Africa. Ann.S.Afr.Mus. 65(8): 217-249.

TANKARD,A.J. 1974b. Varswater Formation of the Langebaanweg-Saldanha area, Cape
Province. Trans.geol.Soc.S.Afr. 77: 265-283.

TANKARD,A.J. 1975a. The marine Neogene Saldanha Formation. Trans.geol.Soc.S.Afr.
78(2): 257-264.




146

TANKARD,A.J. 1975b. Late Pleistocene molluscs from the south-western Cape Province,
South Africa. Ann.S.Afr.Mus. 69(2): 17-45, '

TANKARD,A.J. 1976a. The Late Cenozoic history and palaeoenvironments of the coast-—
al margin of the South-Western Cape Province, South Africa, Unpubl.Ph.D.
thesis, Geol.Dept., Rhodes Univ., Grahamstown.

TANKARD,A.J. 1976b, Cenozoic sea level changes: a discussion. Ann.S.Afr.Mus.
71: 1-17. ’ )

TANKARD,A.J. 1976c. Pleistocene history and coastal morphology of the Ysterfon-
tein-Elands Bay area, Cape Province. Ann.S.Afr.Mus. 69(5): 73-119.

TANKARD,A.J. and SCHWEITZER,F.R. 1974, The geology of Die Kelders cave and en-
virons: a palaeoenvironmental study. S.Afr.J.Sci. 70: 365-369.

TERRY,R.D. and CHILINGAR,G.V. 1955, Charts for estimating percentage composition
of rocks and sediments. J.sedim.Petrol. 25: 229-234.

THERON,J.C. 1970. Some geological aspects of the Beaufort Series in the Orange
Free State. Unpubl.Ph.D. thesis, Univ.Orange Free State, Bloemfontein.

THERON,J.C. 1973. Sedimentological evidence for the extension of the African con-
tinent southwards during the Late Permian-Early Triassic times. Proc. 3rd
I.U.G.S. Gondwanaland Symp. Canberra. 61-71.

TOOMS,J.S., SUMMERHAYES,C.P.and CRONAN,D.S. 1969. Geochemistry of marine phosphate
and manganese deposits. Oceanogr.mar.Biol. 7: 48-100.

TRIMBLE,S.W. 1973. A geographic analysis of erosive land use in the Southern
Piedmont. Unpubl.Ph.D. thesis, Univ. Georgia.

TRIPP,R.T. 1975. South African Sailing Directions. Volume II. The coasts of
South West Africa and the Republic of South Africa from the Kunene River to
Cape Hangklip. Kenwyn: Hydrographer, South African Navy. 1-223.

TRUEMAN,N.A. 1971, A petrological study of some sedimentary phosphorite deposits.
Bull.Austral.miner.Dev,Labs. 1l: 1-6J..

TURNER,B.R. 1970. Facies analysis of the Molteno sedimentary cycle. In: HAUGHTON,
S,W. ed. Proc. 2nd I.U.G.S. Gondwanaland Symp. Pretoria: C.S.I.R. 313-319.

TURNER,B.R. 1972. Silica diagenesis in the Mqlteno sandstone. Trans.geol.Soc.
S.Afr. 75: 55-66.

TURNER,B,R. 1975. The stratigraphy and sedimentary histories of the Molteno Forma—
tion in the main Karroo Basin of South Africa and Lesotho. Unpubl.Ph.D.
thesis, Univ. Witwatersrand.

UNTERﬂBERBACHER,H.K. 1964. Zooplankton studies in the waters off Walvis Bay with
special reference to the copepoda. Investl Rep.mar.Res.Lab.S.W.Afr. 11: 1-42,

VAN ANDEL,Tj.H. 1967. The Orinoco delta. J.sedim.Petrol. 37(2): 297-310.

VAN ANDEL,Tj.H. and CALVERT,S.E. 1971. Evolution of sediment wedge, Walvis shelf,
Southwest Africa. J.Geol. 79: 585-602.

VAN DER MERWE,C.R. and HEYSTEK,H. 1955a. Clay minerals of South African soil
groups: II. Sub-tropical black clays and related soils. Soil Seci. 79:
147-158,

VAN DER MERWE,C.R. and HEYSTEK,H. 1955b. Clay minerals of South African soil
groups. III. Soils of the desert and adjoining semi#arid regions. Soil Sci.
80: 479-494.

VAN DER MERWE,C.R. and HEYSTEK,H. 1956. Clay minerals of South African soil groups.
IV, Soils of the temperate regions. Soil Sci. 81: 399-414,

-

\



147

VAN IEPEREN,M.P. 1975. Characteristics of wave fields at Walvis Bay, Lllderitz,

Mossel Bay and the weathership: A preliminary survey. Rep.nat.Res.Inst.
Oceanol.S.Afr, Sea/75/1: 1-10.

VAN TEPEREN,M.P. 1976. Characteristics of wave fields recorded along the western
coast of southern Africa. Proc. lst interdisciplinary Conf.mar.freshwater
Res.S.Afr. Fiche 8 G12-9B9.,

VAN SCHAIK,C., HARPER,A. and VAN DER WESTHUIZEN,B. 1970. Wave conditions for the
South West Africa coastal area. Rep.Coun.sci.industr.Res.S.Afr. MEG 945,
Series MEW/127: 1-47. :

VAN STRAATEN,L.M.J.U., 1965. Sedimentationin the northwestern part of the Adriatic
Sea. In: WHITTARD,W.F, and BRADSHAW,R. eds. Submarine geology and geophys-—
ics - Proc.Symp.Colston Res.Soc. 17: 143-162. '

VAN WARMELO,W. 1922, Hydrography of the Orange River. S.Afr.Irrigation Mag.
1(4): 172-174.

VAN ZINDEREN BAKKER,E.M. Sr. 1967. Upper Pleistocene and Holocene stratigraphy
and ecology on the basis of vegetation changes in sub-Saharan Africa. In:
BISHOP,W.W. et al. eds. Background to evolution in Africa. Chicago:
University of Chicagos 125-147.

VAN ZINDEREN BAKKER,E.M. Sr. 1975. The origin and palaecoenvironment of the Namib
Desert biome. J.Biogeogr. 2: 65-73.

VAN ZINDEREN BAKKER,E.M, Sr. 1976, The evolution of Late—Quaternary palaeoclimates
of Southern Africa. In: VAN ZINDEREN BAKKER,E.M. Sr ed. Palaeoecology of
Africa 9: 1-46., Cape Town: Balkema.

VAN ZINDEREN BAKKER,E.M. Sr and BUTZER,K.W. 1973. Quaternary environmental changes
in sputhern Africa. ‘Soil Sci. 116(3): 236-248.

VARIAN TECHTRON, 1973, Instruction manual for model AA-7 atomic absorption
spectrophotometer. Melbourne: Varian Techtron.

VEEH,H.H., BURNETT,W.C. and SOUTAR,A. 1973. Contemporary phosphorites on the con-—
tinental margin of Peru. Science. 844-845.

VEEH,H.H., CALVERT,S.E. and PRICE,N.B. 1974. Accumulation of uranium in sediments
and phosphorites on the South West African shelf. Mar.Chem. 2(3): 189-202,

VEEH,H.H, and CHAPPELL,J. 1970. Astronomical theory of climatic change: support
from New Guinea. Science. 167: 862-865.

VISSER,G.A. 1970. The oxygen-minimum layer between the surface and 1000 m in the
north-eastern South Atlantic. Bull.Div.Sea Fish.S.Afr. 6: 10-22,

VISSER,G.A., KRUGER,I. and COETZEE,D.J. 1973. Environmental studies in South West
. African waters. Abstr.S.Afr.nat oceanogr.Symp. 25-26.

VON BACKSTRUM,J.W. 1964. The geology of an area around Keimoes, Cape Province,
with special reference to phacoliths of charnockitic adamellite—porphyry.
Mem.geol.Surv.S.Afr. 53: 1-218.

VON BACKSTRBM,J.W, and DE VILLIERS,J. 1972, The geology aléng the Orange River
valley between Onseepkans and the Richtersveld. Expl. sheets 2817D (Viools-—
drif) 2818C and D (Goodhouse) and 2819C (Onseepkans) geol.Surv.S.Afr. 1-101.

WAGNER,P.A, 1914, The Diamond Fields of Southern Africa. Johannesburg: The Trans-
vaal Leader. (1961 reprint: Cape Town: Struik). .

WAGNER,P.A. 1916. The geology and mineral industry of South West Africa. Mem.geol.
Surv.S.Afr. 7: 1-234,



148

WAGNER,P.A. and MERENSKY,H. 1928. The diamond deposits on the coast of Little
Namaqualand. Trans.geol.Soc.S.Afr. 31: 1-41,

WALCOTT,R.J. 1972. Past sea levels, eustasy, and deformation of the earth.
Quatern.Res. 2: 1-14,

WALKER,T.R. and HONEA,R.M. 1969. Iron content of modern deposits in the Sonoran
Desert: A contribution to the origin of red beds. Bull.geol.Soc.Am. 80:

535-544, .

WATSON,A.C. 1930. The guano islands of southwestern Africa. Geogr.Rev. 20:
631-641. | | |

WELLINGTON,J.H. 1933. The middle course of the Orange River. S.Afr.geogr.J.
16: 58-68,

WELLINGTON,J.H. 1955. Southern Africa - a geographical study. Vol. 1. Physical
geography. Cambridge: Cambridge University Press.

WIEGEL,R.L. 1964. Oceanographical Engineering. Englewood Cliffs, N.J.: Prentice~
Hall,

WILLIAMS,M.A.J. 1975. Late Pleistocene tropical aridity synchronous in both
hemispheres? Nature Lond. 253: 617-618.

WILSON,I.G. 1971, Desert sandflow basins and a model for the development of ergs.
Geogr.J. 137(2): 180-199.

WILSON,I.G. 1972, Sand waves. New Scientist. 23 March: 634-637.

WRIGHT,J.A. 1964. Gully pattern and development in wave-cut bedrock shelves north
of the Orange River mouth, South West Africa. Trans.geol.Soc.S.Afr. 67:
163-171.

WRIGHT,L.D. and COLEMAN,J.M. 1973. Variations in morphology of major river deltas
as functions of ocean wave and river discharge. Bull.Am.Ass.petroleum Geol.
57(2): 370-398.

WRIGHT,L.D. and COLEMAN,J.M. 1974, Mississippi river mouth processes: effluent
dynamics and morphologic development. J.Geol. 82: 751-778.

ZOUTENDYK,P. 1973. The biology of the Agulhas sole, Austroglossus pectoralis.
Part I. Environment and trawling grounds. Trans.R.Soc.S.Afr. 40(5):
349-366.




149

APPENDICES
A. SHIPBOARD TECHNIQUES

1. Navigation

Although DECCA navigation was available during the cruises through the study
area, it was considered unreliable and erratic during the earlier cruises. As a
result celestial and dead-reckoning methods of navigation were employed in the
southern half of the area. The accuracy of positions obtained using these meth-
ods varies from 2-10 km depending  on weather conditions during periods of observa-—
tion. During the day the accuracy of DECCA is 2 km, but the variations in the

layers of the ionosphere after nightfall causes accuracy to deteriorate. The

system is considered to be satisfactory within 350 km of a master station during
the day, and within 220 km at night. Towards the fringes of its range the hyper-
bolae's intersections become so oblique that it is difficult to pinpoint one's
position,

Within 30 km of the coast radar was used to measure ranges to pairs of
coastal landmarks. Most of the coast is rocky with numerous distinctive indenta-—
tions and promontories, but difficulty was experienced off the low straight coast-
line between the Orange River and Chamais Bay. A further problem arose north of
LUderitz, where the coast is sometimes formed of high cliffs of dune sand, a poor
reflector of radar emissions. This problem was eased by the presence of substan-
tial stretches of rocky cliffs between the sections of dune coast. Generally good
weather and weak currents enabled the ship's officers to keep to the planned trav—

erses in most instances.

2. Echo sounding

Echograms were obtained from both the main and daughter set of a 12 kHz ELAC
echosounder. A transducer width of 36 cm produced a wide beam of approximately
20°, The echograms are therefore subject to some error in areas of high relief
and on steep slopes. - However, most of the study area exhibited subdued relief
and gentle gradients both on the shelf and on the upper slope. The echograms
were routinely annotated at 15-minute intervals, at the beginning and end of each

station, and at course and speed alteratioms.

3. Sampling of unconsolidated sediments

An analysis of sampling operations is given in Table XI-1, where it is seen
that 455 sediment samples were recovered by the "Thomas B. Davie" from the contin-
ental margin in the study area. ['Data’were used from 91 grab .samples recovered
from the inner shelf.by:uthe Marine Diaﬁond?Cdrﬁoratibn (0%8hea, 1971, Table-1).: =
In addition 45 Beach samples, 42 river samples and 35 dune samples were included

in -thesstudy.; ~The total number.of samples involved therefore numbered- 668. -
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TABLE APPENDIX-1

B+ e U S

{-Analysis_of_ sampling-operationg’

Stations | Unconsolidated | Semi-
Gear occupied | sediments consolidated | Rocks | Unsuccessful
’ sediments '

Grab 314 286 - 26 19

Small Gravity

156 151 17 6 3
Corer -
Rock Dredge . 29 16 - 10 5
L .
arge Gravity 2 2 _ _ _
Corer
All types : 501 455 : 17 41 27

286 samples were taken with a galvanised Van Veen grab, modified in its trip mech-
anism according to a Kiel-University design. A hinged T-bar fits into a slot and
is released on impact with.the sea floor. This mpdification prevented premature
élosure and was the chief reason that the sample recovery was as high as 917.

‘The grab was used mainly on the inner and middle shelves. The amount of sam@le
varied according to the texture of the sediment. For example, approximately 2
1itres would be obtained from the compact, very fine sand of the Orange delta
front, whereas approximately 10 litres of watery silty clay were regularly obtain-
ed from the prodelta. The subject of variability in both sample size and depth
of penetration is discussed by Chfistie (1975).

151 samples of unconsolidated sediment were recovered using a small gravity-
corer. The success rate was 987 proving the corer's reliability in the deep waters
of the outer shelf and the upper slope. However, the largest sample was a core
less. than. 0,5 .m .long,. and the smallest samples were inadequate for anything more
thén"micrbscopic e£;mination. The core ﬁube was made of copper, the cutti;g edge

was made of steel and the core—catcher was made of PVC plastic.

4.-Sampling of semi-consolidated sediments

Seventéeen’ samples of -semi-consolidated sediménts wetre sampled with the small

~gravity corer, proving that in some areas of the margin unconsolidated sediment
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was either absent or only a few centimetres thick.

5. Sampling of bedrock

Rock samples were recovered using the grab (26)? dredge (10) and small
gravity corer (5). However, the dredge recovered much larger samples and some-
times a variety of rock types was encountered. This variety was due to the pro-
cedure of dredging for at least 10 minutes once uneven bottom was encountered.

At a dredging speed of 2 knots approximately 0,5 km of sea floor was thus traver-

[l

sed while dredging. e

6. Storage of samples

Samples of unconsolidated and semi-consolidated sediment were stored wet
either in air-tight, 2,5-litre plastic tubs or in 200 ml screw“top plastic jars.

Rock samples were usually stored in heavy-gauge plastic fertilizer bags.

7. Processing of unconsolidated sediments

Although most samples were analysed in the laboratory some sediments were
partially analysed on board during the later cruises. On these cruises each sub-
sample was wet-sieved with a 63um sieve to remove the silt and clay fractions.

The coarse fraction was then examined under a binocular microscope and an estimate
of the abundance of the various components noted on a card. A second subsample
was dialysed for at least 12 hours and transferred to a 200 ml screw-top plastic
jar for chemical analyses in the laboratory. A third subsample was also dialysed
and then wet-sieved as above. The fine fraction was retained in a 1-litre plast—
ic bottle for pipette analyses ashore; the coarse fraction was stored in a 200 ml

plastic jar and later sieved in the laboratory.

B. LABORATORY TECHNIQUES

1. Bathymetry

A series of base maps was compiled at a scale of 1:150 000 from South Afric-
an Charts SAN 109-114, Navigational data from the bridge log kept by the ship's
officers were transferred to the base maps. The tracks between stations were div-
ided into segments equal to the distance travelled in 5 minutes,. Uncorrected
depth readings were read from the echograms at 5-minute intervals and then trans-
ferred to'their positions on the plotted tracks. Two copies of cach base map were
then made and' tracks from one copy pasted over tracks on the other copy after ad-
justing the tracks to reduce depth differences at track intersections. Because
DECCA navigation was only working satisfactorily during later cruises, the latit-
udinal tracks of the eériiér cruises were adjusted to match depths on longitudinal

tracks of the later cruises,
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Isobaths were drawn at 10-metre intervals to 500 m and at 100 m intervals
below 500 m on the upper slope. Although the base maps were all drawn at a nat-
ural scale of 1:150 000, the central latitude of each individual chart was used
in the scale calculation. As the end-result was to be a 1:1 000 000 map at
latitude 33°s, a 15-minute, 1:150 000 grid at latitude 33°S was generated by com—
puter. The contours were transferred to this grid and then reduced photograph-
ically to a scale of 1;1.000 000 to fit a computer-generated, 15-minute,

1:1 000 000 grid calculated at latitude 33°s.

Bathymetric profiles along 30 latitudinal traverses were constructed by
tracing main-set echograms, omitting periods on station. In tracing and reducing
these profiles, significant detail was lost. To record this detail, selected
portions of both main-set and daughter-set echograms were traced and presented
unreduced.

Slope changes and various morphological features were recognised on the echo-
grams and transferred to the tracks on the 1:150 000 base map. A morphogenetic
map was constructed by reducing these data.

Shelf gradients were calculated by measuring the perpendicular distance, in
naiutical miles, from the coast to the’inflexion of the deepest shelf break. The
éepth of the inflexion in metres below sea level, divided by the distance to the
coast in kilometres, gévé the gradient in metres per kilometre. When this ratio

3 its arc tangent gave the gradient in degrees.

was multiplied by 10
Using the same procedure, the slope gradient was calculated by measuring the
horizontal distance between the same shelf-break inflexion and the seaward end of
the traverse. In most cases the traverses are perpendicular to the slope con="
tours, In some cases the traverses are obliqué and the slope gradient was meas-
ured between the inflexibn and the seaward end of a neighbouring traverse to make
the line normal to the isobaths. The difference in depth between the two points

gave the vertical distance in metres.

2. Petrography of bedrock samples

All rock samples were examined qualitatively, but only selected samples were-
thin-sectioned and examined petrographically. A distinction was drawn between
rocks from the Precambrian outcrop beside the coast and post-Palaeozoic sediments
farther offshore. It was decided to omit the Precambrian:rocks from a reconnai-
ssance petrogfaphic study, because of their insignificance to the sedimentary
history of the region, the wide spacing of the samples, the structural and litho-
logical complexity of many of the formations and the narrowness of the outcrop ad-
jacent to a well-exposéd hinterland. In contrast, the broad facies of the post-
Palaeozoic sediments are persistent over large areas, therefore justifying the

study of wide1y¥spacéd samples.
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Selected post-Palaeozoic samples were thin-sectioned and the abundance of
the various rock components estimated using a petrographic microscope and standard

comparison charts (Terry and Chilinger, 1955).
i

3. Micropalaeontology of semi-consolidated Cenozoic sediments

Seventeen samples of semi-consolidated sediments have been examined by one
or more of the following specialists: I.G. McMillan of SOEKOR (microfossils);
R.P. Stapleton of the Geological Survey (microfossils and nannofossils); and
W.G., Siesser of the Joint Geological Survey/University of Cape Town Marine Geo-—
science Unit (nannofossils). Stapleton (personal communication, 1974) commented
on the high degree of mixing of both younger fauna from the overlying unconsoli-
dated sediment and of specimens reworked from older strata. As a result he fre-
quently recorded a Quaternary assemblage of foraminifera associated with a Neogene
assemblage of nannofossils.

