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Abstract

Namibia’s south westemn coast, the Sperrgebiet, hosts one of the world’s largest diamond
placer deposits. Diamond distribution in this placer deposit is directly related to the presence of a
diamond-carrying gravel, the degree of reworking of the gravel and the quantity and quality of the
diamond trapsites. The diamond-carrying gravel is present in the form of palaeo-beaches. Six
Plio-Pleistocene beaches have been identified lying onshore between the Orange River mouth
and Chameis Bay. The Plio-Pleistocene beaches are underlain by Late Proterozoic footwall. The
Late-Proterozoic footwall has undergone extensive marine erosion and development of marine
platforms during different sea-level stilistands. Diamond trapsites in the form of potholes and
gullies are incised into palaeo platforms formed during the sea-level stillstands.

The marine erosion palaeo-platforms have been cut into the predominantly siliciclastic
rocks of the Gariep Belt. The Late Proterozoic Gariep Belt is divided into an eastern para-
autochthonous passive continental margin zone, the Port Nolloth Zone, and a western
allochthonous Marmora Terrane. Previous work suggested that the Marmora Terrane had been
thrust on top of the Port Nolloth Zone in a south-easterly direction and that the Marmora Terrane
could be subdivided into three tectonosiratigraphic units: the Schakalsberge Complex, the
Oranjemund Complex and the Chameis Complex. In addition, previous work indicated that the
Oranjemund Complex had been stacked tectonically between the Chameis Complex in the
northwest and the Schakaisberge Complex in the southeast. However, this study questions the
subdivision of the Marmora Terrane into three separate tectonic complexes. The rocks in the
study area forms part of the newly defined Oranjemund Group, Oranjemund Sub-terrane.

Field mapping demonstrates that in spite of differences in the lithology, correlation of the
major lithostratigraphic units between these three complexes is possible, and their respective
successions may have been deposited contiguously. New geochemical data indicate that the
rare earth element distribution of the metasedimentary rocks of the Oranjemund Sub-terrane
have a similar pattern to that of the meta-basites of the Grootderm Formation, Schakalsberge
Complex. Furthermore, the metasedimentary rocks of the Oranjemund Sub-terrane carry a trace
element signature of within plate basalts (Zr/Y versus Y plof). It is therefore highly likely that
these sediments have been derived from metabasites of the adjacent Chameis Complex and the
Grootderm Formation metabasites of the Schakalsberge Complex, hence, the three complexes
are not different terranes, but should be seen as three sub-terranes of the Marmora Terrane.
The Oranjemund Sub-terrane crops out in a narrow coastal belt'120km along the coast from the
Orange River mouth in the south to Chameis Bay in the north. This area falls within a
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longstanding diamond mining licence area, with restricted access, hence very little is known
presently about the details of the rocks in the Oranjemund Sub-terrane.

The metasedimentary rocks of the Oranjemund Sub-terrane underwent south eastward
compression {D,} followed by major E-W compression (D,), characterised by one major N-8
striking syncline and finally by late stage D; buckling. This study has also shown that the
Oranjemund Formation should be upgraded to the Oranjemund Group. Although no primary
contact is exposed, a normal stratigraphic superposition of the Cranjemund Group above the
Grootderm Formation is indicated by the fold geometry along the boundary between the two
units. The nature of the Oranjemund Sub-terrane is therefore lithostratigraphically determined by
the Schakalsbherge Sub-terrane and possibly by the Chameis Sub-terrane.

The bedrock lithology and structure influence diamond trapsite formation. Three
dominant types of diamond trapsites (gullies) have been identified in the study area: “Swash
parallel gullies®, “Strike gullies” and “Joint gullies”. A gradation of the type of gully (trapsite)
formed can be seen from the Orange River mouth northward along the 120 km long coastline to
Chameis Bay. This gradation is associated with the amount of abrasive agents (boulders)
available and is influenced by the large scale structural features in the bedrock. In the south of
the study area near the Orange River mouth, the quantity of abrasive agents (boulders) was most
abundant and it decreases progressively northwards fowards Chameis Bay. Near the Orange
River mouth to 80 km north of the Orange River mouth (Kerbehuk area), where abrasive agents
were abundant and s; dips 45 degrees west, “Swash guilies” override lithological or structural
controls in the bedrock. “Strike gullies” dominate in the Kerbehuk area where s, dips between
80-85 degrees west. The harder lithological units stand proud in this area where differential
weathering took place. 90km north of the Orange River mouth {Affenrlicken area)} s, dips 45-60
degrees to the east. “Joint gullies” are dominant here due to the exploitation of structural features
in the bedrock and the sharp decrease of abrasive agents. Diamond concentration is directly
linked to the quality of trapsites. The quality of diamond trapsites is controlled by the depth of
incision into the bedrock. New data in the form of corrected ortho-photos (30cm elevation
accuracy) obtained from an “Airborne Laser Survey” (ALS) made it possible to accurately contour
the outcrop over the whole study area. Palaeo-platforms were identified using the contoured
outcrop. Deepest incision into the bedrock was found o be on the seaward end of the palaso-
platforms and thus the highest quality of trapsites appears fo be associated with transitions
between palaeo-platforms. This finding should also be applicable to palaeo-platforms directly
offshore between the Orange River mouth and Chameis Bay.
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Chapter 1
CHAPTER 1 - INTRODUCTION

The_ diamond-bearing beaches and shore platforms of southern.Namibia

host the world’s largest diamond placers (Hallam, 1964). Although diamond-
bearing beach deposits along coastal southern Africa exist between the Olifants

River (Republnc of South Afnca) in the south to the Angolan border in the north
e w/

S ————
SR

At
(Figure 1.1), they never reach the high dxam@gﬁommt@ﬂpméw

southern Nami bl,a.
W

The west coast of Africa was generated during the early Cretaceous
opening of the South Atlantic (Dingle et al., 1987). Since that time, coastal and
shelf deposits have been forming and a wide continental shelf has built up
(Dingle ef al., 1987). Along with other passive margins that have developed
throughout the world, this Atlantic-African margin has been greatly influenced by
sea-level changes. Coastal deposits from the Olifants River northwards have, to
a greater or lesser degree, developed along this margin. In most places deposits
of earlier still-stands are currently being eroded (Hallam, 1964). The Namibian
beaches are an exception to this. The Plio-Holocene gravel beaches (Hallam,
1964) are partly covered by beach and aeolian sands and have therefore largely

been preserved.

The diamond-bearing beaches and platforms studied form part of an
extensive swathe of beach deposits and associated platforms that form the inner
part of the continental shelf. The world-wide sea level changes throughout the
Late-Cenozoic which have héd such a dominant influence on passive margin
shelf sedimentation, have had a great influence on this Namibian shelf. The
placer deposits exploited above sea level therefore extend beyond the coast and
beneath the current sea level and have for the past 60 years been the subject of
much exploration. The Namibian coast, along with that of South Africa is micro-
tidal with high wave energy (De Decker, 1986).



























Chapter 2

CHAPTER 2 - REGIONAL GEOLOGY

2.1 Precambrian to Palaeozoic

The composite mega-continent Gondwana consisted of six or more pre-
1.0 Ga cratons welded together by Pan-African/Brasiliano orogenic belts. These
orogenic belts resulted from the closures of Neoproterozoic basins and were
internally disrupted as a result of collision indentation and lateral extrusion
(Hoffman, 1999). The Congo and Kalahari Cratons were loosely joined by the
Zambezi Belt about 820 Ma (Hanson ef al, 1994). The western and central
portion of the join re-opened and did not finally close until 600-550 Ma forming
the Damara and Katangan Belts {Wilson et al., 1997). Closure of the southern
Adamastor Ocean (Hartnady et al., 1985) can be taken as the time when the
Kalahari passive margin entered the subduction zone dipping beneath the active

South American margin.