Except forlsample 3387, McMillan (personal communication, 1974) assigned an
outer-shelf/slope environment of deposition to all the samples he examined.
Sample 3387 contained inner-middle shelf fauna (Ammonia beccarii, Cibicides

lobatulus and Elphidium macellum). Samples 3207, 3208, 3257, 3360, 3375 and 3386

contained Ammonia beccarii in otherwise deep-water assemblages, but the reason

for its presence in such deep water is not clear.
Each of the specialists concluded that most of the species indicated cool
temperatures similar to those prevailing today. McMillan (personal communication,

1974) considered that species such as Globigerinoides trilobus, G. cf. succulifer

and ?Globigerina riveroae indicated higher temperatures during deposition of
samples 3016D, 3016GC and 3024.

The majority. .of :the .sediments havé Tertiary; chiefly Neogené.agesy thus.

tonfirming intérpretations 6f the .available.seismic profiles that :Neogéne strata .
crop’out on the.outer shelf and on.the.upper’'slope (Du Plessis et al., 19723 . '
Dingle, 1973)..

4. Sedimentology of all unconsolidated marine sediments

a. Storagevand subsampling
The bulk samples were stored wet because the majority are muddy and aggregate

severely on drying. The sediments were subsampled with a plastic tube to obtain
’ \
a vertical core through the sample,
b. Desalting
Two desalting procedures were used. Initially subsamples were diluted with

tap water and the excess water removed via a 0,3um candle filter under vacuum.
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Later the simpler and much more effective dialysis method was used to desalt sub-
samples overnight in cellophane tubes hung in a tub of tap water. Accumulated
salt was continucusly siphoned from the bottom of the tub while a fresh supply of

water maintained the overall volume.

c. Textural and component analysis

A second subsample was desalted and then wet-sieved through a 63um sieve to
separate the coarse and fine fractions, The fine fraction was pipetted according
to standard procedures (British Standards Institﬁtion, 1963; 1967) to determine
the silt and clay contents. The coarse fraction was separated into sand and
gravel fractions by hand-sieving. A binocular-microscope examination of the
‘latter fractions produced qualitative data on the regional distribution of coarse-

fraction components.

d. Faecal pellet and glauconite determinations

Faecal pellets were removed from the sand fraction by soaking the sediment
in sodium hypochlorite and disaggregating the pellets in an ultrasonic bath. The
disaggregated pellets were washed through a 63um sieve. Glauconite was separated
magnetically from the remaining material by means of a Franz Isodynamic Separator

using settings recommended by Birch (1971).

e. Phosphate and potash analyses

A third subsample was sent to the laboratories of the Phosphate Development
Corporation in Phalaborwa, Transvaal, where the phosphéte (P205) content was deter-
mined by a standard vanado-molybdate colorimetric method. The potash (KZO) con-
tent was determined by X-Ray fluorescence spectrophotometry. Summerhayes (1971) -
has ascertained that the P,0. analyses have a standard deviafion of 0,1, 0,4 and

2”5

0,5% at the 15,0, 5,0 and 0,5% P20 concentrations, whereas Birch (1975) found a

5
precision of approximately 5% for all concentrations of KZO' In addition to the
routine analyses on all samples of unconsolidated sediment, additional P£05 analyses

were performed on sand fractions of the same samples.

f. Analysis for organic carbon and calcium carbonate

One subsample was dried and'crushed after desalting and then analysed for
organic carbon and calcium carbonate. Organic carbon was determined using wet-
oxidation of the sediment by hot chromic acid, followed by titration of the excess
acid against ferrous sulphate (Morgans, 1956). Calcium carbonate content was

measured by gasometry (HUlsemann, 1966; Siesser and Rogers, 1971).
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5. Texture and si@and-size components along six traverses across the continental

margin

a. Removal of faecal pellets'and size analysis

Fresh subsamples were taken from 80 samples along six traverses selected
from thirty sampling traverses across the continental margin. Each subsample
was wet-sieved and the fine fraction (<63um) dried and sent to Phalaborwa for
phosphate analysis by colorimetry 4nd for potash analysis by atomic absorption
spectrophotometry. (The chénge of analytical method for potash occurred in Sep-
tember, 1974).

Faecal pellets were removed from the coarse fraction by an improved method
devised by Bremner (1975a, p.59) and assessed by Birch (1975; p.121). The
pellets are disintegrated by oxidizing their organic binding;material in warm hyd-
rogen peroxide and then washed through a 63um sieve. The process was restricted
to those samples in which the presence of faecal pellets had been established by
binocular-microscope examination. This restricted the récording of false values
in sediments free of faecal pellets, determined by Birch i1975) to be as high as
12Z. The false values are attributed to the release of organically bound coatings
of fines on and in sand-size particles. |

The percentage of faecal pellets was calculated from the loss in weight of
the coarse fraction after the hydrogen-peroxide treatmenq. .The percentage was
then added to the previously determined percentage of mui (silt plus clay). The
resultant value is termed "mud plus faecal pellets" and represents the amount of

mud in the sediment before a proportion was reworked into sand-size faecal pellets

-by burrowing polychaete worms such as Diopatra monroi and Lumbrineris heteropoda
difficilis (Christie, 1975, p.95). ' :

The treated coarse fractions werevthen dried and sieved at half-phi inter-
vals for 10 minutes. Size statistics for the coarse fraction and the proportions
of sand-size phi fractions in the sediment as a whole were determined by computer.
The programme was originally written by R. Lefgver of the Department of Geology at
the University of California, Los Angeles and was modified by G.J. Moir of the De-

partment of Geology at the University of Cape Town.

b. Coarse—-fraction component analysis

Half-phi fractions of the coarse fraction were combined into 329 phi-fract-
ions after sieving and stored in glass vials. Some fractions contained so few
grains that each grain was counted. Other fractions were split with a-micro-
splitter (Humphries, 1961) to a subsample of a few thousand grains, whiéh were
strewn over a gridded counting tray. A line count of up to 34 componentsbwas

made of all grains lying on the longer set of parallel grid lines. When such a
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procedure produced totals less than 100, grains were counted along the shorter
lines perpendicular to the first set, in order to exceed the minimum number.

The number frequencies obtained were converted to number percentages of the
phi-fraction concerned, and then plotted along traverses, The sets of component
data for each phi-fraction were accompanied by the weight percentages.for the in-
dividual phi-fractions. This method of presentation was adopted in preference to
the illustration of the component data as weight percentages of the entire sedi-
ment, in order to cope with the components present in small quantities in the
coarse and fine extremes of the sediment. Errors inherent in the number percent-
age concept were minimized by counting within individual phi~fractions rather
than within unsieved sand fractions of widely varying grain size (Galehouse, 1971,
p.394). |

A minimum grain number of 100 was ohtiained in 947% of the fractions studied,
but the number of grains counted per fraction varied from 1 to 1129, The total
number of grains counted was 88 124 in 329 phi-fractions, leading to a mean of
268 grains counted per fréction° The variability in grain numbers per fraction is
inherent in the line-counting method, which requires that grains be counted on a

grid travefsing the entire grainspread (Galehouse, 1971, p.392).

The above method differs from that adopted by Shepard (1973) by usually ex-
ceeding the 100 grains recommended and by more rigorous selection of those grains
along lines rather than near grid intersections. However, the mathod is less
rigorous than that of Sarnthein (1971) who counted 500-800 grains in each phi-
fraction and of Diester—Haass et al.(1973) who counted 800-1000 grains per.fract-
ion. In addition the above authors all multiplied the number percentages of each
component by the weight percentage of the phi-fraction concerned. Einsele and
Werner (1972) refined the process further by determining the weights of 20-50
grains of each component in each phi-fraction before calculating the weight percen-
tages of the components.

The adopted method was chosen as a compromise between the less rigorous
"Shepard" method and the extremely rigorous "Sarnthein" or "Kiel" method, to sat-
isfy the requirements of a subsection of this thesis., Thin-sectioning of un-
sieved, artificially consolidated sand fractions as practised on Agulhas Bank sedi-
ments by Siesser (1972b) was rejected, not only because of the difficulty in pro-
ducing large numbers of thin sections, but also because the method produces poor
counting statistics for the extremes of the size distribution. In addition
Siesser (1972b) was studying sediments rich in non-foraminiferal skeletal carbonate
debris, whereas the writer's samples were relatively poor in such material and

most components were readily identifiable under the binocular microscope.
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6. Analysis of the clay fraction (<2um)

a, Separation

_ Ffesh subsamples of 44 marine and of 8 river sediments were dialysed, emp-
tied into 2,5 litre plastic tubs and diluted with 1 litre of distilled water. By
a processof repeated settling, siphoning, dilution and égitation, controlled by
pipetting tables, the clay fractions (<2um) were separated from the coarser

fractions into a second set of tubs.

b. Concentration

The tubs were sealed and each fraction was allowed to settle for 2-3 weeks,
when the supernatant water was siphoned off. Each fraction was further concen-
trated by homogenizing the suspension and transferring it to a 4-tube centrifuge.
Each fraction was then centrifuged and the centrifugate divided into two portions
by emptying the contents of opposing pairs of tubes into separate 250 ml plastic,

capped bottles.

¢c. X-ray diffraction (XRD)
i) Removal of carbonate
The XRD fractions were transferred to 250 ml glass beakers and treated with
50 ml of 307 acetic acid overnight to remove carbonate. Excess acid was removed
by centrifuging and each sample then washed by centrifuging twice more with dis-
tilled water. The leached, washed fractions were each returned to the beakers
and made up to 100 ml with tap water.
ii) Removal.of organic matter
Organic matter was removed by adding 25 ml of 307 hydrogen peroxide (H202)
dropwise to each fraction, heating gently on a waterbath and swirling continually.
Over-vigorous frothing was subdued by reducing the surface tension with a single
drop of octanol. A further 25 ml H,O0, were added to check the completeness of

272
the reaction and the process repeated. Excess H, 0, was then removed by centri-

fuging as described above. Four drops of dilutez(i:l) hydrochloric acid (HC1)
were added to flocculate the clay where necessary.
iii) Magnesium saturation

Each fraction was transferred to a 250 ml conical flask and made up to 150
ml with tap water. The pH was adjusted to between 3,5 and 4,0 with the aid of
dilute HCl and litmus paper: Fifty millilitres of 3N MgCl2 solution were added
to each suspension, thus reducing the normality to 1N. The flasks were then
sealed with rubber stoppers, lined with thin plastic and agitated gently in batches

of 12 on a shaker for 4 hours. Excess MgCl, solution was then removed by centri-

2
fuging, as described previously, and each prepared fraction stored in capped,

glass vials.
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iv) Slide prefaration

An oriented slide was prepared for each fraction by adding homogenized sus-
pension to the slide with an eye-dropper and drying tHe clay rapidly at a tempera-
ture of 50°C in an oven. Just prior to diffraction each slide was painted with
ethylene glycol following a procedure established by Birgh (1975, p.138).

Because the aim of the study was merely to establish broad regional trends
in the distribution of clay minerals, only glycolated slides were prepared. This
eliminated analysis of both heated and unheated unglycolated fractions.

v) X-ray diffraction .

Procedures followed by Birch (1975) when diffracting clays from the shelf
south of the study area were adopted to facilitate inter—area comparison. A
Phillips X-ray diffractometer, fitted with ; Geiger counter and using nickel-
filtered Cuka radiation was employed to analyse the pre-treated fractions.

Instrument settings were:

Kv: 48
mA: 20
Attenuation: 2
Proportional counter: 45
Rate meter: 4 x 102; 1 x 103
Time constant: 1
Windowg:lo/o, 1 mm/1°
Each fraction was scanned at a speed of 1°20/minute from 2° - 13°20.
vi) Identification of clay minerals

The following basal reflections from X-ray diffractograms of glycolated

slides wege assigned to the various clay minerals:
178: Montmorillonite \
108: Illite
78: Kaolinite plus chlorite

Birch (1975, p.139) has described the difficulties of distinguishing kaolin-
ite from chlorite, but found only minor quantities of chlorite in the clays south
of the study area. Similarly, Bremner (1975c, p.47) has reported an absence of
chlorite in most clays from the shelf north of the study area. For the limited
purposes of this section of the‘study, only the abundance of 78 material has been
recorded, with the strong likelihood that the bﬁlk of such material is, in fact,
kaolinite. |
vii) Semi-quantitative determination of clay-mineral abundances.

After drawing a base line. for each,diffractogréﬁ, the areas beneath each of the
172; lox,and.78”peaké_were determined and the mineral proportions calculated using

the form factors suggested by Johns, Grim and Bradley (1954):
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Montmorillonite: X1
Illite: X4

Kaolinite plus chlorite: X2

d. Atomic-absorption spectrophotometry (AAS)

i) Powdering of fraction

Each AAS subsample was dried in an oven. at 150°¢, A large agate mortar
was then éleaned with tap water and dilute HC1 using paper towels, and then with
double-distilled water and acetone using tissues. After hand-crushing each
sample was transferred to a vial using a piece of glossy paper.

ii) Solution preparation v

Duplicate solutions of each fraction were prepared employing a technique
involving a more powerful combination of acids than that used earlier by Birch
(1975, p.143) in his study of sediments south of the study area. The need to
adapt the technique arose from the reiatively higher content of organic matter in
the sediments. Unfortunately the ability of the initial nitric acid/perchloric
acid combination to dissolve platinum in the presence of chloride required the use
of firstly a glass beaker and then a platinum crucible, with the inevitable errors
involved in adding the extra operations of transferring and evaporation. More
time was also required for what was already a time—consuming procedure. (Since
these analyses have been completed a fully automated X~ray fluorescence spectro-
photometer has been installed in the Geochemistry Department at the University of
Cape Town.. It is felt strongly that such an instrument is much more suitable
for clay-fraction analysis by eliminating dissolution problems, by running its own
standards, and by being fully computer-compatible. As a result it is less prone
to operator error, is much simpler in operation, and is considerably faster.)

For each batch of 6 samples, including one blank, six 50 ml Pyrex glass
beakers were boiled in dilute HCl, washed with double-distilled water and dried
with ANALAR acetone. Where possible, 0,500 g of crushed clay was weighed into
each numbered beaker. (When insuffﬁcient clay was available the quantities were
halved or quartered to facilitate cafculétions of the quantities of reagents re-
quired). To dissolve calcium carbonate and organic matter 10 ml of a 1:4 solu-
tion of concentrated (71f73Z) perchlioric acid (conc. HC104) and concentrated
(65%) nitric acid (conc. HN03) were added to the clay. The sample was then eva-
porated to dampness .on.a hot. plate.in a fume cupboard.

- Numbered platinum crucibles were cleaned by boiling in dilute HCl and wash-
ing in double~distilled water. Each residue was then transferred quantitatively
to a crucible, using a rubber policeman and double-distilled water from a wash
bottle to remove all fragments from the beaker. Excess water was then evaporated

on a hot plate,
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Ten millilitres of 40% hydrogen fluoride (HF) and then 10 ml of conc. HClO4
were added to each crucible. On heating, silicdites are dissolved by the HF, and
when white fumes appear towards the end of the process, silica volatilizes as

silica fluoride which is catalyzed by decomposition products of HC1O Once

fuming ceased, the crucibles were removed from the hot plate to prevint baking of
the residues.

After cooling, 10 ml of dilute HCl were added to each crucible and the final
residue dissolved by gentle heating and swirling. A batch of 50 ml volumetric
flasks and plastic storage bottles was then washed twice with single-distilled
water, once in 70% nitric acid and four times with double-distilled water. The
final solutions, after cooling if necessary, were then triansferred quantitatively
from the crucible to the flask and the solutions made up to 50 ml. Each plastic
bottlte was labelled and then rinsed three times with small amounts of the solution,
before the solution was transferred from the volumetric flask. Each bottle was
capped tightly to prevent evaporation and stored in a freezer to hinder adsorbtion
of ions on the walls of the bottle.

iii) Instrument operation

The concentrations of five elements (Fe, Mn, Cu, Pb and Zn) were measured
using a Varian Techtron Model AA-6. Superviéion was initially supplied by Dr.
M.J. Orren and subsequently by Dr. G.A. Eagle. The numerous technical details
are found in the Varian manual (Varian Techtron, 1973) but the chief instrument

settings for the 5 elements are:

Element Wavelength 81it Width Lamp Currenf Flame
nm nm mA
Fe 248,3 _ 0,2 5 Air-acetylene
Mn 279,5 0,2 5 Aif-acetylene
Cu 324,8 0,5 3 Air-acetylene
Pb 217,0 1,0 5 Air-acetylene
Zn 213,9 ‘ 0,5 5 Air-acetylene

iv) Calculation of element concentrations

For each element the blanks were low in the majority of cases, erratic high
values being ascribed to contamination from a variety of sources, chiefly from dust
raised from buﬂaihg operations near the laboratory. An average blank value from
the lower set of Vélues was then used to correct the readings obtained for each
element. Standards were made up daily and run before and after every 10 samples.
Calibration curves were then drawn up to convert absorbances tb concentrations.
These values were then corrected using régression coefficients obtain-
ed for the elements concerned on clays north 6f the study area by Bremmer (in prep-

aration).
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v) Accuracy and precision
Birch (1974, p.145) in his study of the shelf south of 30°S has commented in
detail on the precision and accuracy of his AAS data for a series of elements in-
cludiﬁg the five studied. Valués for the mean percentage deviation of the con-
centrations of each element in duplicate solutions confirm Birch's (1975, p.145)
findings that Fe and Mn, and in this study also Cu, wére much more reproducible

than were Pb and Zn.

Element Mean Percentage Deviation
Fe 6,0
Mn 6,6
Cu 8,4
Pb 19,9
Zn ' 33,2

7. Dispersal and deposition of terrigenous sediments

a. Texture

The texture of a suite of 46 river, 43 beach, 35 dune and 77 inner-shelf
sediments was studied to trace the dispersal and deposition of terriggnous sedi-
ment, chiefly from the Orange River, along the coast of the study area. . The raw
data fon the inner—shelf"samples were supplied by 0'Shea (personai communicatioﬁ)
and these data are the best because the coarse fractions were sieved at quarter-
phi intervals., The river samples were wet—-sieved, the fines pipetted and the
coarse fraction dried and sieved at half-phi intervals. The beach and dune
samples were dry-sieved at half-phi intervals and contained too few fines to just-
ify pipetting.