In Southern Africa the composite Kalahari Craton is partly surrounded by
the Pan African Zambezi Belt, Damara Belt and Gariep Belt (Figure 2.1). The
Gariep Belt occurs as a south-trending arcuate tectonic belt and is underlain by
the 1.0 Ga Namaqua-Natal Metamorphic Belt. The Gariep Belt extends up to 70
km inland where exposures can be viewed (Figure 2.2) in the Richtersveld region
between 80 km south of the Orange River and the Orange River. Towards the
south the Gariep Belt strikes out to sea and re-emerges over a short distance in
an erosional window at 31° S along the South African west coast and then

continues into the Saldania Belt {Figure 2.1).



















































































































































Chapter 6

related to areas where there was influx of H,O into Fe- and Ca-rich rocks such as
meta-basalts. The localised influx of water can then, in turn, be interpreted as
being related to the inferred thrust (because thrust planes provided very effective
conduits). On the other hand no satisfying field evidence could be found for the
inferred thrust fault and it is possible that foliation could have acted as an
effective conduit. The quartzite/chert marker zone, near the inferred thrust,
changes into a silicified banded iron stone. The banded iron stone (iron rich
chert) could be interpreted as a local phenomenon associated with the inferred
thrust.

Intense isoclinal folding with virtual axial plane parallel foliation makes it
difficult to calculate the thickness of the Oranjemund strata on the basis of the
average orientation of laminated beds. The Oranjemund Group underwent two
main deformation events (D1, D). Firstly, the Chameis Sub-terrane was
juxtaposed next to the Oranjemund Sub-terrane through southeastward transport
(D4). Evidence (refolded NE-SW trending hinges) for the southeasterly transport
direction could only be found near the contacts with the Chameis and
Schakalsberge Sub-terranes. This was followed by an intense E-W
compressional event (D). This compressional event caused the original bedding
planes (sg) of the sedimentary rocks in the Oranjemund Group to be transposed
into bedding parallel foliation (s;). Remnants of sy can be seen in inclusions in
albite (Figure 3.6). The strike of s; is nearly N-S throughout the whole study area.
Large-scale tight parasitic folds are visible in the outcrop along the 120 km
coastal strip. The hinges of these parasitic folds trend north-south mimicking the
host fold orientation. A late stage buckling (D3) gave rise to NW-SE striking F3
folds.

60



Chapter 7

CHAPTER 7 — REVISED STRATIGRAPHY OF THE
ORANJEMUND SUB-TERRANE AND ITS TECTONOTHERMAL
EVOLUTION

In spite of some similarities between the three sub-terranes of the MT,
differences between them warrant different stratigraphic names for their
individual successions (Frimmel, 2001a). Previously, the now Oranjemund
Sub-terrane comprised the Oranjemund Formation. Mapping done in this
study revealed lithologies, previously not known to be part of the Oranjemund
Formation. It is therefore proposed that the Oranjemund Formation should be
upgraded to the Oranjemund Group which comprises the newly defined
Gemsbok Formation, the Affenricken Member and the Mittag Formation
(Figure 7.1). The Gemsbok Formation comprises chiorite schist derived from
the Grootderm meta-basites (Schakalsberg Sub-terrane) and the Chameis
Sub-terrane meta-basalts (Chapter 5). The Affenrlicken Member comprises a
thin (1 metre thick) laterally extensive dolomite layer (Chapter 3). The Mittag
Formation comprises dominant meta-arenite with intercalated chlorite schist.
Graded bedding resembling that of turbidite deposits can be seen in the meta-

arenite.

The Affenriicken Member is not found in the south of the study area but
is only found in the north near the contact with the Chameis Sub-terrane. The
Gemsbok Formation chiorite schist is the oldest exposed unit in the
Oranjemund Group and comprises reworked volcanics. No lava flow

structures were observed in the field.

Frimmel et al. (2001c¢) propose three megasequences (M1,M2 and M3)
for the sedimentary fill of the Gariep Basin. The first megasequence (M1) is
recorded in the lower part of the Port Nolloth Group, PNZ. M1 (770 — 750 Ma)
comprises the up to 800 m thick Lekkersing en Vredefontein Formations
(Stinkfontein Subgroup) (Figure 7.2). The Lekkersing Formation is interpreted

as an alluvial fan deposit in an emerging continental rift graben (Von Veh,
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1993). The Vredefontein Formation is interpreted as an alluvial plain and

delta deposit in a widening continental rift graben (Frimmel et al., 2001c).