The data were computed in the saﬁe fashion‘as described in Section XI-4a,
but in this case the moment measures of the coarse fraction were utilized because
the sediments were all Recent and terrigenous, unlike the shelf samples, which
were frequently mixed both in origin and in age. The computer was instructed
only to assess the coarse fraction for two reasons. Firstly the movement of this
fraction usually takes pléce by processes of saltation and creep, rather than by
suspension, as in the case of the fines. Secondly the data required to compute
statistics for the entire sediment would have necessitated detailed pipette anal-
yses of the fine fraction taking uﬁ an unwarranted amount of time. However, be-
cause the sediment was artificially truncated, only the first two moment measures
(mean and standard deviation) were utilized, the remaining two (skewness and kur-
tosis) being designed to monitor the tails of the distribution.

Towards the end of the study, a settling tube was cons tructed by Flemming
(1976) and the opportunity was taken of analyzing a suite of 6 river, 1 beach and

6 deltaic sediments. Each sample was wet-sieved to obtain a coarse fraction,
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which was then dried and then split with a microsplitter (Humphries, 1961) to a
split of 2-3 g. As each split settled through the column, a cumulative curve
was drawn instantaneously by a chart recorder, Although the coarse sediments
from the mouth of the Orange River settled in little more than a minute, the very
fine sand of the delta front took up to 20 minutes to settle, Thereafter the
cumulative curve was read at 30 points and the data punched for the prepared pro-
gramme . Comparison of the first and second moments obtained by sieving and
settling the same sediments shows that mean values tend to be very similar, re-
gardless of the mefhod, confirming the observations of Flemming (1976, p.49) con-
cerning quartz-dominated sediments, On the other hand, sorting of the coarser
sediments seems to imbrove wifh settling, whereas it becomes slightly poorer in
the finer deltaic sediments. This slight trend may possibly be attributed ﬁo
the differing hydraulic properties of coarse irregularly shaped quartz particies

and of fine equant grains of heavy minerals.

1

b. Heavy fraction

The coarse fractions of 3 river, 35 beach and 9 dune samples were placed in
bromoform in open funnels and the heavy fraction separated according to standard
procedures (Carver, 1971, p.439). Due to the abundance of heavy rock fragméﬁts
in many samples, the term "heavy fraction" has been used in preference to the more
normal term, "heavy minerals". The analyses were conducted on the entire sand
fraction to obtain data comparable to that of 0'Shea (1971), who also used the
entire coarse fraction of his inner-shelf samples. However, O'Shea's suite chief-
1y comprised well—soréed fine and very fine sands, where heavy minerals are concen-
trated, whereas the writer's suite included much coarser sediments rich in rock

fragments.

c. Calcium carbonate
The carbonate content of 31 beach samples was determined by the gasbmetric

method of HlUlsemann (1966).
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C. STATION LIST: R.V. "THOMAS B. DAVIE"

TYPE 1 : Grab
" 2 : Gravity core
" 3 : Dredge

" 4 : Long gravity core

LAT. : Latitude, degrees south
LONG. : Longitude, degrees east
DEPTH : Metres

DISTANCE: ©Nautical miles offshore from nearest part of coast
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S56.0
560”
57«10
570
57.0
57.0
[4.0
510
bées ()
L3.0
42.n
41.0
556
5511
5540
55.0
46D

47.1

‘47:(;
u7o[J
UAs ()
4560
USa(,
051!
Leve (1
LbHaly
4he )
45.4
A7.0
A7 1}
370
AR

3Re0).

ARal
33. [A
RIZPNY
ARt
38.1
38,1,
IR0
?)f\ . “
3R 0
3810
3R o (!
Rt ety

LLONG.,

14
1y
14
14
14
15
15
15
15
15
16
i6
iah
i6
iha
16
17
17
16
16
1A
16
1A
1A
15
15
15
15
15
14
la
ig
iu
1a
14
HRT
14
14
14
15
is
15
i5
15
16
16
1A
1A
1A
1A

11.0
220
33.0
4340
5440
G40
14.0
2540
36.0
4B.0
o0
10.0
220
35,0
470
54.0
o ()
1.0
51.0
39.0
2B
24.0
13.0
1.0
50.0
39 0)
270
150
701']
56. \’)
44.0
31.0
18.7
2.0
16.0
220
A33.0
44.0
55.0
Sel}
160
260
38«0
49,0
140
13.0
25«0
360
47.0
520

NEPTH

1ns87
730
4&0
428
392
312
209
205
185
190
120
176
169
160
123
110
80
110
138
160
183

172

180
170
191
195
202
200
270
408
439
640
256
1495
250
980
481
420
370
280
183
194
180
190
185
170
165
157
130
125

DISTANCE

138.8
132.2

. 125.3

11¢.2
110.0
103.3
95.3
B87.4
779
679
57.0
47.8
36.9
2543
14.0
8.0

6
o7

WU

1 .8
2343
32.7
4.5
44.0
S54.0
63«6
716
RO 4
824
9t.2
1033
112.3
120.5
127.9
131.5
122.5
116.8
113.9
106.5
9Q.5
92.7
85.5
7761
69.0
6L 3
5«8
40.5
31.1
221
12.0

[_‘-9



165

STATION TYPF CRUIJISFE DATEF LAT. ILONG. DEPTH DISTANCE
PRAN 1 ] 261 tas SI71 29 38.10) 16 56.0 102 H5e2
2RAA 1 1 261 140 KI71 29 26.9 16 55.4 77 2.6
2867 1 1 261 e ®R:71 29 27.0 1A 4440 113 12.0
S2RAR 1 1 261 T4 5:71 29 27.0 16 41.0 122 14.0
2RAG 1 1 261 tes 5:71 29 27.0 16 30.0 145 22+5
2RTH 1 2A1 14 5171 29 27«0 16 19.0 154 3i.1
2R71 1 1 261 15 5:71 29 271 16 8.0 168 4.0
272 3 ] 261 15 8171 29 27.0 15 56.0 177 50.0
PRTH 1 i 261 19 52171 29 2R.0 15 45.0 178 58.1
2874 1 1 261 190 K171 29 28.0 1§ 32.0 180 678
2RTS5 1 1 oA 18 §:71 29 28.0 15 20.0 197 766
PHTA 1 261 18 5:71 29 29,0 18 8.0 170 BYebH
2677 1 P 2hi 15: 5:71 29 29.0 14 S56.0 260 92.7
PHTHR 1 o 261 15 H:i71 29 29.0 14 44.0 ayz i04.0
2879 1 2 261 182 5571 29 29.0 14 33.0 530 106.6
2RKO 1 2 2h1 16: 8171 29 27.0t 14 20.0 1026 11445
SRR 1 2 261 15: Si71 29 16.0 14 16.0) 1000 i07.4
2HRP 1 2 2hA1 18 5:71 29 17.0 14 25.0 655 102.1
2RK3 1 2 261 158 5:71 29 1R.6i 14 34,0 386 97.9
DAL 2 26t 15 K71 29 19.( 14 43.0 252 93.8
2RAR 2 261 1640 K371 29 20.06G 14 52.0 208 88.9
DAARA 1 3 261 16: 5:71 29 21.(: 15 1.0 166 84.5
P2AR7 % 3 261 tqde 5:71 29 22.0 15 10.0 165 7844
2RAA 1 3 261 1A S:71 29 174 15 o ) 204 81.8
2RO 1 ’? IO 1A 5171 29 17.0 15 G.0 172 760
2KGi 1 3 21 1A 5:71 29 17.0 15 18.0 180 T0.2
2891 1 2 261 1A 5171 29 17.0 15 28,0 192 63.8
2R9D 1 3 2A1 1At 8171 29 17.0 15 39.0 180 5645
PRG3R g 261 17 8:¢71 29 17.0 15 48.0 178 49.8
2K1Gu 1 1 261 17: 6571 29 1740 15 58.0 170 4l.8
25985 1% i 261 17 K71 29 1701 1A 8.0 169 I4.5
2R96 1 1 261 17 571 29 17.04 16 1R.0 155 272
2HG7 1 A 2601 17: 5:71 29 17.0 16 271, 139 208
2RO 1 1 261 170 S5:71 29 17.00 1A 38.9 125 1112
2R99 1 1 261 17 571 29 17.7 16 51.5 62 1.6
2016y 1 3 2A1 17: 5:71 29 AP 16 44.8 68 el
2a02 1 1 261 17: 8:71 29 7.0 1A 34.0 124 10.9
2G4H3 1 1 261 17: 8:71 29 7.0 16 23.0 135 1¢.0
ouit 1 3 2n1 7. SI71 29 7.1 16 25.0 3130 175
2Qa% 1 1 261 17: 5:71 29 7.0 16 13.0 148 254
200RA 1 ] 261 17: RIT71 29 7.0 1A 50 165 31.3
24417 1 1 261 17: 571 29 A.G 15 S4.0 170 40.5
PUNA 1 1 2h1 170 8171 29 R.0 15 45.0 175 47.0
2419 1 i 2ni 17: 5:71 29 9.4 15 34.0 182 S54.6
2910 % 1 2n1 17: 5:71 29 9.0 19 22.10) 180 627
2utt 1 3 261 17 /.71 29 9.0 15 19.5 172 6442
1% B 3 261 1R 5171 29 10.0 17 9G.D 175 71.2
2013 3 2nt TRI /371 29 10,0  J4 59.0 188 77.1
Jatu 3 1 2131 1A 5171 29 11.L 14 49.0 205 84.5
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STATION TYPF CRUISF DATE LAT» LOMNG. DEPTH  DISTANCE
2915 1 1 261 tR: RIT71 29 11.c 14 39.0 230 903
201A 1 1 261 TR 8:71 29 10.0 14 33.0 258 GXe?
2Q17 % 3 261 TR H171 29 B.0 14 22.0 432 S9.0
Q1A 1 d 261 18a: 5:71 29 Al 14 10.0 agy 105«5
2919 3§ 2 2R TR: H:71 28 57.4 14 10.0 882 99,5
Q20 1 ? 261 1R ®:71 28 7.0 14 22.0 440 91.5
2G2% % 2 A 1R 5171 28 56.0 14 350 225 B2.1
oupo 1 1 261 1R: S:71 2B SHeli 14 4640 160 74.5
2G23% 1 261 TRI SI71 28 S5.0 14 58.0 179 H6H6
2624 1 1 261 1R: 5171 28 B4.0 15 10.0 154 59.2
2628 1 1 261 19 Ki71 26 HU4.0 15 22.0 183 52.0
29264 1 1 261 19 5:71 28 S3.0 15 34.0 182 43.4
2Q27 i 1 261 19 /171 28 S3.4) 15 46.0 172 3661
2Q28 | 3 2h1 19: "5:71 2R 52.0 15 5840 149 27.4
292Q 1 261 191 RI71 28 K2.0 15 10.0 125 703
203N 1 1 261 197 KRIT71 28 S2.0 1A 230 a7 115
2G31 1 1 2h1 19: RI71 28 57.0 16 32.0 97 - 59
2932 1 1 261 19 5171 28 56.3 16 39.7 34 1.9
2033 1 3 261 19: 85171 28 U7.1 16 32.7 - 32 1.5
2Q34 ] 261 19: S:171 28 47.0 1A 21.0 63 11.0
2635 1 261 19 5:71 28 LR 1A 11.0 126 167
2Q3A 1 3 261 19: R:71 28 4R.0 16 6.0 130 19.3
2937 1 3 261 19 5:71 28 U4R.5 1A o 0 140 235
SG3R 1 261 19: |:71 28 49.0 15 49.5 170 31.0
2G39 ) 1 2h1 18: 5:71 28 47.0 15 35.0 186 3%2.3
s2Gu0 1 1 201 19: 5N PR U4R.D 15 24.0 185 46.1
PISTIS I | 2 2hH1 19: /171 PR 48.0 18 11l.0 164 53.8
2942 1 261 2Nt RI71 28 49,0 14 B9.0 169 H2e 3
SUuR 1 2 2R 20: "IT71 28 49.0 14 47.0 i85 702
PLYTHTR 3 261 21N 5171 PR 8040 14 39.0 165 754
Jauns 1 2 261 200 R171 28 S0.3 14 27.0 265 BY.0
2AUR T > 261 200 S:1T7)1L 2R u47.0 14 18.0 S94 88.7
2au7 1 2 2h1 2n: 5:71 P28 u4R.0 14 11.0 1004 G3.2
2644 1 2 261 20: 8171 28 40.0 14 13%.0 936 BEO
2aug 1 ? 261 200 5:171 28 4l1.0 14 25.0 u77 80.0
20%(1 1 2 2601 200 K:71 PR 3G.0 14 35.0 178 7240
PICTR B ) 2h1 20: 5.71 PR BhHeli 14 45.8 185 630
2a%s2 | ? 201 200 5171 28 3%.5% 14 5%.0 179 561
2083 4 2 261 20 5:71 28 3740 15 160 167 Ub«9
Jasy 1 2 2h41 20 RI71L 28 370 15 200 186 40.5
2URE 1 ? 261 20 SI171 28 37.0 15 33.0 172 32.9
2UNA 1 2 2641 210 KIT1 28 A7.0 15 45.0 146 25.5
SRCLN | 1 26 21 ”RiT1 P8 X7.0 15 56.0 122 18.2
258 1 1 21 21: 5:7]1 28 A7.00 1A B.D 100 1Uens
295G | i 2h 1. »:71 28 37.0 idr 19.0 19 37
FIIPNIEN | 1 261 21: K171 28 39.hH 1fH 21.9 19 Lol
“0nt 1 3 2A1 211 5171 28 0.2 16 24.6 23 3.3
S2URD 1 1 261 210 8171 28 U44.3 1A 28.0 30 3.6
AOn3 1 1 261 217 R:IT1 28 L4U.A 1A 338 22 o4
20nL 1 i 261 210 B:171 28 41.2 14 2G8.0 19 le6
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STATION  TYRrF  CRUTSF DATE LAT . [.ONG. DEPTH DISTANCE
209R8 ] 1 261 215 5171 28 38.8 16 26.7 12 .9
2QhA 1 1 261 21 /171 28 37.0 1A 234 16 1.3
20ART7 1 1 261 210 8:71 28 27.0 1A 10.0 36 2.5
20AA/ 1 1 261 21 5:71 288 27.00 16 o0 90 8.6
26GA9 1 1 2hA1 210 85171 28 27.0 15 49.0 125 16.0
2970 1 3 2ht 21 5171 28 26.1 15 36.10 135 2246
2971 1 1 261 210 K:T71 28 26+ 15 24.0 162 307
2972 1 1 261 211 SI71 28 26.00 15 12.0 179 382
2073 1§ 1 261 21 8:71 28 25.0 15 N 173 45.%
2674 1 1 261 21: 85:71 28 25.0 14 48.0 186 54.9
207% % j 261 22: 8171 28 25.0 14 35.0 180 £5e0
2GTFA 1 3 261 221 5171 28 25.0 14 23.0 186 731
2077 1 2 261 P2 817t 28 25.0 14 25.0 274 7240
2Q78 1 2 261 221 8171 PR 24.0 14 12.0 736 81.4
2679 1 P 261 221 RI71 28 24.0 14 5.0 1010 87.2
2GRN 1 ? 261 22: SI71 28 13.2 13 {0.% 1622 95 .4
2GR 1 ? 261 22 5:71% 28 17.0 14 5.0 1291 KU+ 2
2082 1 2 261 22 8171 28 17.0 14 17.0 850 75.0
2QK3% 1 P 261 220 /5171 28 18.0 14 29.10 473 658
2084 1 3 261 22! K171 28 17.0 14 3440 280 6l.5
P2ARS 1 ? 261 220 817t 28 17.0 14 44 .2 209 S48
PIVI-T 2 2H1 220 RiI71 28 17.0 14 5568 189 44,9
29x7 1 2 2A1 22: %5171 28 17.0 15 7.5 182 35.8
2UHRA ] ? 261 22 K171t 28 16.01 15 1B.0N 153 27.8
PYSPTT | o 2A1 P21 5171 2R 15.8 15 27.7 139 21.1
2090 1§ 1 264 23 8171 28 15.5 1% 38.0 ° 120 14.3
2091 1 i 2A1 23 RI71 28 15.3 15 47.4 100 8.4
2092 1 1 2h1 23! /171 28 15%.6( 15 56.8 S8 242
2Q93% | 1 261 23 5171 28 7.u 15 45.5 77 3.8
2694 1 1 I61 230 8171 PR 7.0 15 34.0 109 10.8
24945 1 i DA 231 K171 28 A0 15 22.0 124 2044
2Q4yan 1 1 261 23: B5:71 28 9.0 185 8.0 158 31.5
2697 1 1 261 23: S:71 28 10.0 14 S6+0 183 41.3
2498 1 i 261 PAL ST 2R 110 14 46D 1SR 49,90
209G 1 i 261 231 SI71 2K 7.0 14 31.0 280  88.3
AGUn 1 2 261 230 K17t 28 7.0 14 21.9 742 674
AT o] 261 P3: 8371 28 7.0 14 13.0 1006 4.0
A2 1 ol 261 232 8171 27 SHh.0 14 14.% 1180 678
Anai | 2 261 23: S:171 27 57.0 14 2540 815 601
Fitgu 1 P 2n P3: SITL 27 565 14 3648 642 50.8
RGOS T 2 2A1 PRI 8171 27 S6.3 14 47.6 244 4240
An06A 4 1 2RA1 241 SIT71 27 H6.0 14 57.hH 189 34.0
A7 1 1 2h1 24 8171 27 85.8 15 9.5 147 23.4
A0UR 3 261 240 5171 27 585.5 15 16.4 141 17.8
AnNDY 1 i 261 20 S:71 27 8%.5 1% 20.0 130 15.8
110 1 1 261 2L K171 27T -55:% 145 310 88 8.1
A1t 1 1 261 240 171 27 S7.0 15 38.7 52 2.6
EYtR - 3 261 U "7t 27 Uhe3 15 31.9 42 1.8
A013 1 1 261 Pul SI7t 27 47.3 15 20C.4 130 11.3
Anie i 1 2ivi 24 8171 27 47.0 15 9.0 153 2.8
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ANts
anlaA
AN17
ANtA
A1y
An210
An21
AnP2
ANP23R
ANn2u
aAn2K
AN2A
AN2A
An27
3119
312
2171
3122
2123
At°u
125
3126
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A28
o4
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26K
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2hRA
7HR
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20K
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264
268
2h8
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268
208
268
P2AR
268K
268K
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268
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268
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PR
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2R
P
2ol

2nH
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DATE

2u.
242
243
2u
243
241
24
248
cu
°51
25.
’5.
5.
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5:71
5:71
5:71
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27
27
27
27
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27
27
27
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27
27
27
27
27
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LAT.

47 )
7.0
47.0
48.0
4B. ()
38.8
360
360
AR
35.8
35.4
350
35.10
370
29.0
S0.0
39.0
15.0
1.0
130
12.0
LA.0
Uhell
bee )
L‘F’)a”
H4Ae 0
37.0
37.0
370
A7 .4
37.0
370
300
2T}
270
2701
P70}
PT7e6r
?7-“
270
2844
~R.0
276}
P61
26
2651
]70"
THL U
181
18.0

LONG.