Oranjemund
Sub-terrane

i
Evaporite 5 9 \
EGEND g
: 5
Meta-arenite Mittag Fm O
T {turbidite) °
1 . e e e e -
- Dolomite T > £
— e e o e @
1 Chlorite schist T P
Affenricken Mb v ,  D— 6
(cap carbonate) —-»=_ L L
Gemsbok Fm| — — — — —
{reworked volcanics) T~ . __ Y,

Figure 7.1 Proposed revised stratigraphy of the Oranjemund Sub-terrane

M2 (750 — c. 580 Ma) starts by the drowning of the continental rift
deposits (Frimmel et al., 2001¢). The Kaigas Formation comprises diamictite,
and intercalated upward-fining arkose and greywacke beds. These, along
with dolomitic olistostromes (derived from an eastern source, shallow water
carbonate platform or lacustrine carbonates) are interpreted to represent
debris flow sediments, proximal to medial turbidity fan deposits and large
slump masses laid down adjacent to the drowned rift shoulders (Frimmel, et
al., 2001c).

The Kaigas Formation is overlain by the Hilda Subgroup. The Hilda
Subgroup comprises the Pickelhaube, Wallekraal, Dabie River and Rosh
Pinah Formations (Frimmel, 2001a). By this stage a basement high that
separated the failed Rosh Pinah Graben in the east from the Gariep Basin
proper in the west was submerged and marine deposits were laid down
throughout the basin (Frimmel, et al.,, 2001¢). The Wallekraal Formation
represents a fluvial/lacustrine pelite deposited near the continental margin, but

also shows evidence for a submarine fan environment. The Pickelhaube
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Formation represents low-energy turbidity-current argillite, calcareous arenite
and dolomite laid down in the more distal regions. The bimodal volcanism of
the Rosh Pinah Formation (Frimmel ef al, 1996b) took place
contemporaneously with the drowning of the rift. Peak of volcanism was
reached during the Wallekraal/Pickelhaube times. This marks the time of the
start of the formation of cceanic crust in the MT, changing from rifting to
drifting (Frimmel et al.,, 2001c). A Pb-Pb age of 741+6 Ma (Frimmel et al,,
1996b) correlates well with a Pb-Pb age of 728+32 Ma for the Pickelhaube
Formation (Folling et al., 2000).

A second-order basin developed between the basaltic oceanic islands
of the Grootderm Formation, Schakalsberge Sub-terrane and the Dernberg
Formation, Chameis Sub-terrane. This second-order basin was filled with the
Oranjemund Group (Figure 7.3), derived from the adjacent oceanic islands
(Chapter 5). Due to a drop in sea level during this time, stromatolitic reef
carbonates of the Dabie Formation formed on the previously relatively deep

water sediments of the Pickelhuabe Formation (Frimmel et al., 2001c).

Stromatolitic dolomite (Gais Member) found on the basaltic seamounts
of the Schakalsberge Sub-terrane may be equivalent to the Dabie River
Formation. In the same way, the former evaporite deposit associated with
reef dolomite (Scholtzberg Member) within the basaltic Dernberg Formation
{Chameis Sub-terrane) may be equivalent to the Dabie River Formation
(Frimmel and Jiang, 2001).

The Hilda Subgroup is overlain by a thin banded-iron-formation

(Jakkalsberg Member) intercalated at the base of the up to 500 m thick

Numees Formation diamictite (Frimmel ef al., 2001c).
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An isolated dolomite outcrop (Chapter 3) occurs within the Mittag
Formation. The stratigraphic position of this dolomite is unknown (Figure 7.3)
but it is interpreted as a former evaporite (Chapter 3). This former evaporite
could be similar to the Duruchaus Formation evaporite in the southern
Damara Belt (Behr et al, 1983) formed in a playa-lake or sabkha

environment.