14
14
1u
iy
14
14
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1y
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15
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5
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24,0
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365
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Seh
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35.0
53.5
43.0
45.0
47.0
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30.0
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25.4
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16.0
18.2
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2510
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21.0
19.0
1647
138
11+6

9.7
58.0
QBDO
3640
25.0
13.0

2.0
39.0
3940
57.0

8.0
18.0
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360
485
860
1000
1258
862
463
356
292
185
132
132
50
315
180
188
108
99
93
85
43
61
82
113
120
120
118
118
115
72
50
70
55
92
112
126
125
130
228
303
352
421
775
1100
1800
1730
995

632

423

DISTANCE

30.9
38.0
47.0
5545
59.5
653
55.7
48.8
46.5
33.2
25.9
175
17+5
l.8
102.8
7€.0
58.9
10.8
8.7
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STATION TYPF  CRUISGF DATE “+ LAT.  LONG. DEPTH DNISTANCE
X165 1 i 2ARA 20311371 27 1R.0 lu 28.0 374 43.4
315A 1 1 2t # 20:11:71 27 18.0 14 39.0 315 34.0
3187 1 1 2HA 20011871 27 17.0 14 48.0 270 25.7
3158 1 1 268 2a0:11:71 27 16.5 15 o0 175 14.8
2159 1 i 2AH8 20011271 27 1A5 15 6.0 145 9.9
31601 3 2hHH 2031113171 27 1A.0 18 9.0 131 6.7
A0t 1 i 268 2ns11:71 27 17.0 15 10.64 129 5.5
3142 1 1 26R 2023171 27 17.5 15 12.84 112 3.5
A1R3 1 PAR 20311271 27 17.0 15 15.2 48 1.7
AAL 1 1 264 2n:11:71 27 7.6 15 12.0 38 2.5
3thH 1 1 2A8 20:11:71 27 7.0 15 9.1 90 o5
3166 1 1 2hK 2011117t 27 7.0 15 7.5 123 Geb
3107 1 i 2AH 2nNi11:71 27 7.0 15 5.5 134 8.2
AHM 1 L} 28R 2n:11:71 27 7.0 15 2.5 149 16G.8
31659 1t 1 26HA 2NI11:71 27 7.0 14 S2.0 202 19.9
Ar70 1 1 2HH 20:11:71 27 5.0 14 41.0 279 2840
3171 1t 1 268 20211271 27 5.0 14 31.0 349 35.9
3172 1 1 268 20811571 27 7.0 14 18.0 403 47.9
B173 1 2 268 20211271 27 BA.5 14 S0 562 58.5
3174 1 2 268 21:11:71 27 10.% 13 52.0 1050 TGe6
R175 1 2 268 21:11:71 27 12.0 13 24.0 2060 95.3
A7A 1 > 260R 21211071 27 3.0 13 22.5 1760 33.9
3177 1 2 2AR 21:11:71 27 2.0 13 43.0 1000 75.5
31748 1 ? 2AR 21:11:71 27 2.0 13 54.0 650 65.8
3379 1 2 262/ 21311371 27 2.0 14 6.0 437 5640
3180 1 2 264K 210113071 24 57.0 14 14.0 392 471
4111 1 ? 2HR 21311871 26 57.0 14 22.5 364 403
31RD 1 ? 26R 21:11:71 26 570 14 3240 322 3243
A1RA 1 1 268 212113071 26 57.0 14 4040 270 25.8
A1AL 1§ 1 DRA 21011071 26 57.0 14 u49.0 208 18.3
Z1AS 1 1 2HA 21:11:71 24 57.0 158 o0 136 9.0
318A 1 1 2hHR 21311271 26 57.0 15 12.5 18 1.1
A1R7 1 1 2HR 22:11:71 26 S7.8 15 10.9 36 2.1
ATAR 1 1 23R 22111171 26 B59.2 15 B«9 55 4,2
2149 1 1 208 22:11:71 27 o U 18 7-0 100 6.0
51490 1 1 268 P2:11:171 26 B7.0 15 3.0 118 7.0
A1971 1 1 2hHA 22111171 26 4740 185 4.0 57 2e2
3192 1 1 26K 22:11:71 26 47.0 15 1.7 93 Tt
3193% 1 1 2HR 22:11:71 26 47.0 14 %9.5 119 6ol
3190 1 1 2RM 22:11:71 26 U47.0 1u S57.1 135 8.0
3195 1 1 26HR 22011171 26 47.0 14 55.0 148 a.9
4196 1 1 PAR 22111171 26 47.0 14 43.0 207 2047
41497 1 P 218 2271171 26 47.0 14 31.0 289 31.2
198 1 2 PAHA 22:11:71 2A 4T7.0 14 21.0 350 30.3
27394 1 P 2RAK 22:511:71 26 47.0 14 10.0 375 49,4
3200 1 2 2ARK 22111071 26 47.0 13 59.0 411 58.6
A28t 1 o] 20R 22:11:71 26 47.0 13 47.0 458 700
o2 1 2 2hHA 2211710 26 47400 13 370 Q00 T8 2
1253 1 2 2AR 22111371 26 47.0 1% 22.0 1530 88.8
3204 1 2 2hR 22:11:71 26 37.0 13 22.0 1480 87.1
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STATION. TYRPE  CRUTSE DATE ILAT. {LONG. DEPTH DISTAMCE
3008 1 o 268 22:11:71 26 37.0 13 33.0 995 77.0
3206 1 ? PAHK 22011371 26 37.0 13 44.0 453 6862
3207 1 2 2hR 22311171 26 37.0 13 55.0 418 62+5
R208 1 2 2R 2R111 71 26 A7.0 14 545 390 5040
3209 1% 2 26R 233113371 26 37.0 14 16.0 352 41.1
32ta 1 1 26R 2311171 2?26 37.0 14 25.0 305 34.4
A21% 1 ] 268 23113071 - 26 37.0 14 36.0 240 2642
3212 1 3 2h8 PR:11:371Y 26 371 14 47.0 165 16.7
2213 1 1 268 23011271 26 37.5 14 57.5 115 70
A2t 1 i PAR 23:11:371 26 37.0 15 2.0 40 245
1215 1 1 2HA 26211171 25 A.0) 14 49.5 27 1.8
3215 1 ? 2AR 2AR31TITE 25 6.0 14 49.5 27 1.8
I21h 4 1 268 PARt1t:7% 25 H«R 14 U4T7.4 38 Se0
2217 1 1 268 23171 25 7.0 14 44.8 S0 5.8
3218 1 1 2HA ?6:11:71 25 7.0 14 42,2 62 7.8
3219 1 1 26A PAH11:7L 2% 7.0 14 40.0 75 9.7
3220 1 3 268 ?26:11:71 2% 7.0 14 29.0 110 1.2
3221 1 i 2A R 26112371 25 7.0 14 19.) 155 28.2
3222 1 1 268 26011071 25 7.0 14 TN 181 38.5
3023 1 1 268 2A:11:71 25 B.0 13 59.0 198 45.1
o240 1 1 26HR 2R3:11:71 25 8.0 13 52.0 215 51.9G
Azou 1 2 2hHH PARI11:71 25 A.0 13 52.0 215 51.9
2oo4u ¢ 3 20K PART1IT7T 25 B.0 13 52.0 215 51.9
{25 1 2 26K PALIIITL 25 7.0 13 3660 530 66.9
2226 1 2 2HR 27:11:171 25 7.0 13 26.0 970 755
3227 1 2 2RHA 27:11:71 25 7.0 13 15400 1450 84 .9
IOPK 2 2H8 2711171 25 2hHel 13 25.0 1000 75.5
202209 1 7 26K ?7:11:71 25 L. 13 360” 651 6506
A2A0 1 > 2HE 27:11:71 25 23.10 13 4740 354 55.5
A23%1 1 1y 20K 2713171 2% 22.1) 13 58.0 260 45.8
3232 1 1 DAk 27:11:71 25 22.0 14 S.n 210 32,1
A0AR 1 1 2HA 27:11:71 25 ?2A.0 14 13.0 212 32.0
o84 1 1 2hHA 27:11:71 25 P2heH 14 21.0 182 25.5%
A2hH4 2 2h# PRI 26 120 13 36.0 660 72.0
3235 1 1 26R 27:11:71 285 27.5 14 29.0 145 18.5
30364 1 1 2AR 27:11:71 25 2B.0 14 38.0 97 10e5
A237 1 i 2nAR 273113171 25 28.0 14 41.0 98 7.9
ADAR 1 1 2AHA P7:11:71 25 27.6 14 U3B.A 89 5.1
303G 1 1 DAKA 27:11:071 25 27.7 14 4#47.4 55 1.5
Ao44 i 1 2AAR 2711071 75 50.0 14 49.4% 58 2e2
Aot 1 i 268 PRI11IT71 25 49.0 14 47.1 80 440
Aou2 3 1 268 PRIL1ITY 25 48.7 14 4L.H 101 5.0
1043 1 1 2AH 2R:1Y:T73 25 U7.6 14 k2.5 115 6.8
Aouly 1 1 2HR PRI11IT 25 47.0 14 40.0 122 8.6
RAoL%H 2 268 ?R:l‘:—,] ?CS 47.0 14 290“ ]70 1901
AoUA 2 26K PRI1TITY 25 47.10) 14 18.0 210 29.2
3oa7 1 2 2hA PRI11IT7L - 25 47.0) 14 7.0 250 39.0
A24R 1 2 2hA8 PRIT1IT7T 25 47.4 13 55.5% 320 48.9
3244 b 2HA PRI1T1IT7L 25 4740 13 44.0 280 5849
A250 1 o] DHA PRI11:71 2% 47.0 13 31.0 690 70.7
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STATION TYPE  CRUISE DATE LAT. L ONG . DEPTH DISTANCE

3251% 1 1 P2AR 2RI11:71 2H U7.5 13 185 1200 Bce5
32”2 1 2 26R PRI11:71 25 4B.G 13 11.0 1495 89.0
3253 1 2 268 2R:11:71 26 11.0 13 250 Q995 81.8
AohqL 1 2 264K 2R:11 N 26 12.0 12 36.0 660 72.0
A28 1 ? 2AR 2R311:71 26 13.0 13 47.0 390 6l.e4
Z25A 1 2 2AR PR:I11I71 26 13.0 13 57.0 352 L
3557 1 2 2AR PRI11:TYL 26 11.0 14 B0 300 42.8
APKA 1 1 2hRK 29:11:71 26 9.0 14 18.0 212 33.9
2259 1 1 268 29011171 26 7.0 14 2840 202 24.8
AOAN ] 1 2hR 29:111:71 26 5.0 14 37.0 180 17.2
3261 1 1 2HR 291113171 2 1.0 14 46.0 115 2,0
A262 1 1 268 29011071 26 3.l 14 49,5 85 70
2R3 % 1 2AR 29011:71 26 3.0 14 51.5 a5 He3
CADAL 1 2AR 29:11:71 26 3.0 14 54.0 51 3.7
ADAY 1 2AhR 29011171 26 3.0 14 56.0 - 31 2.0
A06HA 1 1 26K 29:11:71 26 269 15 5.6 24 1.2
A0AT7 1 1 26K 29:11:71 26 26.9 15 3.5 38 el
32608 1 i 26HA 29:11:171 26 270 15 1.7 44 4.2
A2A9 1 1 26R 29:11:71 26 268 14 53.8 53 57
o701 1 2hRA 29:11:71 26 2A.8 14 57.8 50 59
3271 1 1 268 29:11:71 26 27.0 14 47.0 153 12.0
A272 1 1 2HA 291171 26 27.0 14 3640 230 20.8
A273 1 1 26K 29:11:71 26 28.0 14 25.0 305 30.1
3274 1 | 26R 29011170 26 29.0 14 4.0 340 3Q.4
3576 1 2 2AR 29011371 26 29.0 14 3.0 380 S50.0
A7 1 2 26 A 29111171 26 300 13 S2.0 408 59,7
2277 1 2 2HH 2901171 26 30.0 13 41.0 433 692
3278 1 ? 208 290113071 26 314t 13 30.0 839 78.7
3579 1 2 268 29:11:71 26 31.0 13 15.2 1495 91.9
ADAN 1 1 268 1312271 28 4141 16 22.8 24 4.9
40K 1 1 PAR 1012271 28 42.0 16 20.8 34y 6.5
A0K2 1 1 26K 1:12:71 28 43.2 16 19.0 50 8.5
32R% 1 3 2AR 18312271 2R 44.3 16 17.2 80 10.4
DR ) 1 2HA 1:12:71 28 u4%.7 16 15.9 96 124
42885 1 i 268 1:312:71 28 46.8 16 13.6 114 14.2
AOHKA ) 1 268 101271 28 52.4 1A 20.4 110 13.6
087 1 1 20R 131271 28 50.2 16 23R8 83 9.8
ANARA 1 1 2hf 1012:7)1 28 48.7 16 260 52 7.5
305 i 261 1:12:71 28 U476 . 16 27.8 41 5.6
A290 1 [ 26R 1012071 P28 LA 1A 29.2 38 el
A2491 1 1 2ik 1:112:71 2B 45.3 1A 31.4 30 2.1
30490 4 i 2R 1:12:71 29 wi.3 17 5 a0 244
40433 1 1 S68 1:112:71 29 41.4 1A S58.”7 30 Y,.2
LIS TTR 1 2HA 1312171 29 4t1ed 1A 5662 102 6.0
EV L] ] 2HHKA 1012171 29 42.u 1A 52.0 118 e,y
4351 1 3 273 10 5172 29 349, 14 14.0 A80 1260
3350 1 2 273 110 5172 P29 14.5 14 B.n 1335 112.0
A1n3 ] 2 273 11 8172 728 S56.i0 13 58.5 1665 107.0
ARS4L 1 2 273 110 R:172 28.38.0 13 Su.0 1780 101.1
3356 1 2 273 118 9172 27 S0.4 13 42.0 2070 9C«0
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STATION  TYPF  CRUISF DATF i AT LLONG . DEPTH. DISTANCE
RA56H 1§ ? P73 120 8172 26 23.06 13 7.0 1430 98.4
AZ57 1 2 273 12: 5172 26 21.0 13 20.0 990 86.0
AXZRBR 2 273 12: 5172 26 21.0 13 20.0 580 86.5
LELL R 2 273 120 5172 26 19.58 13 525 385 57.7
ARG T 2 273 12! 5172 26 19.0 14 4.0 349 47.0
A%AT 1 2 273 12: 5172 26 18B.0 14 15.0 298 37.7
A%RA2 1 2 273 12: 5172 26 165 144 25.5 215 28.0
3AAAD D 1 273 12: 5172 26 1A.5 14 2%.5 215 2840
AZ63 1 1 273 12: 8172 26 15.5 14 37.0 234 1&8.2
L P p) 273 12: Bi172 26 1hets 14 47.5 135 &0
BRAS 1 1 273 120 85172 26 14.5 14 49.5 98 4,9
3364 1 1 273 12: 72 26 14.0 14 54.0 51 2e5
ARAT 1 273 12: 5:72 25 S4.5 14 52.6 33 1.1
ARAR 1 1 273 123 5172 25 S4.6 14 50.9 62 2.9
37369 1 1 273 12: 5172 25 S4.7 14 UB.AH 58 5e1
AR7T0 1 1 273 12: QI72 25 S4.7 14 U463 82 6.8
3%71 1 1 273 12: 5172 25 S5.0 14 44,3 117 8.3
3372 1 i 273 120 R:72 25 55.0 14 33.0 171 17.8
3373 1 2 273 13: 5:72 25 S4.5 14 18.0 220 301
3374 1 P} 273 132 &IT72 25 S3.8 14 9.0 254 37.8
LRV 2 273 132 5172 25 S3.0 13 570 326 47.7
ART7A 1 2 273 13 5172 25 52.5 13 W4.0 408 59,2
A3T77 1 2 273 132 K172 25 52.00 13 32.0 690 70.6
RRT7H 1 2 273 13: 5:72 2% SA8.0 13 21.0 1120 B1.3
23749 1 P 2713 135 &:72 25 38.0 13 13.0 1450 88.1
3340 1§ 2 273 13: 5:72 25 3A.0 13 11.9 1470 88.5
A341 1 2 273 132 RI72 25 3/.0 13 23.1 970 79.0
RRA2 1 2 273 13: K172 25 35%.8 13 34.h 555 664
ARAZR 1 2 273 13: Q172 25 36.2 13 45.5 335 5846
3RHL 1 2 273 132 5172 25 3h0 13 52.0 280 53.9
3345 1 ? 273 13: 5172 25 37.0 13 565 275  4B.8
LTSI | 2 273 130 "i72 25 3.0 14 8.0 227 38.0
AXAT7 1 P 273 13: 5172 25 36.0 14 19.0 190 28.8
3348 1 P 273 137 85172 25 36.0 1u 31.0 158 178
3349 1 27% 143 B:172 2% 36.2 14 38.5 117 11.0°
3390 1 1 273 14: 5172 25 358 14 40.4 98 Q.7
LR R | 1 273 142 5172 25 25.9 14 43.5 84 6.9
3392 1 1 273 16 5:72 29 3he0i- 14 45.8 71 5.0
3394 1 1 273 14 5172 25 36.0 14 482 40 3.0
33940 1 ] 273 14 RI72 285 1A 14 4649 33 2.2
3394 1 ! 273 T4 Si172 25 16.0 14 44.4 38 3.9
4396, 1 i 273 tu 5:72 25 16.0 14 42.4 55 6ol
3397 1 1 273 tudl K72 25 15.5 14 39.0 61 G.4
3394 1 i 273 14 8172 25 15.5 14 37.0 87 11.0
3R9G | 1 273 e SI72 2% 16.0 14 27.0 142 19.5
auon i 1 273 14 8172 25 166 14 13.0 182 31.9
Audt 1 273 1u: K172 25 1A.0 14 3.0 200 41.8
A2 1 1 273 T 8172 25 16.00 13 Hlen 244 5242
EIRTCO | 1 273 148 5172 25 15.5 13 41.5 332 6065
Auu® 1 u 273 14: 8272 25 17.0 13 16.0 1110 833
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STATION TYPF CwuISE NDATE LAT . LOMG. DEPTH DISTANCE
Au0u 1 > 273 iu: SI72 25 17.6 13 30.0 690 70.5
R b 273 140 5172 2% 17.4 13 160 1110 8343
ALA 1 ol 273 142 5172 2% 20.0 13 6.0 1530 92.5
AR33 1 1 279 29111:72 29 0 16 2660 129 il.8
AR3n 1 1 279 29:11:72 28 58.0 16 26.2 123 104
ARAN 1 1 279 29:11:172 28 56.0 16 2642 117 9.5
3RAA 1 1 279 29011172 28 S4.0 16 262 i0é6 8.9
ARAT 1 1 279 20:11:72 28 52.0 16 265 89 2.0
AR3R 1 1 279 29111172 28 50.0 16 26.5 70 7e7
3~39 1t 1 279 29:11:72 28 U4R.2 16 26.2 50 Te2
EYS' i 279 29:111:72 28 4he3 16 26.6 37 6e3
ALY 1 ] 279 29011372 28 40.0 16 265 0 20
AALD 1 279 29:111:72 28 320.0 16 13.6 27 2.1
ARu3 1 1 279 29:11:72 28 30.0 16 11.5 31 367
AAGUL 1 279 29:11:72 28 29.0 16 9.0 33 4.6
KT LT 1 279 29:11:72 28 2R.5 1A 7.0 40 5e5H
AALUA 1 1 279 29:11:72 28 28.0 16 5.0 50 6.4
3a047 1 1 279 29:11:72 28 27.6 16 2.5 60 7.6
IALR 1 1 279 29111172 28 27.0 1A o0 70 8.6
FIALU9 1 1 279 29111172 28 25.2 1A 2.5 60 5.9
AARH 1 i 279 29:11272 28 24.0 16 3.6 50 4.4
2AST 1 1 279 2G:11:72 28 22.0 1A 50 43 2.0
352 1 1 279 ANI11:72 25 S%.0° 1d 33.0 172 178
3683 1 i 279 A3ni11:72 25 S.8 14 7.7 179 38.4
4mla 1 1 300 17: 5174 29 18R.( 16 4840 89 4.2
TYNTU 1 An 170 5174 29 13.06 1A 45.0 Yy 4,7
UAgkH 1 1 300 172 5174 29 Q.0 16 420 90 6.5
UAaw7 1 1 300 17 SI74 29 4,2 J6 3Beh ay S5e7
UARLA 1 1 300 17: 5:74 29 0 16 35.0 90 67
(TS| 1 390 17: |74 28 85.0( 16 33.4 77 3.6
AT 1 00 17 S:74 28 56.7 1A 3040 60 4.6
LABT 1 i 00 17 S:74 28 49.0 16 28.8 51 Se2
TS I 1 330 17: SI74 28 49.0 16 28.8 51 5.2
d4hB2 1 34)1) 17: 8274 28 47.0 16 28.? 41 51
TN I 1 3N 17 5:74 28 47.0 16 2847 41 5.0
4A™3 1 1 300 17 5174 28 U45.2 16 28.? 32 4.9
LRAQR 2 1 340 17 S:74 28 U45.2 1A 28.>2 32 4,9
[TUNCYTON | 1 AU0 17¢ 5:74 28 43.10 16 274 28 3.8
4ASE 1 300 170 5:74 28 L41.1 1A 268 21 2.8
dénA T 1 300 17 K:74 2B 39.3 16 260 15 1.7
UARS7 1 1 20 17 K74 28 39.0 16 2440 20 20”
4ASR 1 1 A0 17: SIT4 28 3R.7 1A 21.4 21 36
4ARS9 1 1 241 17 Ki74 2R 326.8 16 19.2 26 3.4
abhhil 1 1 30N 17: 5:174 28 38.72 14 17.0) 48 .8
uiht 1 1 300 17 5174 28 3B.0 1A 14.5 73 7.0
LAAZ 1 1 0N 17: 5:74 28 38.0L4 16 12.2 85 G.5
YN 1 300 17: 8574 28 37.5% 16 9.5 g5 9.9
TONS IO | 1 300 17: 5174 28 37.6 1A 7.4 95 108
UAr6tS 1 1 AU 17: S:74 28 37.U 16 5e¢0) 99 124
UnhA 1 i 00 17: 574 28 36.0 16 2.0 106 13.8