This study has shown that the rocks of the Oranjemund Group,
Oranjemund Sub-terrane {MT) first underwent southeastward transport (D4),
followed by intense E-W compression (D;). A late-stage D3 event generated
buckling with NW-SE trending F3; open folds. The Schakalsberge Thrust
separates the PNZ and the MT and records top-to-southeast tectonic
transport (Davies and Coward, 1982; Von Veh, 1993). The metamorphic
grade for all three sub-terranes of the MT falls in the lower greenschist facies
(Frimmel, 1995). Continent collision at 545+2 Ma (Frimmel and Frank, 1998)

is characterised by intense southeast and eastward folding and thrusting.

The three sub-terranes of the MT could be allochthonous or
autochthonous. If the sub-terranes were allochtonous, a difference in
metamorphic grade would be expected, but this is not the case. The
assumption therefore has fo be made that the Sub-terranes were either
autochthonous or para-autochthonous (“piggy back” model suggested by
Hartnady and Von Veh, 1990).

The metamorphic grade for the whole of the MT is similar and falls in
the lower greenschist facies (temperature about 340 °C) (Frimmel, 1995).
The peak of metamorphism in the PNZ was at about 500 °C. The required
thickness of the MT to make up the PT difference of 160 degrees celsius can
be calculated as follows. The density for mafic rocks can be taken as 3 and
2.5 for siliciclastic rocks (average 2.75). Using the geothermal-gradient curve
(Frimmel, 1995) and assuming a pressure and density, an average thickness

of 6 km for the MT can be calculated (P = p.g.d with p-density, g-gravity and
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d-depth). Assuming that the three sub-terranes are equal in thickness, an
estimated thickness of 2 km per sub-terrane can be deducted. Each sub-
terrane has its own crustal thickening and therefore it is estimated that the
original strata of the Oranjemund Group may have been only a few hundred
metres thick. Using the geothermal-gradient curve estimation (Frimmel, 1995)
the difference in temperature for the metamorphism in the three Sub-terranes
is less than 10 °C. The Schakalsberge Sub-terrane, placed at the bottom of
the “piggy back” stacking is expected to have a slightly higher temperature
than the Oranjemund Sub-terrane overthrusted in turn by the Chameis Sub-

terrane.

The meta-sedimentary rocks of the Oranjemund Group have most
likely been derived from the meta-basites of the Schakalsberge Sub-terrane
and possibly from the meta-basites of the Chameis Sub-terrane. The
Oranjemund Group is therefore stratigraphically higher than the meta-basites
(Schakalsberge Sub-terrane) and possibly higher than the meta-basites
(Chameis Sub-terrane) (Figure 7.3).
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CHAPTER 8 - DIAMOND TRAPSITES IN A MARINE
ENVIRONMENT

Diamond Area No. 1, more commonly referred to as the Sperrgebiet (Figure
1.1), on the southwestern coast of Namibia (Hallam, 1964), hosts one of the
world’s largest diamond placer deposits. To date, the bulk of the diamonds mined
from this placer deposit have been sourced from Late-Cenozoic marine deposits
(Hallam, 1964), lying onshore in Mining Area no. 1 (MA1). These marine
deposits rest unconformably on the Late-Proterozoic rocks of the Pan-African
Gariep Belt. The width of the marine platform in the study area on which the
diamond deposits rest varies from 3000m at the Orange River mouth to less than
500m in the north near Chameis Bay (Figure 1.2).

A fundamental parameter controlling the distribution of alluvial diamonds in
the mining area is the marine erosion pattern on the bedrock surface (Figure
1.3). Oosterveld ef al. (1987) recognised the significance of statistical evaluation
parameters for diamondiferous marine deposits in a complex geological
environment. There are a number of factors influencing the complexity of the
geological environment in the study area. Firstly, the diamonds were delivered to
the marine environment via the 100 Ma old Orange River system (see Chapter
2.2). The bulk of the diamonds were delivered to the Atlantic coast during the
early mid-Miocene (19-17Ma ago, Pickford, 1987), while another contribution
from the Orange River is considered to have come during the Plio-Pleistocene
(Jacob et al., 1999). Secondly, the diamonds were reworked by the marine
system and concentrated and trapped in gravel beaches (Spaggiari ef al., 1999).
Thirdly, the marine erosion platforms, which contain diamond trapsites (variable
potholes and gullies), underlie the diamondiferous beaches. The distribution of
the diamonds is therefore directly related to the presence of a diamond-carrying
gravel and to the quantity and quality of the trapsites and the degree of reworking
which has taken place (Kalbskopf, 1978}.
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Previous workers {eg. Kalbskopf, 1978 and Wright, 1964) worked in portions
of the study area, but to date no quantitative assessment of the marine erosion
pattern over the whole study area has been done. The newly acquired structural
and lithological data now makes possible investigation by the control of local