174

STATION TYPE CRUISF DATE LAT. LONG. DEPTH DISTANCE
4ART 1 AG0 17: 5374 28 34.2 16 1.8 104 12.8
unak 1 1 a0 171 KI74 28 32.2 1A 1.6 100 1l.4
LAARG 1 1 00 17 S:74 28 30.0 1a ) Q9 10.9
an?n g 1 340 17 5374 28 29.2 15 539.0 89 10.9
uh71 1 i A00 170 5174 28 21.7 15 584 82 6.2
UR72 i 300 17: R:74 28 19.4 15 57.6 80 541
un73 1 1

300 17 5174 28 17.0 15 57.0 78 6.9
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l«DQ LOCATION, DEPTH AND COLOUR OF POST-PALEQZOIC ROCKS

Sample
Number

Deg., Min,

Latitude S Longitude E Depth
Deg. Min.

m

Colour

Ferruginous muddy sandstones

SYR4/4
10YR6/6
10R4/6
10YR4/2
5YR2/2

10YR4/2
10R5/4

10YR5/4
10YR4/2
10YR4/2
10YR4/2

10YR6/4
10R4/6
5YR5/2
10R4/6

5Y6/1
5Y8/1
NF

5Y8/1

5Y8/2
10YR5/4

i

N5
10YR5/2
N8

TERRIGENOUS SANDSTONES AND MUDSTONES (T)

Moderate brown

Dark yellowish orange
Moderate reddish brown
Dark yellowish brown
Dusky brown

Dark yellowish brown
Pale reddish brown
Moderate yellowish brown
Dark yellowish brown
Dark yellowish brown
Dark yellowish brown

Moderate yellowish orange
Moderate reddish brown
Pale brown

Moderate reddish brown

Light olive gray
Yellowish gray
Light gray
Yellowish gray

Pale yellowish gray
Moderate yellowish brown

Medium gray
Moderate yellowish brown
Very light gray

LIMESTONES(Q) AND LIME MUDSTONES (L)

2747A 29 55,0 16 51,0 138
274784 29 55,0 16 51,0 138
4637 30 16,1 17 04,9 132
4638 30 00,0 16 47,0 160
POINT 31 39,2 18 09,1  +25
Phosphatic ferruginous muddy sandstones
2747B-1 29 55,0 16 51,0 138
2747B8-2 29 55,0 16 51,0 138
2747B-3 29 55,0 16 51,0 138
2747B-5 29 55,0 16 51,0 138
4629D 30 00,0 16 50,0 -152
4640D 29 59,0 16 54,0 140
Ferruginous mudstones

2743 29 43,0 16 47,0 123
2868A 29 27,0 16 41,0 122
2868B 29 27,0 16 41,0 122
4637 ‘ 30 16,1 17 04,9 132
Sandy mudstones

2995C 28 08,0 15 22,0 124
2995D 28 08,0 15 22,0 124
1175-46A 28 02,7 15 26,25 95
1175-46B 28 02,7 15 26,25 95
Micaceous mudstones
.2868B-1 29 27,0 16 41,0 122
1111-44 28 04,1 15 30,05 90
Sandstones =

2936 28 48,0 16 06,0 130
2969E 28 27,0 15 49,0 125
1175-47 28 03,5 15 25,95 99

QUARTZOSE

Quartzose lime wackestones(Q)

2747C 29 55,0 16 51,0 138
2990D 28 15,5 15 38,0 120
2995A 28 08,0 15 22,0 124
29958 28 08,0 15 22,0 124
2995E 28 08,0 15 22,0 124
3007-1 27 55,8 15 09,5 147
3007-2 27 55,8 15 09,5 147
3008B 27 55,5 15 16,4 141
3122 28 15,0 15 43,0 108
3133 27 37,0 15 20,5 118
3141 27 27,0 15 13,8 126
3193 26 47,0 14 49,5 119
3261 26 01,0 14 46,0 115
3390A 25 35,8 14 40,4 98
3390D 25 35,8 14 40,4 98
3390F 25 35,8 14 40,4 98
4636 30 18,0 17 05,5 - 135
4638M 30 00,0 16 47,0 160
4638F 30 00,0 16 47,0 160

10Y8/2
56Y7/2
X7 |
N4
N5
10YR5/4
N8
N5
N6
N5
N5
N6
N5
5G6Y7/1

- 5Y8/1

N6

5Y6/1
5B9/1
5B9/1

Pale greenish yellow
Grayish yellow

Light gray

Medium dark gray

'~ Medium gray

Moderate yellowish brown
Very light gray
Medium gray

Medium light gray
Medium gray

Medium gray

Medium light gray
Medium gray

Light greenish gray
Yellowish gray
Medium light gray
Light olive gray
Bluish white

Bluish white
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FORAMINIFERAL LIMESTONES(F)

Phosphatic nummulitic lime wackestones

2922 28 55,0 14 46,0 190 10YR2/2
2984C 28 17,0 14 34,0 250 5Y7/2
Phosphatic planktonic foraminiferal lime wackestones
2734 29 56,0 15 04,0 312 5Y8/2
3005 27 56,3 14 47,6 244 10YR8/2

ALGAL LIMESTONES (A)

Algal lime wackestones

2849B-1 29 37,0 14 16,0 250-152 5Y7/2

2849B-4 29 37,0 14 16,0 250-152 10YR8/2

3351B 29 39,0 14 14,0 880-152 10YR8/4

Phosphatic algal lime wackestones

2849A 29 37,0 14 16,0 250-152 10YR5/4

2856 29 - 38,0 15 26,0 194 10YR5/4

3351A-1 29 39,0 14 14,0 880-152 10YR7/4

A5060 29 41,5 15 28,5 183 10YR7/4
PHOSPHORITES (P)

Conglomeratic glauconitic phosphate packstones

2984A. 28 17,0 14 34,0 250

Pebbles 28 17,0 14 34,0 250 10YR6/6

Matrix 28 17,0 14 34,0 250 5Y8/4

Sample Latitude S Longitude E Depth Colour

Number Deg. Min., Deg. Min. m

4639D 30 00,0 16 50,0 152 5Y8/1 Yellowish gray

1111-49 28 06,20 15 28,25 117 N5 Medium gray

1111-67 28 14,05 15 21,45 134 N6 Medium light gray

A4923 27 23,0 15 09,0 128 N5 Medium gray

A4923-2 27 23,0 15 09,0 128 5Y8/1 Yellowish gray

GIL 471 26 34,0 14 55,0 128 N5 Medium gray

Phosphatic quartzose lime wackestones/Q)

3194 26 47,0 14 57,0 135 N5 Medium gray

3390E 25 35,8 14 40,4 98 5Y2/1 Olive black

GIL 469 26 30,0 14 43,0 180 N5 Medium gray

Pyritic lime wackestone(L)

4639 30 00,0 16 50,0 152 5Y6/2 Light olive gray
- Phosphatic pyritic lime wackestones (L)

2969A 28 27,0 15 49,0 125 N7 Light gray

29698 28 27,0 15 49,0 125 5Y6/2 Light olive gray

Lime mudstones (L)

2969D 28 27,0 15 49,0 125 5Y7/2. Yellowish gray

2995B 28 08,0 15 22,0 124 N4 {.. Medium dark gray

2995F 28 08,0 15 22,0 124 N7 Light gray

3027B 27 27,0 15 27,6 50 N3 Dark gray

3027C 27 37,0 15 27,6 50 N4 Medium dark gray

3232A 25 22,0 14 05,0 210 5Y8/1 Yellowish gray

3653D 25 05,8 14 07,7 179 N4 Medium dark gray

4636 30 18,0 17 05,5 135 10YR3/2 Dark yellowish brown

Phosphatic lime mudstones (L)

3185 26 57,0 15 00,0 136 10Y4/2 Grayish olive

3351A-2 29 39,0 14 14,0 880-152 10YR5/4 Moderate yellowish brown

Dusky yellowish brown
Yellowish gray

Grayish yellow
Very pale orange

Yellowish gray
Very pale orange
Pale yellowish orange

Moderate yellowish brown
Moderate yellowish brown
Grayish orange
Grayish orange

Dark yellowish orange
Yellowish gray '
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Sample Latitude S Longitude E Depth Colour
Deg. Min. Deg. Min, m
2984B 28 17,0 14 34,0 250
Pebbles 28 17,0 14 34,0 250 10YR6/2 Pale yellowish brown
Matrix 28 17,0 14 34,0 250 5Y7/2 Yellowish gray
2984C 28 17,0 14 34,0 250 ' 5Y7/2 Yellowish gray
3016D 27 47,0 14 48,0 360-393 10YR4/2 Dark yellowish brown
4638G 30 00,0 16 47,0 160 5YR2/1 Brownish black
4639 30 00,0 16 50,0 152 5Y8/1 Yellowish gray
300-80001 28 47,08 15 54,20 157 10YR6/4 Moderate yellowish orange

Pelletal (intraclastic) phosphate wackestone
3232C 25 22,0 14 05,0 210 10Y7/2 Pale greenish yellow

MOLLUSCAN LIMESTONES (M)

Molluscan lime wackestones

2990 28 15,5 15 38,0 120
2994 28 07,0 15 34,0 109 5Y6/1 Light olive gray
A4922 27 23,0 15 08,0 138 10Y8/2 Pale greenish yellow
A4923-3 27 23,0 15 09,0 128 N7 Light gray
4638 30 00,0 16 47,0 160
MISCELLANEOUS
Phosphatic silicified wood _ v
4638 30 00,0 16 47,0 160 N5 Medium gray
4639 30 00,0 16 50,0 152 N5 Medium gray

Coprolite (phosphate mudstone) ‘
3224D 25 08,0 13 52,0 215 10YR4/2 Dark yellowish brown



£. COMPONENT PROPORTION OF POST-PALAEOZOIC ROCKS
Sample SUMMARY INTERGRANULAR TERRIGENOUS GRAINS | BIOGENIC AUTHIGENIC

Number FABRIC GRAINS GRATNS
) ) 0 ~
% S 3 G- s 09
3 5 o 8 o 2 b e > Z o2 e 3 &
§ & o % 20 3 & & g 5 e S TS E
(TN} falu] o o (%)) ord
S S Fa M B & 9 B 8 s N 3 oA T - g9 B & = 9 S ¢ g
ey T~ Ry 5 A © O ™ k4 B T ®w ¥ O @ o %& gg &~ g 8 3 o 8
Qb MM o+ A ~ 7)) [} = =] [T (& [} o ~ — o, ] ol ob) gy ) ;’ o Fo) far =] o
B SE s 52 g S % s 308 9 & 2 08 % oo ooloesS 8 o5 &3S
M RO R0 @ M R E S a0 & s m D D s < U oblm s E = S8 mo=2 o &
TERRIGENOUS SANDSTONES AND MUDSTONES (T)
‘Ferruginous muddy sandstones
2747A 50 50 - - 25 - =25 - = 45 - tr S5 - = - = = = tr - - - - - -
2747B4 60 40 - - 60 - - - - - 35 - 2 2 tr tr - - - - = = = - - - -
4637 60 40 - - 60 - - - = = 20 15 - .2 3 = - = = - - - - - - - -
4638 50 50 tr - 50 - - - - - 40 =~ 5 tr - -~ tr 3 - 2 = - = tr - - -
POINT 20 80 - - 20 - - - - - 300 10 - 30 - 5 - 5 - - - - - - - - -
Phosphatic ferruginous muddy sandstones _ )
274781 50 50 - - 3 15 - = - =~- 50 tr tr - tr -~ - - - - tr = - - - - -
2747B2 25 75 - - 00 15 - - - = 70 2 1 2 - - = = = = = = - - - - -
2747B3 50 50 - - 3% 15 - - - = 35 = tr 15 tr - ~- - - - - - - - - - -
2747B5 40 60 - - 15 20 - - - 5 40 - tr 20 tr tr - - - -~ - - = - - - -
4639D 50 50 - - 30 20 - - - = 45 - - 2 = = = 2 = 1 - - - - - - -
4640D 60 40 - - 50 0 - - - - 3 = 1 1 - - - 3 = - - = - - - - -
Ferruginous mudstones
2743 80 20 - - & - - - - . - o - - - - = = = = =-_10 - - - - - -
2868A 50 50 - - 50 - - = - - 40 - - - - = - = - =10 - - - - - -
2868B 20 75 - 5 20 - - = = = 65 - - - - = = = - =-=-"10 - - - - - 5
4637 80 20 - - 80 - - - = - 20 - - = - ~- = = - - - - - - - - -
Sandy mudstones . »
2995C 90 10 - - - - 80 - - 10 8 - ¢t&r - - - - - 2 - = = = - - - -
2995D 70 30 - - - =-5 ~- -20 20 - tr - - =- =10 - - - tr - - - - -
1175-46A 70 30 - - - - 0. - - - 3 - 10 - - - = = = - = = - .= = - -
1175-468 20 80 - - - 20 - == - =75 - 5 tr - = - = = = = = = - - - -
Micaceous mudstones
2868B-1 50 50 - - - -5 - - = 255 - - - - - = = = =20 = 5 - = - -

1111-44 50 50 - - - -5 - - - 20 - = - = = - - - -3 - - - = = =

8T
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Sample SUMMARY INTERGRANULAR BIOGENIC GRAINS TERRIGENOQUS AUTHIGENIC
Number (chiefly carbonate) Grains Grains
(chiefly
residual
9 2 . " 9 &
v o
3 2. 3 8 g § s
— 0 0 (4] I H | TR O n U~ Q@ SR =] — Q
3 3 o = B & B ~ E v Y H eH®W Eo g @ o) o) oA
o o A o A e - © (7] [ R, W 3 T [V o R ] = g oo© Y
[ 9] a e [=J S - « o n .o v g J-+d gA LD o M o ~ ol o a o
H .4 O H ® g 9 o o O © YA &g o 'O 9 . 0o = o g B oM op
&0V ¢l 80w b0 o O o 7] Q Ep 7] o] o O W o A~ U (3] | S — o, o) e)
gl 1= E =T =) 5o O A O ™ ~ =] N a8 - ":E ,zg gy n 68+ [ RS | Q :('3' g, 7] N3] o ° .
QN o0 Hed.dH " n = B ST = =B W14 — 0 A ® NP gu U+ o g MOH oo A o o 3w 7] 7]
U0 0f W EUD S 0 ® 0 O @ o = 5 L H O Mofd Gh O e Od O @ A4 w60 @ H @ o o O
g0 HN QN3N 9 o = :H +d u A C H J @ 4 QYO0 —HO WUy W O B o © H @ O N 4 g 2 c
HEn XD RO VDR S S -V - & = M E 0 oM aAR Ry RO~ F O D O AU M M om
LIME MUDSTONES (L)
Pyritic lime wackestones
4639 8 - 510 - - -8 - - - - - = = = = = - = - - 5 = = = - = 10 - - =
Phosphatic pyritic lime wackestones(L)
2969A 70 - tr 30 - 15 . 45 10 - - - = = = = - - = - - - tr - - - - 30 - - - -
2969B 75 - 4 21 - 15 5 5 - - - - - = = - - - - - 4 - - - - 201 - - -
Lime mudstones
2969D 90 - 5 5 - - -9 - - - - = = = = = = - = - 5 - - - - - 5 tr - -
29958 9 - 5 5 - = 5040 - = - = - - = = - - - - - 5 - - - - - 5 - - -
2995F 95 - 5 - - - 75 - =20 - = - - = - - - - = -5 - - = - =~ - - - -
3027B. 100 - - - 10 - —90 - = = = == = — e - - - e o - oo e oo -
3027¢ 100 - tr - 30 - -70 - = - = - - - - - - - - ~¢tr - = - - = - - - -
32324 100 - - - - = 7030 - - = - - - = = & - .= - - - & - - - - - - - -
36530 100 - - tr -~ - 802 - - - = = = = - = - - - - - - - - - - tr - - -
4636 100 - tr - - - 810 5 - - = = = = = = = - - —¢tr - - - = = - - - -
Phosphatic lime mudstones (L)
3185 95 - 3 2 -3 65 - = - = = = = = - = - - - - - - - - - - - - - -
3351A-2 100 - - - 1030 60 - - - = = = = = = = - - - = - - - - - - - - - -
" FORAMINIFERAL LIMESTONES (F)
Phosphatic nummulitic lime packstones
2922 50 50 - - - 30 20 - - - tr tr tr tr - 45 5 - - = - - - - = - - - - - - -
2984C 5050 - - - 30 515 - - tr tr tr tr - 50 - ~ - - - - - - = - = - - - = =
Phosphatic planktonic foraminiferal lime wackestones
2734 50 40 - 10 - 5 45 - - - - - - - - 53 - - - - - - - - = - 1 1. -- 8 -
3005 50 50 -~ tr - - 25 25 - - 10 - 5 - -1520 - - - - - == = - - -~ tr =-tr -