structural features and lithology on erosion patterns over the whole study area.
8.1 Climate

The study area lies in the Namib Desert and has a low annual rainfall of
40-50 mm. The average water temperature of the northward flowing Benguela
current is 10 °C and the average maximum daily air temperature is 23 °C.
Prevailing winds from the south (Figure 8.1) have an average daily maximum
velocity of 8-9 knots between the Orange River mouth and Mittag (Murray et. al,
1970). Winter months are characterised by sporadic hot east winds from the
interior. A north wind occasionally brings rain and when there is no wind, mist
creeps in from the sea providing life-giving moisture in this arid environment.

The coast is exposed to swells with a height of > 3m for about 8 days per
month in the summer and up to 14 days per month in the winter. Upwelling of
the cold waters of the Benguela and the strong winds are due to the proximity of
the South Atlantic anticyclonic system (Figure 8.1). The tidal range is less than
2m and therefore falls into the micro-tidal range.
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(upper) terraces (D, E and F beaches) (Stécken, 1978). The beaches of the
upper (late Plio- to early Pleistocene) terrace all hosts a warm-water fossil fauna
Donax rogersi. The younger (mid-Pleistocene to Holocene) beaches are
characterised by modern cold water fauna (Pether, 1986). All the beaches of
the upper terrace underwent down-warping towards the north and this can be
seen in their changing elevations and the change at the base of the main cliff at
+25m a.m.s.l. near the Orange River mouth (Figure 1.4) and +9m a.m.s.l. in the
Affenricken area (Hallam, 1964). The younger beaches maintain a constant
elevation all along the coast and gradually overstep the older beaches, which
have been down warped towards the north. The C-beach maintains a constant
elevation of +8m, a.m.s.l. all along the coast. Emplacement of the C-beach is
associated with the world-wide high stand of sea-level during the interglacial
period about 120 000 years (oxygen isotope) ago (Shackleton and Opdyke,
1973). This makes it possible to set a maximum age for the emplacement of the

lower terraces (Stocken, 1978).

The degree of reworking of diamondiferous gravel influences diamond
concentration. The degree of reworking during deposition is, in turn, controlled by
the degree of turbulence and length of sea level standstill and will be discussed
further later in this chapter. This implies that high concentrations of diamonds
can be found on both smooth wave-cut platforms, as a result of lengthy still
stand, as well as on gullied bedrock where vigorous turbulence has taken place.
Therefore, the distribution of diamonds is different for each of the six recognised
raised beaches; the F- and B-beaches being the two richest beaches (Hallam,
1964). The older platforms (Figure 1.4) host higher diamond concentration than
the younger marine platforms, but in all cases diamond concentration remains a

function of the amount of reworking.

Marine erosion platforms in the study area are under the influence of the

following:
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(a) Coarse sediments brought down by the Orange River provide the materials
needed to cut the platforms. This sediment, up to 800mm in grain size,
comprises abundant, tough Nama Group quartzite, which has clearly
persisted through the many cycles of accumulation and erosion of previous
beaches spread onto the continental shelf. In this respect this shelf differs
from many other shelves of the South Atlantic coastline.

(b) Although the tidal range is small, the wave energy is great. This part of the
African coast has been regarded as one of the most energetic in the world.