81
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Sample SUMMARY INTERGRANULAR BIOGENIC GRAINS TERRIGENQUS " AUTHTIGENIC
Number FABRIC GRAINS GRAINS
| 2
Q /2] /)]
[V} (o) [V} (7] [3+]
[ fu) [o14] — — /] —
© - —~ ®© ® 3 « boo
— 0 w (3] [9] n < - H wn O - Q @]
2 3 .9 3.9 1 o ® E o od.987% & & S - =
§ o 2 B e A =I € © @ Ceobd SH.0 0 R o U e
H oA O Q - 8 2 o 9~ g O T A e o0 W [ =T -V |
800 Ctn 60N 60w 0.g O B @ b © o o oa ua 2 o N H oo S )
HAOE A o S 3 A O 4 O N 3 g < o8B N [0 RS T g, 13} . T ]
QHOH A S [T = N VN O —~ A ®Ja gttS.c‘. =1 H H 0, T J un o A
gaedipgs Mg =B 9% R 0§ yERiEe g 3 e g9 @ 2S8R
E£&3$<ﬂs l:gﬁ UE = % M = @ O AR W o U H KMo 0o A A
. .. PHOSPHORITES (P)
Conglomeratic glauconitic phosphate packstones
29 84A _ :
Matrix 40 5 550 -3 -10 - - - - - —tr 5 5 - - - - 40 tr 10 -
Pebbles. 50 50 - - - = =40 10 - =2525 - - - - - - - - - - - -
Pebbles 40 40 20 - -20 -20 - - = = =40 - - 20 - - - = - - - -
2984B :
Matrix 60 5 5 30 - 40 - 20 - - - -=-11 3 - 5 - = - - 25 tr 5 -
Pebbles 60 40 - - - =40 20 - -tr 3 2 3 - - - - - - = - - = =
2984C
Pebbles 100 - - = - 20 60 20 - - - = - = - - - - = = - - - - -
Pebbles 60 40 - - -60 - - - - - =40 - - - - - - = - - - - -
Pebbles 70 - - 30 -70 - - - - - - - - - - - - - - - 30 - - -
Matrix 50 30 5 15 -5 - - - - - =520 b5 - 5 - = = - 5 - - -
3016D 75 15 10 25 - 20 25 20 10 - - - =- =10 5 - - 10 - - - = - - - -
4638 50 tr 30 20 - 25 520 - - = = =~ = tr = - - 20 tr tr tr 10 20 - - -
4639 30 - 20 50 -3 - =-.- - i 20 - - - - 45 tr - 5
300-8001 :
Pebbles 60 - 40 - 2020 - 20 - - - = = = = = = - 40 - - - = - - - -
Pebbles 40 40 20 - 2020 - - - = 525 tr tr 10 - - - 20 - - - = - - - -
Pebbles.. 60 20 - 20 2020 - 20 - - - - = =20 - - - - - - - - 20 - - -
Pebbles 60 30 - 10 2020 -20 - - 10 10 tr - 1Uu tr - - - - = - - 10 - - -
Matrix 80 10 tr 10 10 40 - 20 - 10 - 5 - -2 3 - - tr - - - - 10 - - -
Pelletal (intraclastic) phosphate wackestone
3232C 40 2 20 38 -20 - 20 - - - - - =-tr - 2 - 20 - - - - 330 5 -

%81
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F, CLASSIFICATION' OF POST-PALAEOZOIC. ROCKS
Sampie
Number ' Grain Size: Composition and Texture

TERRIGENOUS SANDSTONES AND MUDSTONES (T)

N
-

Ferruginous muddy sandstones

2747A Muddy fine sandstone: Immature calcitic ferruginous quartzose
) chert—arenite

274784 Medium sandy mudstone: Immature ferruginous quartzose chert-—
arenite '

4637 Fine pebbly coarse and fine sandy claystone: Immature
ferruginous sublitharenite

4638 Clayey coarse and fine sandstone: Immature ferruginous
sublitharenite

POINT Fine sandy fine conglomerate: Mature iron-cemented chert-

pebble conglomerate

Phosphatic ferruginous muddy sandstones

274781 Slightly pebbly muddy fine sandstone: Immature phiosphate-
rich ferruginous orthoquartzite

274782 Muddy medium sandstone: Immature phosphate-rich ferruglnous
sublitharenite

274783 Very fine sandy claystone: Immature phosphate-rich ferrugi-
nous chert—arenite

274785 Muddy medium sandstone: Immature phosphate-rich ferruginous
chert—arenite _

4639D Coarse and very fine sandstone: Immature phosphate-rich
ferruginous sublitharenite

46 40D Medium sandy claystone: Immature phosphate—rich. ferruginous

sublitharenite

Ferruginous mudstones

2743 Silty claystone: Immature micaceous ferruginous ortho-
quartzite

2868A Silty claystone: Immature mica—-rich ferruginous orthoquartzite

2868B Clayey siltstone: Immature mica-rich ferruginous orthoquartzite

4637 ) Silty claystone: Immature ferruginous orthoquartzite

Sandy mudstones

2995C Very fine sandy mudstone: Immature quartzose volcanic arenite
2995Db Fine sandy mudstone: Immature calcitic sedarenite

1175-46A Fine sandy mudstone: Immature calcitic arkose

1175-46B Muddy fine sandstone: Immature subarkose

Micaceous mudstones
2868B-1 Silty claystone: Immature micaceous orthoquart21te
1111-44  Silty claystone: Immature micaceous orthoquartzite-

Sandstones’
2936 ' Fine sandstone: Mature orthoquartzite
2969E Very fine sandstone: Mature subarkose

1175-47 Fine sandstone: Mature calcitic subarkose/sublitharenite

QUARTZOSE LIMESTONES(Q) AND LIME MUDSTONES(L)

' Quartzose lime wackestones (Q)

v

2747C Medium calcarenite: Quartzose lime wackestone
2990D Very fine calcarenite: Quartzose lime wackestone
2995A Very fine calcarenite: Quartzose lime wackestone
2995B Very fine calcarenite: Quartzose lime wackestone
2995E Fine calcarenite: Quartz-rich lime wackestone
3007-1 Very fine calcarenite: Quartz-rich lime wackestone

3007-2 Very fine calcarenite: Quartz-rich lime wackestone

2°5

N O

0,3
3,2
0,3
1,5

0,5
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Sample PO
Number Grain Size: Composition and Texture 225
30088 Very fine calcarenite: Quartzose lime wackestone 1,4
3122 Very fine calcarenite: Quartzose lime wackestone 1,2
3133 Very fine calcarenite: Quartz-rich lime wackestone 1,8
3141 Very fine calcarenite: Quartzose lime wackestone 1,6
3193 Very fine calcarenite: Quartzose lime wackestone 2,0
3261 Very fine calcarenite: Quartzose lime wackestone 2,9
3390A Medium calcarenite: Quartz-~rich lime wackestone 1,2
3390D Medium calcarenite: Quartzose lime wackestone 1,5
3390F Coarse and very fine calcarenite: Quartz-rich lime wackestone 3,9
4636 Very fine calcarenite: Quartzose lime wackestone 0,6
4638M Coarse and very fine calcarenite: Quartz-rich lime wackestone -
4638F Slightly pebbly coarse and very fine calcarenite: Quartz- and
glauconite-rich lime wackestone 1,1
4639D Very fine calcarenite: Quartzose lime wackestone 0,3
1111-49 Fine calcarenite: Lithoclast-rich quartzose lime wackestone 0,6

1111-67 Very fine calcarenite: Quartz-rich lime wackestone -
A4923-1 Very fine calcarenite: Quartzose lime wackestone 0,8
A4923-2 Very fine calcarenite: Quartzose lime wackestone 0,9
GIL 471 Very fine calcarepite: Pyrite- and quartz-rich lime wackestone 2,5

Phosphatic quartzose lime wackestones (Q)

3194 Very fine calcarenite: Phosphate-rich quartzose lime wackestone 5,0
3390E Fine calcarenite: Phosphatic quartzose lime wackestone 15,8
GIL 469 Very fine calcarenite: Phosphate-rich quartzose lime wackestone 6,1
Pyritic lime wackestone (L) ’

4639 Calcilutite: Pyrite-rich lime wackestone . -

Phosphatic pyritic lime wackestone (L),

2969A Calcilutite: Phosphate-rich pyritic lime wackestone 6,4
29698 Calcilutite: Phosphate- and pyrite-rich lime wackestone 5,6

Lime mudstones (L)

2969D Calcilutite: Lime mudstone 0,5
2995B Calcilutite: Lime mudstone 0,7
"'2995F Calcilutite: Lime mudstone 1,4
30278 Calcilutite: Lime mudstone 0,1
3027¢C Calcilutite: Lime mudstone 0,1
32324 Calcilutite: Lime mudstone 0,0
4636 Calcilutite: Lime mudstone 0,6

Phosphatic lime mudstones (L)

3185 Calcilutite: Phosphatic lime mudstone 11,8
3351A-Z Calcilutite: Ferruginous phosphatic lime mudstone - 11,0
3653D Calcilutite: Phosphatic lime mudstone 8,04

FORAMINIFERAL LIMESTONES (F)

Phosphatic nummulitic lime packstones

2922 Calcirudite: Phosphatic nummulitic lime packstone 13,6

2984C Calcirudite: Phosphatic nummulitic lime packstone -

Phosphatic planktonic foraminiferal lime wackestones

2734 Fine calcarenite: Phosphate-rich planktonic foraminiferal lime
wackestone 6,9

3005 Slightly pebbly fine calcarenite: Mollusc— and benthonic foramini-

fer-rich planktonic foraminiferal lime packstone 1,40
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Sample } PO
Number Grain Size: Composition and Texture A

. ALGAL LIMESTONES (A)
Algal lime wackestones

2849B-~7 Calcirudite: Coralline algae-rich bryozoan lime packstone 0,7
2849B-4 Medium calcarenite: Coralline algae-rich lime wackestone 0,7
3351B Fine calcarenite: Benthonic and planktonic foraminifer-=rich
- coralline algal lime packstone 3,4
Phosphatic algal lime wackestones
2849A Medium calcarenite: Phosphate-rich coralline algal lime wackestone 8,6
2856 Fine sandy phosphorudite: Coralline algal phosphate packstone 18,1
3351A-1 Calcirudite: Phosphate-rich coralline algal lime wackestone 8,1
A5060 Coarse calcarenite: Phosphatic coralline algal lime packstone 14,0
PHOSPHORITES (P)
Conglomeratic glauconitic phosphate packstones
2984A Fine sandy coarse to very fine phosphorudite: Glauconitic cal-
clithic phosphate packstone 21,0

(Pebbles)Fine calcarenite: Benthonic and planktonic foraminiferal
lime wackestone
(Pebbles)Very fine calcarenite: Phosphate— and quartz-rich planktonic-
foraminiferal lime wackestone '
(Matrix) Fine to very fine phospharenite: Phosphorite-rich glauconitic
phosphate packstone
2984B Fine sandy phosphorudite: Glauconitic calclithic phosphate
packstone ' 21,0
(Pebbles)Coarse calcarenite: Coralline algal lime packstone
(Matrix) Medium phospharenite: Glauconitic phosphate packstone
2984C Pebbly fine phospharenite: Glauconitic, planktonic foraminiferal
calclithic phosphate packstone 21,5
(Pebbles)Glaucolutite: Phosphate-rich glauconite mudstone
(Pebbles)Fine phospharenite: Glauconitic phosphate wackestone
(Pebbles)Medium phospharenite: Benthonic foraminiferal phosphate wackestone
(Matrix) Fine phospharenite: Glauconite- and planktonic foraminifer-rich
phosphate packstone
3016D Fine phospharenite: Benthonic foraminifer—, glauconite and quartz-
rich phosphate packstone 8,46
46 38G Slightly pebbly coarse and very fine phospharenite: Glauconite-
and quartz-rich phosphate packstone/wackestone.
4639 - Fine phospharenite: Pyrite-bearing quartz-rich glauconitic
phosphate packstone. -
300-8001 Fine sandy phosphorudite: Mollusc— and glauconite-rich calclithic
phosphate packstone , -
(Pebbles)Medium calcarenite: Mollusc—-, benthonic foraminifer-, phosphate-
and quartz-rich ferruginous lime wackestone/packstone
(Pebbles)Very fine calcarenite: Phosphate-rich ferruginous quartzose lime
wackestone
(Pebbles)Fine calcarenite: Benthonic foraminifer—, glauconite- and
phosphate-rich lime wackestone .
(Pebbles)Coarse calcarenite: Bryozoa-, mollusc—, benthonic foraminifer-,
glauconite—, phosphate— and goethite-rich lime packstone
(Matrix) Fine phospharenite: Mollusc~ and glauconite-rich phosphate
wackestone.
Pelletal (intraclastic) phosphate wackestone
3232C Slightly pebbly to medium phospharepite: Quartz-rich pelletal
(intraclastic) phsophate wackestone 26,2
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Sample
Number Grain Size: Composition and Texture

MOLLUSCAN LIMESTONES (M)
Molluscan lime wackestones

2990 Calcirudite: Molluscan lime wackestone
2994 Calcirudite: Mollusc— and quartz-rich lime wackestone
A4922 Calcirudite: Mollusc-rich lime wackestone
A4923-3 Calcirudite: Mollusc-rich lime wackestone
4638 Calcirudite: Molluscan lime wackestone
MISCELLANEQUS
Phosphatic silicified wood
4638 Phosphate-veined silicified coniferous wood
4639 Phosphate-veined silicified coniferous wood
Coprolite

3224 Phospholutite: Phosphate mudstone

275
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G. LOCATION, DEPTH AND AGE OF SEMI-CONSOLIDATED SEDIMENTS

Sample  Latitude S. Longitude E. Depth Age range Specialist
Deg. Min, Deg. Min, m

2734 29 56,0 15 04,0 312 Tertiary Stapleton
2945 28 50,3 14 27,0 265 Middle Eocene to Upper

Miocene Siesser
3005 27 56,3 14 47,6 244  Tertiary Stapleton
3015 27 47,0 14 57,0 195 Tertiary Stapleton
3016D 27 47,0 14 48,0 360 Upper Pliocene McMillan
3016GC 27 47,0 14 48,0 360 Middle Eocene to Upper

Miocene Siesser
3024 27 35,8 14 45,5 292 Middle Eocene to Lower

Pliocene Siesser
3153 27 18,0 14 08,0 632 Middle Miocene to Middle ‘

Pliocene Siesser
3202 26 47,0 13 37,0 900 Upper Miocene to Lower
_ Pliocene Siesser
3205 - 26 37,0 13 33,0 995 Lower Pleistocene McMillan
3207 26 37,0 13 55,0 418 Upper Pleistocene McMillan
3208 26 37,0 14 05,5 390 Middle Miocene to Lower

_ Pliocene Siesser

3257 26 11,0 14 08,0 300 Miocene Stapleton
3360 26 19,0 14 04,0 349 Miocene Stapleton
3375 25 53,0 13 57,0 326 Upper Pliocene to Lower

Pleistocene McMillan
3386 25 36,0 14 08,0 227 Lower Pleistocene McMillan
3387 25 36,0 14 190 Quaternary McMillan

19,0
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H, BASIC SEDIMENTOLOGICAL DATA FOR UNCONSOLIDATED

MARINE SEDIMENTS

P205 ¢ Phosphate expressed as P205
K20 : Potash expressed as K20
GLAUC : Glauconite

ORG.C : Organic carbon

FP : Faecal pellets

TERR Terrigenous detritus

CACO3 : Calcium carbonate : CaCO3

All values expressed as weight per cent of the total sediment
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18.9
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19.2

109

21.7

o7

749

649

370

11.2
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14
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49.8
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79.6
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6.2
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QTATION P205 K20 6 AUC ORG.C GRAVEIL. SAND SILT CLAY FP TERR CACO3

2RUU 92 .37 1 1.l «00 615 24,9 137 0 12 AR2.2
SAUS 61 JAN u 1eh 10 55.7 2642 17.1 O 8 B83.8
SRAUA 223 433 1- 1.8 «10 S5%.6 27.7 166 0 17 80C.0
DRLT P16 W3h 0 1e6 00 47.2 30.0 22.8 0 9 B7.7
PRUA 213 1451 0 1N «00 26+3 35.0 3R+6 O 9 AB.8
2RH e1R 1.5% n 1+R «00 47.3 29.5 23.1 0 18 B82.8
K51 o584 1.u9 1 1.8 «01 5uU.1 2667 192 0 13 A80.7
2R52 ehl 1.AR 4 1.8 0N KRB.2 24.4 175 0 15 76.1
2H53 2aU42 1.u7 1 1.5 04 7042 18.8 11.0 0 10 A80.3
9R§L 5,85 1.33 1 1¢3 .00 B3.8 8.5 7.7 0 6 74.9
2868 728 1.00 n 1.0 <00 G184 1.7 6.8 0 8 69.8
2HHA 1.4 1.06 0 o5 330 79.9 7.5 9.3 (3 6 BR7.5
PRHNT 1358 1.18 1 1eh 70 BOU4 3.7 1542 0 17 7549
SRSA cB6 1430 1 Ze0 W00 73.4 1h.1 10.5 19 14 77.7
2&K9 2¢19 1.49 2 29 «00 62.5 21.5 160 B 2?26 6Hl.2
2RAN 1633 1.u2 1 2¢h 1.00 63.0 20.4 157 7 34 568
28A1 e AR 1,03. 1 2.7 40 $8.9 26.0 S.0 A 30 50.0
SRA2 «R? 2,29 13 2¢3 10,70 463 2064 225 4 66 15.0
SRAR .18 .93 P 1.5 2.70 67«1 14.5 15.7 0 68 25.2
DAAK «2U 2.45% i 3.8 « (30} 5 26.2 7344 0 82 11.0
SRAAR 012 3A.02 f el « 00 e7 2ue3 788 0 76 2346
2RA7 e?3 1.54 T 1.A 70 U2.R 28B.0 27.5 1 92 2.7
DHAR f34 2.28 A 3.0 50 22.4 2%.4 §51.7 0 A/ 3.0
2ARG  3.04 3.1 B Jeh  1.20 76e1 16.2 B.5 3 46 10.7
SR7U AU 2.R5 2 3¢ 00 E2.R 23.0 143 9 24 6£5.9
2A71 202 .97 u Pl «00 7065 1646 129 13 31 ,55;]
ORT72 QA 2.26 1 2.6 00 72.7 18.7 R.6 16 0 98.9

2R3 +G99  +1R 1 2eA «03 75.2 1

o]
°
&)

11«4 0 14 795



194
TATION PP20S K20 GLAUC ORG.C GRAVEL SAND SILT CLAY FP TERR CACO3

4 o :