(c) The Late Proterozoic bedrock varies considerably throughout the study area.
There are a number of factors known to control the nature and rate of
platform cutting:

¢ Lithology. The bedrock ranges from hard meta-arenites to very soft highly
weathered meta-sedimentary rocks in places. The chlorite schists and meta-
arenites occur in alternating bands of different thickness (Chapter 3).

e Dip and Strike of the meta-sedimentary rocks. The strike remains roughly N-
S throughout the study area. The dip varies from 45 degrees to the west to
60 degrees to the east. In some places the dip is between 80 to 85 degrees
(Chapter 4).

e Jointing. The dominant local joint directions are 060-070 degrees and 120-

140 degrees (Chapter 4). These joints are in places exploited by erosion.

The inner shelf off the coast of Namibia has been subject to transgression and
regression since mid-Eocene (Figure 82). Murray ef al (1970) found
diamondiferous beach deposits on the shelf, drowned by the present Holocene
highstand that only reached its present level a mere 6000 years ago. The most
prominent low stand is at —20m and this can be traced over a distance of 550km
from Kerbehuk northwards. The platform varies in width and slopes seaward at
about 1 in 70. A cliff that ranges in height from 1.5 to 5m (below sea-level) has
been mapped for about 20 km of its length in the Kerbehuk - Affenricken area.
The cliff generally runs parallel to the present day coastline. The strike of sz in
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the Kerbehuk area is between 0° and 10°. The regional joint direction in this area

has a trend of 110° and a second locally dominant joint set has a trend of 140°.

These joint sets give the cliff a zig-zag pattern, but the general trend of the
coastline remains parallel to present-day coastline (Murray et af, 1970).
Acoustic profiling found break in slope at ~38m, -44m, -50m, -60m, -75m and —
100m. The -75m break in slope could be traced for several hundred kilometres

southwards from Bogenfels.

The type of trapsite (gully) formed is dependant on the amount of boulder
material available (Figure 8.3) (Oosterveld ef al., 1987 and Kalbskopf, 1972). If
few boulders are available structural features will be exploited, while an
abundance of boulders will increase the erosive action of the waves and
“Consequent” gullies (Kalbskopf, 1987) (Figure 8.4) will form, irrespective of the
competence of the bedrock (Oosterveld et al., 1987).
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Chapter 9

CHAPTER 9 - CONCLUSIONS

The Sperrgebiet, on the southwestern coast of Namibia hosts the world’s
largest known diamond placer deposits. The distribution of diamonds in these
placer deposits is directly related to the presence of diamond-carrying gravel, the
degree of reworking of the gravel and the quantity and quality of the diamond

trapsites.

Structural and lithological features in the bedrock control the forming of
diamond trapsites. The bedrock in the study area forms part of the now
redefined Oranjemund Group of the MT, Pan-African Gariep Belt. Previously the
MT has been subdivided into three complexes. Field mapping demonstrates that
in spite of differences in the lithology, correlation of the major lithostratigraphic
units between these three complexes is possible, and they may have been
deposited contiguously. New geochemical data provided in this study indicate
that the meta-sedimentary rocks of the Oranjemund Group carry a trace element
signature of within-plate basalts. It is therefore highly likely that these sediments
have been derived from meta-basalts of the adjacent Chameis Sub-terrane and
the Grootderm Formation meta-basites of the Schakalsberge Sub-terrane.
Further lithostratigraphic similarities with the Holgat Formation, PNZ and
Chameis and Schakalsberge Sub-terranes has shown in this study that the three
Complexes are not different terranes, but should be seen as three Sub-terranes
of the MT.

The nature of the Cranjemund Sub-terrane is thus lithostratigraphically
determined by the contributions from the Grootderm Formation metabasites and
Chameis metabasalts and structurally determined by a southeastward transport

direction followed by east-west compression (Figure 9.1).

163






Chapter 8

The Oranjemund Group consists predominantly of chlorite schist and
meta-arenite. Alternation of lithological layers of chlorite schist and meta-arenite
(section 8.3.1) occur on different scales. Differential weathering took place
depending on the thickness of the harder and softer lithological units. The gullies
or trapsites formed in this way are called “Strike gullies”.