- 2RT7u Uelfl P2.3K 1 1ol «N0 BAR.T7T 385 7.8 O 0 58.8
PRTH 1e24 2.45 1 Te7 02 £H1:.9 R.B G4 0 14 79.8
2876A 1ol 2,22 n 143 a3 870 H.0 8.0 O 5 90.3
2R77 A4R1 2.22 n 1e2 00 7744 7.5 15.1 O 8 79.1
PRTR 2:20 2.41 1 1.3 00 744 17.7 Te9 O 8 83.2
P2RTY 4R ?.Qﬁ 0 2. 02 HHe?2 29.8 24.0 0 20 743
SRR e22 2.uU9 n 17 o000 373 35.6 27«1 0 14 B82.3
2KAT 822 22U n 1«8 «00 42.2 31.7 261 0 20 75.9
DAR? P4 2.T4 n 2.3 00 37.6 42.0 20.4 0 17 78.3
SHAR e Q2 2406 n 18 00 A%.9 18.2 119 0 12 823
DHAY 2.20 2.06 0 12 20 778 T8 14.2 O 1 ©90.4
2RAS Lel2 2.27 N 1.2 .00 90.0 2.3 7.7 0 9 76.9
DRHA e32 2.24 1 1e2 20U 9041 1.7 Be2 0 13 7343
DAMG 5.70 2.26A n «9 J4l BB.SH 2.0 9.1 0 7 75.5
2R4Q( 1.R? 2.0k n 1ol <1y AR%.8 3.5 6.7 0 18 88.3
2RI 1.42 2.30 n T 2.2 BRI T72.6 10.1 164 10 11 81.2
SRY? 2.1R 2,29 1 2.5 00 74.2 1442 1146 S 13 7646
2R9H 239 1.20) 1 2.5 10 7342 11.7 4.9 0 12 &5.8
DRYU 1252 1a0i1 1 2.3 200 73.9 16.2 9.9 9 ‘26 6561
DHAG $9h 1.35 1 At W03 5746 2841 14.3 B 22 £9.2
PRYA 93 1,35 3 3.3 LU K82 268.3 16.5 10 26 63.8
2697 2:09 1.AN 7 1.4 ¢330 A3.3 G.6 649 2 T4 11.2
DHYK U8 1,492 2 1eh 20 Lile0t 3143 P76 0 9] 3.0
2199 PR 2,49 1 2¢l 4,40 3%.3 Q.0 514 4 85 10.4
24900 e 25 1en7 1 3 1.30 92.6 1.0 5.1 0 92 5¢3
2ui1 «21 3.51 1 2.0 o (11 Y 25.2 73.9 0 SGu 1.4
2aih2 e AU 2,409 1 1.8 S0 15.7 U42.2 42.1 1 92 3.3

2Q43 « 93 T4 P Pebh in30 AU 4 ?106 ]?OF’ 0 72 20.7



STATTON

2ans
2901A
2Q017
2408
2909
29110
2911

24912
2913
2914
2918
2016
2917
2U1R
2919
2921
2921

2Q22
2423
2924
2425
PG2A
2427
PUDPR
2924
2930
2951

293>

F20R

R e}

127

ey

« 5N

2+9AR

174

e 3f)

o 2i)

s 1A

15

KO 61 auC ORG.C GRAVﬁL

1,45
187
1eR7
1ehA2
P27
1 .51
140
1e40
1.51
176
oA f)
(e
« QR
0 A0
WR7
«R7
« A1
<98
14l
T.78

1.38

195

+10

o 310}

« 0N

«00

03

« 04

« N0

.02

«03

«00

« 00

10.50

« 10

+ 30

o (i1

« )5

1430

00

« 00

.00

10

Nl

« (4

00

(01

«00

00

- (14

SAND

T76.0

6067

T0R

71.9

U5

Bl 5

R0.1

Rlb o3

852
A7
AA.0
6301
bl ol
13,0
19.0
RlU+9
90.5
R7.2
B7+7
HT.0
4.0
67.2
53.8
f1.8
4.4

o

95.9

STLY

10.8

23.6

18.5

15.4

17.4

60
He2
61
1039
213
53.0

50.0

Hheld

15.

M

1.7

29.2

25,0

12.1

29.6

CLAY

13.0
157
108
127

Re.2

155
T3
33.0

0.0

666
10.5
141
169
132
135
703

7046

Fp

2u

13

10

11

10

13

14

11

o

TERR

31

35

21

14

Wl

11

47

11

13

22

55

49

36

78

CACO3

52.1
81.7
H4.8
776

92.1

89.3
90.2
72.7
806
67
74,0
8340
R0.8
81.8
48.5
91.2
Al.8
78.7
6045
6209
39.4

L5

2.1

20.0



STATION

24634

2935

2937

2Q3A

2939

2440

2941

2942

2Q43

sQuu

2Quk

50404

»Qu7

294 H

29uQ

2URS

29KA

26LH7

2QA49K

2659

2QA1i

2041

2OR2

29A3,

P205

14

o4

.79

3.48

1:R2

e 6}

232

24

« P4

« 37

2N

«9R

o 16

Rt

e 11

« 18

o L4i}

K20

151

1.11

1.57

« 55

« 34

«70

« 28

«1R

17

19

u'"\’

«Q7

«51

e P3

17

e Ak

« 23

1.30

1. 30

1.A0

GE AL ORG.C ORAVEL

N

n

{1

196

1-6A «00
o7 +03
1.9 « (10
3e1 « 000
2«8 « 80
2.0 «10
1e6r o6p
2l H:Oﬂ
1.5 70
1.0 « 30
«3Q 206.70
Pl «00
1.8 « 000
Pe2 22.30
2.2 <00
« A 20
1e6 2400
Te?7 1.70
P2 2.30
1.8 «10
2ol 13.30
«9 9.20
2«72 4.40
o1 00
o1 “02
o1 « 16
o1 04
o1 e 30

SAND

AUe7

6646

T8.3

Theh

0.6

77.2
623

647

55.5-

3601

A3.1

Rl.?

71.9

74.0

A2

574

Q0.7
89.0

Gh.1

SILT

1642

14.0

.2

2.l

CLAY FP
2.3 0O
15.8 0
12.8 7
127.1 17
R0 6
9.5 8
0 12
13.4 0
162 10
A6.4 O
9,3 0
20.3 0
5.0 0
22.7 0
1Sel4 13
4.6 0
2.9 0
8.1 13
9.6 8
11.8 6
11.6 4
12.1 0O
20.7 O
3.2 O
3e2 0
4.1 0
2.7 0
A O

TERR

96

91

59

24

28

12

21

38

12

0

16

19

14

6
14
52
29
86
a1
98
98
99
99

77

CACO3

605
5609
79.5

The3

A4.2
4.0

93.1

H8.6
89.45
803
83.7
74.3
37.9
52.4
10.6

2.4

4

18.5



197
STATION P20% K20 Gl AUC ORG.C GRAVEL SAND SILT CLAY FP TERR CACO3

29AUL 1A 1.20) 0 «0 <04 96.2 1.7 2.1 O 99 8
PAARR «12 1.27 §] ot <00 982.9 3.7 3.1 0 9% 1.0
2QhA e ¥2 1.4nN n o1 00 953 2.6 2.1 0 93 6.0
2067 +12 1.87 3 ol «03 29.2 H5.0 15.8 0 95 1.4
2QAR el 2.UR 0 2.2 20 «5H Bl1.6 5«8 0 94 1.9
PARA  1.3A A.10 0 1.5 11.60 55.5 23.0 9.8 7 B2 11.9
2971 190 14 1 Pe2 90 784.3 13.7 11«2 6 33 57.3
2971 1;RR « 90 1 1eh | +00 8B4.8B Q.4 5.8 8 52 38.6
2972 1e76 26 1 P2 N0 76.5 153 8.2 13 11 78.4
2973 1eHA 15 1 21 » 100 B6.3 &K.7 5.0 10 8 B2.7
2974 1el4h 0D 1 1«8 20 Bbe.l HS Te2 6 13 79.3
24978 « 2R «1R 0 12 «00 906 2¢3 Tol 0 30 668
297k sl AR 1 PeA s00 6£5.9 21.3 12.8 10 21 72.3
2Q7R 1R .27 1 20 10 42.0 9.7 UBRe3 0O 28 68.1
2974 «20 1,01 1 1.7 00 42.h6 32.1 P5.4 0 16 79.9
2GRN e1A .59 N R0V Bel 34.5 R7.4 0 20 7843
2941 «13  ohH 1 1.9. 13 160 39.6 ULW4 0 26 70.2
29R2 20 .70 1 1.9 SO0 UGN 30.5 205 0 16 801
2013 1e2A 2.3R 109 1.8 «05 T70.R 9.1 20.1 0 26 u8.7
2955 B3 .70 n 1.7 200 B3.6 2.7 13.5 0 7 88.3
saR6 VoA oAl 1 1A 1.7) 79.8 S.p 12.8 6 14 77.3
2QRK7 1.71 «27 1 2 370 79.1 11.2 947 0 11 AQ0.4
DURK 4420 22 1 1eh B.hl 7H%.2 A.H 7.8 0 77 8.0
2QR9 2.74 .19 3 1R 360 H6.9 4.3 252 0 21 655
2991 © el «U4R u 1ehr «10 6N0.5 21.2 18.3 11 49 43.0
2G9N eh9 1.7A 2 o5 1433 B86.1 S.6 7.0 0 93 2.2
2492 e1h 2.0A 0 o1 .00 97.0 M Pe6 0 88 11.4

24993 Pelll 124 n D 200 937 1.4 4.7 0 Q9u «0



198 ‘
STATION P20% K20 G AUC ORG.C GRAVEL SAND SILT CLAY FP TERR CACO3

2994 032 57 n +Q 3,80 55.1 1648 24«3 0 64 33.3
24995 e3U 1.19 2 ) ) A3.2 Q.2 742 3 B5 10.9
2494 Bel2 2.37 22 1.1 W) B243 16G.3 7.0 3 48 16.6
2497 1.78 37 1 P2 20 77.A 12.8 8.7 0 0 93.0
2998  1.50 .21 1 2.0 20 Al . AT Be7 9 7 8u4.6
2999 e30 .39 1 23 W00 71.1 11.5 17.4 7 11 84.0
3600 oA A.0N 28 1e1 «00 702 173 125 0 24 47.2
ANN1 e1h B2 1 1ol 0 01.9 31.8 261 0 23 74.3
An02 12 <59 1 1.3 00 43.3 31.7 24.9 0 13 84.4
3nn3 032 2.29 1A 163 +00 5B.8 24.8 16«4 0 25 55.7
00U PehU R.R7 KA <7 2440 702 9.8 17.7 0 9 24.1
2008 ehfr <59 0 TeR 5430 32.1 4.0 9.6 8 30 65.0
A0 0A 2190 30 1 Te7 Lald 7467 14,2 7.0 0 23 67.8
1007 1ehR 49 > Pe2 B2 T77.7 12.2 9.9 11 30 58.9
30049 4l 1.9R 14 o7 00 ARl1.3 9.4 9.1 0 82 1.6
3010 ¢eBR 1.40 P oh .01 91.2 2.9 5.9 0 93 1.6
3011 ¢32 3.1A8 n o1 sl 97.7 5 ,1-8 0 84 3.6
An1A 4l 1.3A A 2P 25 37.6 391 23e2 0 70 14.8
3ntu 102 1.33 1 1.4 U0 H1eh 2746 1043 6 TT7T 1664
1015 1.45 1,13 2 108 130 77.0 11.7 9.9 0 68 23.0
1A 142 1.10R 2R 160 ATN 445 20.0 2R+8 0 28 37.8
3017 | o200 24?2 13 Leth  B.00 57.2 30.1 Re7 0 37 47.1
RUAE: «39  .Al 2 1.6 «N0 S2.1 28.6 19«2 0 21 73.5
7019 «1A .35 1 Toh <00 42.0 3u.4 23.6 0 20 76.3
A020 17 .37 1 1e3 00 27.2 37.5 35%.3 0 22 75.5
A2 el .HA 1 1eh U GU 4 32,0 1R.6 0 34 A2.3
322 eAA 3.1R 17 1.2 70 7542 13.6 10.t6 0 43 36.8

an23 ) 175 7 1.0 230 B5%.2 5.8 8.7 0 58 31.9



STATTON

ANn2u

3025

AN2hH

3119

A1zn

3121

3123

3124

3125

3124

3127

31 2R

3129

2130

3131

3132

2134

A1A7

3134

aun

Atad

3142

A1u3R

Ajlhu

Atus

A14n

2147

3149

P20%Y

«?9Q
« AU
097
219
°3h
101
+ 32
o 2U
25
« 18
P8
« 72
o)
1.09
ehl
o« 34
1.00
«12
e33R

© Ah

)

Ll

Y

K20

o Ui
1A
1.78

e 30

012

o 15
1.87
Tel1
1eldnr
1el47

13K

1.RA
1.AR

2.02

6L ALIC

11
15

47

13
mn

A3

ORG.C GRAVEL

.3

o7
4

3

199

1.50
» 50
o 10
« i1}
« 00
« 00
01
« 00
« 00
58.00
» 04U
«00
00
« 00
.00
« 01
« 00
7080
.00

« 510

« R0
o {30)
o tin
00

«00

SAND

60.2
873

H3e2

G4 .5
96+ R
35.6
78.9
30,1
8540
8640
80.7
A58
H8.6

HB. 0

78.3
5541
79.2
79.4
94 .7

4g.5

STLT

19.6

24,0
102

11.0

31.0

CLAY

5¢5

+8

S5e1

2l

19.5

FP

0

28

Y

18

23

21

TERR

15

a1

Y4

86

ay

AY

a2

u5

65

68

32

0

85

74

69

69

CACO3

R2.9
88U b
11.8
A4.7
94.0

6943

7
11.9

le84

21.6
3.7
o0
Q.4
175
18.5
206
19.0
1643
12.2

14.7



STATION

3150
.Klﬁt
3152
31R3
315y
3155
% RatoY
A1R7
31 KK
3159
3161
ERKale)
R1AA
21A7
A1AK
ANAY
3 T7u
217
77
M73
A1 T7U
3175
3176
277
317R
1179
KRRl

A2iA)

P205

«12

«12

17

« AN

» 35

« A2

« 71

i3

« 39

it

« 32

e 36

1eillh &

e 9

31

021

il

15

e 21

« 30

e 32

e 32

o 34

K20

+ QR

.qcﬁ

« 56

1e26A

1.99

1l

190

1 -ur‘)

GELAUC ORG.C GRAVEL

17

17

£

S0

200

.00

« 00

32.20

« 00

« 00

«00

« Q0

« 00

2690

00

7.80

5.@1)

<00

N0

« 00

00

« 00

0 00

« N0

«00

00

1.64

« 00

.00

SAND

]‘3-’4

17.8

60.3

79.1

A6H3

6l.h

91.0

R0.7

AR2.0

R2.9

R R

AR.9

HBH

77

T75.6

S4.7

566

78.4

622

7.4

SILT

35.0

50.5

’8.4

20.2

11.3

fe2

17.4

18.8

5.2

15.1

CLLAY FP
49.6 0
36«7 0
7 0
76«2 O
164 5
10.9 5§
3.6 3
TeH 6
18.1 3
184 5
S«7 O
3.8 0
T4 11
5.0 2
5.8 3
5.8 5
fe2 4
9.7 8
172 11
115 7
176 O
R?2.2 O
377 Q0
iher 7
7«9 0
12.4 0
9.7 &
1276 §

TERR

19

21

36

78

47

60

80

67

52
a3
a3
85

92

38
a8
70
38
64
31
29

20

57

49

62

67

CACO3

1440
38,4
2446
12.8
10.9
24,2

3443



QTATION PP20OS K20 Gl AL OHG;C'GRAVEL SAND SILT CLAY FP TERR CACO3

31 A2 a0 1.39 1 1.5 .00 81.8 10.2 8.0 5 83 11.1

3183 Jafi 4.u% 2 1.2 .00 B8.7 5.7 Se6 & T2 22.4
41 AL «BA 187 A R «00 92.0 3.3 4.7 2 90 1.7
3184 PR 1.AT n ) « K1) 96.3 R 1e6 0 94 4.0
21A7 L0 1.39 0 0 W00 92.4 4.1 3.5 0 O .0
31AR 222 1.93 & ot 210 97.2 .9 1.8 0 0 1.8
31 RG «39 1.9n it 7 N0 93.5 2.6 UL.0 0 94 1.1
3102 ol 2.u5 17 A W00 92.3 3.6 He1 0 76 43
3194 eGh 1.3A U1 e9  J00 91.2 4.2 UHeb 3 56 ol
3194 e3h 5459 55 1a1 .00 B89.1 5.9 S.1 0 41 8
A19h 115 1418 3 1.2 .10 90.5 4.9 4.6 0 S0 1.5
3197 e77 1.54 3 1e7 R.B0 73.2 9.1 8.9 7 78 13;7
3194 B 2412 7 3.0 20 65.8 21.2 12.9 10 67 19.2
3194 ¢35 1.34 2 3.6 o000 564 29.5 14.1 16 52 38.8
200 «30 1.24 A 308 LU0 5744 25.2 17.0 9 43 U46.3
3201 st 2.o4 12 1o W70 73.4 13.5 12.3 0 52 32.6
32012 e35 2.76 19 2.2 .00 4R.2 23.6 28.2 7 46 30.1
22013 16 o701 3.1 <00 29.8 37.8 32.3 12 26 67.0
2204 17 AT 1 Gah o008 2241 UH.4 3145 7 33 59.4
320% 427 L7130 2ef 400 A3el4 23.6 1249 10v 30 34.7
3206 B0 2.72 21 2.0 .00 745 14.7 10.7 9 S5 18.7
207 «33 1410 4 3eh <00 51.9 31.5 16:6 16 38 50.6
A2HA e32 1.33 2 LeX 1440 35.2 35.9 23.5 10 34 5U4.6
3209 VRA B.T4 41 Peb 400 6746 10.8 12.7 6 29 23.5
4210 «7R 2.RA 15 3.7 .00 73.7 15.0 11.3 20 61 1443
3211 «RA 1.32 7 1o <00 BBel 4.3 7.6 3 86 1.7
3212 1.09 1.28 2 1o3 28410 A0l 4¢3 7¢6 4 B6  6HeO

32173 30 2.07 7 1.2 00 B7.2 S.0 7.8 % 90 o2



202
STATTON PPOS K20 GLAUC ORG.C GRAVEL SAND SILT CLAY FP TERR CACO3

3218 e 76 1.AR 3 1.5 «00 AR9.2 SK.B 5.0 11 &89 3

3216 BWe73 1.53 & 2el W20 B85.8 4.9 9,1 7 76 2.2
3217 1.98 1,57 2 Aol 21.60 5646 13.6 K/«1 3 79 7e0
Z21H dAR 1ehT 'u Pe7T 5410 TBB 5.6 10.5 16 83 5e7
2216 «nii 180 13 PR H.900 80,7 4.9 ?‘.5. 4 72 Bl
3221 165 1.01 1 13.2 36.90 43.9 H.3 13.8 25 46 23.3
3022 21250 .40 2 32 23.40 69.5 2.0 5.1 0 0 42.6
3223 Phelt)l  JR5H 1 2.7 +00 94.3 -9 Le8 3 20 1.2
A22U «21 .49 1 2¢9 1.00 93¢2 1.5 4.3 0 G .0
30285 293 1,22 u HaeP <00 HZ.4 22.8 14.8 11 61 27.1
3226 TeAl 75 n hel 00 26.5 UHeH 2649 0 19 AU.9
3027 fBH AR b Seh 00 APl 23.0 18.6 50 19 A4
102R RG LT8R 1 7.l «00 20.0 S51.6 28.4 10 26 59.2
1504 52 LAt fe5 200 27.8 45.6 26.5 13 35 49.5
AP AN RGO LARD 1 PR N0 G0eR 41.5 177 § 36 53.2
3031 22.70 .64 1 3.5 «00 BR2.2 14.3 3.5 7 20 10.1
3032 130000 256 1 2.5 53,80 42.7 1.5 2.0 2 52‘ 7.7
A2AU AeH?2 1o82 12 1.1 00 7042 201 9.7 2 35 15.1
A2 ARG LedR 1,87 u Qa2 21,50 Hbe.b 7.7 6ol 18 47 20.0
ADAT CRH 1 LUA 3 12 29.40 65.3 1.8 3.5 2 75 17.7
ADAR <91 1.91 A 2R 00 B5.6 10.9 3.5 12 77 9l
A23Q h? 1.AL > 16Q 60.60 32.5 4.3 2.6 6 62 31.0
AU 4l 1,49 S 20 «0N 8661 Teld He b 0 89 1.3
Zoup et 170 = 2.hA <00 89.7 H.4 4.9 0 87 2.4
APL3 il 1.R7 a 3.3 UL.00 8B7.2 A.5 3 G A1 63
A2uu «A3 2.1R 7 3.4 T.BD AUY 2.3 5.0 0 82 3.5
A2u% 1.7 A.0) &7 1.8 00 73.9 10.3 15.8 O 32 2.9

7\9&(\ uotiq 30Q9 ’)f"\ ,)-1 c“ﬂ 7}‘«7 10‘(1 10.7 0 u?. 505



STATION P20R

RoL7

3DUR

%249

3250

3251

252

A253

LPLH

3256

257

RA2HA

A2K9

A2AN

A2A3

A2hu

A2A%

AL AR

X207

Z2AY

2271

AP0

3273

A274%

A2 T

K277

X27R

7.‘#‘-}

3eluH

1 e9u

114

« AU

<35

« 8L

« 3R

« 31

« 20

«RH

RN

41

R

K20

U.lA

1.19

Rolt3

ReR3A

Het

103

| « AP

1«80

2 RN

Gl

N2

130

GE 6UC ORG.C GRAVEL

19

1A

51

AY

a3

RA

11

°3

un

14

u7

203

1e5 2R, 40
2.8 21.30
7e7 <00
Ae 400
heh 00
LeQ .00
6.9 .00
S5¢R 00
3.5 400
2.1 <00
eh 0D
<7 .00
Q@ .00
26 W00
1.R .00
A .00
e7 0N
3 .00
R 40D
1elh 00
1.2 30
o0 .00
2.8 <00
4ed 40D
2.2 .00
2.5  1.40
Gel .00

« 0 « 00

SAND

59.6

696

30.0

20.0

19.7

3067

166

55.0

4.4

9.4

9601

95,1

18.2

81.9

Ris3

92.7

G8.0

Gi.5

B1.5

6867
50.5
’B.A

5‘)805

SILT

47.3

54.5

U6e7

18.5

A20eb

665

16.5

45.7 :

CLAY FP
7.5 0
2.3 0

22.7 0

25.5 0

33.6 0

4443 0

23.7 O

24.3 0

18.9 0

13.5 0
3.6 0
2.3 0
3.6 0

37.2 0
9.0 0
3.8 0
3.0 O

2 0
2.9 0

12.5 3
5.7 2
6.7 6

12.8 &

18.9 11
4e7 3

23.6 1

5.7 7
3.1 0

TERR

39
44

24

A1
89
oz
95
9y
86
77
61
18
30
43
31

26

CACO3

1843
29,2
52.3
4548
564
6l .9
608
5440
18.8

166

2¢5
30.8
45.5
43.8
16.9

65.5
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STATION P2OR K20 Gt ORG.C GRAVEL SAND SILT CLAY FP TERR CACO3

3951 W12 i.uq n .3 00 R5.6 1.2 UH.2 4 99 5
P u3 1.AT (i ol «Q0  30.8 606 7.7 8 95 3.1
30A3 AN 2.0 0 15 .00 1.0 667 38+3 0 B4 1146
ZVRY P8 2.78 n 1.6 .00 «7 12.8 865 0 95 13
ADRK 1A 2.50 n 247 W00 11 28.7 702 0 95 o7
A2AA «PR P.AR4L n 1eh .00 1.1 22:.5 76.4 0 0S4 27
A2R7 1R 2402 n' 1.0 .00 1.0 59.0 40.1 0 G7 1.2
3DHA 15 2.28 0 12 1.60 1.8 62.3 343 6 96 2.0
32RG 12 1.72 1 ol 00 i4.1 S3.3 32.6 0 98 1.1
3290 012 1A% N o5 40 41.7 52.3 5.6 0 98 8
%291 27 1.§n ( <R 2.10 67.2 17.2 3.5 0 92 5.8
3290 20 2.5R 0 3 W40 9.y 3%?7'%4.5 0 RB  S.1
3293 PN 279 n Uel <00 4.2 29.9 A5.9 0 8Y 3.6
APGL 029 2.u49 3.7 »00 4 3AG5 A3L0 0 90 3.1
RPN PR 2426 n 3.0 <00 1e6 ULR.9 49.5 0 A9 5e2
R3GD <25 LAl 1 19 <00 3lU.h 31l 3Ua0 0 26 6£9.9
ARR3R 20 WRT 0 3.8 00 163 37.2 U4BR.6 0 18 74,2
AR C1R AT 0 10 .00 Qolt 3740 5368 U 26 7T1.7
3355 IR LR3 1 . h 00 22.8 37.0 40.2 0 23 75.6A
AASA 20 W74 Wa7 00 22.2 44.8 33.4 0 25 65.0
ARHG «73 K019 37 3.9 1.70 £Hhe.2 20.8 12.3 8 g 65.0
AAAL 117 L4.0A &3 2.8 10 7143 15.3 13.3 0 0 «0
3361 S8 T.TR 7A. 3.0 W00 B86.4 6.3 7.4 0 15 Hal
RA3AA2 «A0 ALT79 9A P « 010 97 .4 1.1 1.5 0 2 «9
3ART «27 1.9 u .5 N0 95.9 2.8 1.3 3 94 .8
ARAA ehl 1481 3 R 10,90 AS.4 1.8 1.9 0 RY 7.2
LA e A2 1,93 f 2.9 «00 B943 6H.H U2 9 B2 2.9

%K?? 10““ T e3U 1 ‘lnq 000 9306 1}.7 ?07 0 92 100



STATION

3373
3374
3375
AR7TA
AA77
ARTR
3379
33840
EXIZY
ARARD
A3A3R
AARA
RAAT7
AARRK
ARRY
ZA9R
339Q
aunn
301
ALz
AUNA
AL
ALitA
AHAR
A6B0
LT
AL AA

AARAT

P20OY

3el0)
1«90
«RR
o0

«”9

231
12.00
2a2U
i e3R8
132
129
1AR.12
206AR0
2« RU
3.7%
172
# 493

o 1iDd
1N

o (10}

o (10}

o (1}

K20

AAN

275

«7A

o 71

« 92

«AQ

- U9

183

N

s 1 H

2020

2a V7

127

« 77

- hU

.79

«R1

s RN

00

« 010

« N0

N

o 13{}
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GLAUC ORG.C GRAVEL SAND

u3

Ay

1A

N

0

12

A0

23

1.4

11.20
41.90
« 00
.00

« 00
~«00
« 00
00

« 00

« 00
«00
30.60
« 10
4.30
1010
62,80
o220
10.00
1.910
« 00

« (00
N0

o N1}
1.33
- 00

« 00

.00

<00

56.8

AR 3

Ri.8

34.h

583

‘1.7

90 .6

93.3

f6H5H

°7.0

243

3647

12.2

SILT

S50.4

25.0

2.4

28.2

cLu.H

A37.9

CLAY

hs1

260

P72

283

18.2

FP TERR
10 2%
0 26
25 38
o 0
0 0
16 28
6 22
9 20
24 49
0 49
3 38
0 47
0 0
2 34
3 57
2 65
80 61
10 26
4 29
10 23
11 43
0 0
15 0
0 0
O 0
0 0
0 0
8] 0

CACO3

20.7
1946
31.0
47.?
42.2

6le0

+0
HeH
302
27.8
1847

12.8

12.0
39.7
715

R9.0
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STATTON P20OS K20  GLAUC ORG.C GRAVEL SAND SILT CLAY FP TERR CACO3

AA3R L0 .00 D 1e2 . «00 1.0 60.2 38.7 0 0 .0
3AAG S0 .00 0 11 06 7.4 7146 21.0 0 U 0
AAL0 00 .00 0 «2 MO TIe1 22.8 5.6 0 0 o}
ARLD e Y (S «2 .00 A%.1 8.7 62 0 0 . D
2AL3 00 .00 0 " .00 59.9 27.5 12.6 0 O o0
ShUY 0 .00 N en «00 AU.7 22.8 12.5 0 0 o0
ZALG 0N 00 N + 0 0N 17.3 53.8 ?B.8 0 0 s 0
AALA 00 o0 N 0 .00 9.2 A3.8 27.0 0 0 o0
247 A0 LO0 n N 63 5.2 65.3 29.5 0 0 N
ALK L0 W00 D o0 W00 5.0 S2.1 428 0 0 - .0
36U9 N0 L0000 . .0 00 2.9 58.9 38,2 0 O .0
AAS( 00 .00 0 N W00 645 57.5 3640, 00 .0
AR5 O 00N o0 - W12 11.8 62.8 25.3 0 0 0
TN T B Y .0 .00 3 T2.6 270 0 0 .0
HEuh S0 .00 0 e .00 14.? 29.8 %60 0 O .0
LALA SO0 .00 D .0 <00 5 45,1 74.5 0 0 Ny
UhkUL7 «0NN N0 1 o 1 « 00 «9 25,2 73.9 (0 G e 0
UhHUR 00 .00 n o0 «00 1e6 27.4 71.0 0 0 o ()
UsHiQ 00 .00 n N .00 5 33.7 £%.8 (0 0 «0
WARE 0 W00 D 0 .00 2.3 85.6 42.1 0 0 .0
LARI .00 .00 0 eD .00 1.7 T1eb 2648 0 O .0
uhh2 00 .00 0 .0 00 35.9 53.1 110 0 0 .0
LhBA S0 .00 0 N .00 Tl.4 60.4 12.3 0O .0
LhSE 00 .00 0 oD <00 b B3.5 K60 0O O D
UANEH N0 .00 0 N « 00 ”“117 67+8 305 0 0 .0
YN TS IR 1 1 N 00 ABR.S 4.4 27.1 G O .0
uh”l7 o 110 - N0 {1 o « 006 3he? K242 1147 0 G o ()

URKBK « 1) « N0 0 o ) o (30 P2efr 3648 A0.7 0 0 o0
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STATION P20% K20 GLAUC ORG.C GRAVEL SAND SILT CLAY FP TERR CACO3

whBA 00 W00 6 0 .00 2640 29.1 44.9 0 O .0
UAAD W00 W00 0 W00 3443 46.6 19.1 0 0 .0
LhA1 L0 .00 0 N .00 .9 51.0 48.1 0 O .0
LhhD L0 W00 D f <00 1.7 264.7 73.6 0 0 <0
UARA . .10 210 0N o0 « 00 +9 S9.1 39.9 0 0] ¢ 0
e 00 .00 0 .0 .00 5.3 12.2 29.5 0 G .0
LARS .00 .00 0 o0 W00 39.2 32.6 28,3 0 O .0
LhhA 00} <00 n 0 U0 A0.6 3A.5 30.8 0 0 o0
BhAHT . N0 .,,rm N N 00 2.2 23.0 4.8 0 0 0
LAAA 00 LN0 N .00 GRS 43.2 10.3 0 O .0
UhAG 200 .00 n o N 00 63.7 9“56 12.7 O 0 . 0)
46T SO0 G0 0 ‘0 .00 .9 35.8 63.3 0 0 .0
uhTi « 00 « 110 1] o0 « N0 U4 13.9 21.7 N o o0
LAT2 200 o006 0 0 .00 B0l 7.6 12.0 0 O .0

UART73 o iif) « OO0 ] e {} 200 49,2 2.9 29.8 0 0 o0
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I. CLAY-MINERAL DATA FROM 8 RIVER AND 44 MARINE SEDIMENTS

SAMPLE ' 7R(Kaolin and chlorite) 1OX(Illite) 148 (Montmori 11lonite)
: o Z . % A
RS-29 (Upper Orange) 5,1 63,3 31,6
RS-27 (Middle Orange) 13,0 57,8 29,7
RS-36 (Lower Orange) 9,4 69,8 20,8
RS-25 (Fish) 14,1 - 78,1 7,8
RS-47 (Orange estuary) 13,3 66,1 . 20,6
RS-51 (Orange estuary) 8,6 77,8 13,6
RS-24 (Buffels) 19,0 - 79,2 "1,8
RS-31 (Kaukausib) 8,0 86, 4 5,7
2730 10,7 49,5 39,8
2735 15,4 80,6 4,0
2738 ' 18,2 52,5 29,3
2741 11,2 61,8 27,0
2745 ( 30,1 68,1 18,8
2746 . 11,1 69,8 19,1
2866 10,1 66,5 23,4
2871 12,9 | 55,5 31,6
2875 11,7 - 73,9 , 14,4
2879 6,3 47,9 45,9
2899 9,9 75,2 14,9
2901 10,3 64,5 25,2
2930 8,0 72,9 19,1
2938 19,9 62,2 17,8
2942 12,9 87,1 0,0
2947 23,2 39,9 37,0
2968 12,2 62,6 25,2
2981 12,5 54,8 32,7
2990 10,1 : 55,8 34,1
3002 12,7 36,0 51,3
3006 19,5 70,7 9,8
3010 10,6 71,5 17,9
3140 16,4 66,6 17,0
3145 16,5 65,9 17,6
3150 ' 18,1 55,2 26,7
3195 14,3 74,7 11,0

3198 8,0 80,2 11,8
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SAMPLE 7X(Kgélin and chlorite) 1OR(Illite) 148(Montmorillonite)
% % %
3202 12,8 76,1 11,0
3203 17,2 66,4 16,4
3221 7,1 75,8 17,2
3226 10,0 71,3 18,7
3228 18,1 67,0 14,9
3231 . 20,7 73,9 5,4
3235 5,8 91,5 2,7
3238 14,1 64,7 21,2
3256 14,8 60,5 24,6
3258 9,4 70,8 19,8
3263 15,8 70,2 14,0
3279 16,4 54,4 29,2
3284 12,2 70,8 17,0
3378 7,3 69,4 23,3
3379 7 9,0 72,8 18,1
3399 7,9 85,4 6,7

3636 6,4 $ 71,8 21,8
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J. GEOCHEMICAL DATA ON <2-MICRON FRACTION

Sample Copper Lead Zinc Manganese Iron Organic
Number Carbon
p.p.m. pP.p.m: p.p.m. pP.p .M. A A
RS—24 363 74 212 1108 12,5 1,47
RS-36 72 33 246 971 12,8 0,51
RS-47 63 37 . 228 475 12,0 0,77
RS-51 63 42 423 1070 11,1 1,18
RS-62 94 36 834 1178 14,5 2,09
2730 86 44 94 104 3,7 4,09
2735 63 66 404 68 1,2 6,74
2738 79 65 333 119 3,3 7,10
2741 78 44 97 159 5,4 7,58
2745 74 42 100 264 10,2 2,40
2746 57 25 102 208 : 9,5 2,97
2866 52 28 91 211 11,3 1,90
2871 68 51 341 169 5,8 5,64
2875 73 59 294 141 3,3 7,07
2879 92 59 277 117 3,6 4,18
2899 51 27 91 214 9,5 2,14
2901 55 46 178 239 12,7 1,48
2930 62 31 96 358 10,7 1,09
2938 67 34 152 124 3,5 7,40
2947 70 44 85 93 . 3,0 3,57
2968 59 42 192 241 11,6 2,04
2981 81 47 87 105 3,5 2,31
2990 64 23 108 229 6,9 6,01
3002 81 59 290 111 3,7 2,36
3006 80 ' 42 73 120 4,1 9,46
3010 75 25 97 205 10,2 6,19
3140 50 44 112 214 9,4 5,33
3145 _ 84 29 105 154 4,9 8,99
3150 61 50 74 109 | 2,9 1,28
3195 68 23 165 178 9,4 7,45
3198 88 34_ 91 130 5,0 8,27
3203 85 45 264 97 2,8 3,81
3221 99 25 - 99 121 3,6 7,23
3226 83 45 ) 102 70 2,2 6,77

3228 87 54 112 98 2,7 -
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Sample Copper Lead Zinc Manganese Iron
Number pP.p.m. P.D.m, pP.p.m. p.p.Mm. Z

3231 107 40 103 72 2,0
3235 94 23 349 98 3,3
3238 62. 25 113 148 6,4
3256 95 47 303 145 5,7
3258 92 23 604 138 7,6
3263 58 25 151 188 7,0
3279 77 49 115 92 3,0
3284 64 35 93 308 11,7
3378 72 50 82 98 3,0
3379 90 62 116 79 2,4
3399 101 41 151 105 3,4

3636 42 32 97 273 10,7

Organic
Car?on

9,52
7,75
13,21
8,30
4,45
1,19
5,15
4,55
11,45
1,10
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Sample
Number

RS 29
RS 27
RS 35
RS 45
RS 44
RS 43
BS112
2965
2961
3280
3281
3282
3283
3284
3285
2935

C 1977
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K. COMPARISON OF MOMENT MEASURES OBTAINED BY SETTLING AND

BY SIEVING COARSE FRACTIONS OF FLUVIAL AND DELTAIC SEDIMENTS

Mean
Size
Settling
phi
. 2,68-£S
2,84-£8
3,65-v£s
-0,28-vcS
0,47-cS
1,12-mS
3,13-vfS
3,26-vES
3,38-v£sS
3,63-v£Ss
3,91-vf£S

3,41-vES

Mean
Size
Sieving
phi
2,80-fS
2,86-£S
3,64-vES
2,64-fS
-0,56-vcS
0,11-cS
1,07-mS
3,19-v£S
3,41-v£s
3,45-v£S
3,60-v£S
3,70-v£S
3,75-vfS
2,47-£S
3,19-vfS
3,51-v£S

Sorting
Settling

phi

0,32-vws
0,26-vws
0,22-vws

0,41-ws

0,50-mws
0,61-mws
0,27-vws
0,39-ws

0,31-vws
0,30-vws
0,32-vws

0,26-vws

Sorting
Sieving

phi

0,47-ws
0,40-ws
0,31-vws
0,76-ms
0,48-ws
0,48~ws
0,70-mws
0,39-ws
0,31-vws
0,29-vws
0,24~vyws
0,26-vws
0,05-vws
1,04-ps
0,63-mws
0,28-vws

Gravel

13,59
1,80
0,96

Sand

7z

94,32
95,00
56,50

0,82
86,41
98,20
99,04
92,31
62,73
83,14
73,54

- 31,65

0,10
0,25
0,18
71,99

" Mud

5,68
5,00
43,50

99,18

7,69
37,27
16,86
26,46
68,35
99,90
99,75
99,82
28,01