A gradation of the type of diamond trapsites found from the Orange River
mouth northwards is evident (Figure 8.4). Near the Orange River mouth, where
abrasive agents (boulders) were most abundant, “Swash parallel gullies” were
the dominant gully formed, over-riding structural and lithological controls in the
bedrock. In the Kerbehuk area 60km north of the river mouth, the abundance of
boulders declined and “Strike gullies” are most prominent. North of Affenriicken
where the structural features in the bedrock are the dominating factor controlling
the type of trapsite formed and abrasive agents were least abundant, “Joint
gullies” are most prominent. The gradation of the gully types is also linked to the
large-scale synclinal structure of the bedrock (Figure 4.2 and 4.3). “Strike
gullies” dominate in the Kerbehuk area where bedding parallel S, dips 80-89
degrees to the west. There differential weathering takes place and the softer
lithological bands have been eroded out while the harder lithological units stand
proud (Figure 8.8). Where S; dips 45 degrees to the west “Strike gullies” are less
common. The harder units require the softer units for support and when the
softer units are eroded out, the harder units tend to collapse.

The quality of a trapsite is directly linked to the depth of incision into the
bedrock. Using new data acquired by an “Airborne Laser Survey” (ALS) the
bedrock outcrop could be contoured. The contoured outcrop was used to identify
platforms formed during different sea-level stillstands. Deepest incision into
palaeo-platforms was found to be on the seaward side (Figure 8.14). The
greatest likelihood for diamond concentration is therefore related to the seaward
extreme of these palaeo-platfiorms. Due to the large-scale structural
characteristics of the bedrock and the marine erosion processes to which the
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bedrock has been exposed, the same should apply to the direct offshore area
between the Orange River mouth and Chameis Bay, depending on
diamondiferous gravel being present.

A comparison of diamond sample results from areas in the present day
offshore where the interface between platforms can be identified should be used
to test this model. If positive results are obtained, this model can be directly
implemented as a new tool to identify areas with a very high likelihood for
diamond concentration in the present-day nearshore environments.
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LIST OF FIGURES

Figure 1.1 Locality map of Sperrgebiet, Southern Namibia showing the study
area, the marine diamondiferous deposit (in green) in Mining Area No. 1
(MA1).

Figure 1.2 Satellite image of the south-western Sperrgebiet and the extend of
the diamond deposit in Mining Area No.1 (MA1) in green. The width of the
deposit is 3000m in the south and less than 500m in the north.

Figure 1.3 Oblique aerial photograph of the Late Proterozoic bedrock, with
cross-cutting dolerite intrusions and well developed gullies on a marine

platform.

Figure 1.4 An exaggerated cross section through the raised beach deposits of
Mining Area No. 1 (MA1), showing the approximate elevation of beaches
and platforms (after Hallam, 1964 and Kalbskopf, 1978).

Figure 1.5 Tectonostratigraphic subdivision of the Gariep Belt (Hartnady and
Von Veh, 1990).

Figure 2.1 The position of the Gariep Belt within a network of Neoproterozoic/
early Palaeozoic orogenic belts (after Frimmel, 2001a).

Figure 2.2 Tectonic subdivision of the Gariep Belt (Frimmel, 2001a).
Figure 2.3 Stratigraphic subdivision of the Gariep Supergroup, with proposed

correlations between the Marmora Terrane and the Port Nolloth Zone
(Frimmel, 2001a).
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Figure 2.4 Summarised chronological evolution of the Gariep Belt (Frimmel,
2000a).

Figure 2.5 Locality map for the Sperrgebiet of Namibia (Ward, 2000)

Figure 2.6 Stratigraphic framework for Cenozoic deposits of the Sperrgebiet of
southern Namibia (Ward, 2000)

Figure 3.1 Satellite image showing the lithology of the Oranjemund Group in
MA1 (in yellow and green).

Figure 3.2 Contact between the chlorite schist and the brown. dolomite about 6
km south of Chameis Bay.

Figure 3.3 A. Aerial photograph of a green to grey-green chlorite schist outcrop
(8 km north of the Orange River mouth). B. A photomicrograph of thin
section (sample JMO058) showing alignment of chlorite and micaceous

minerals.

Figure 3.4 Cathodoluminescence image of sample JM0O58. The minerals with
high luminescence here are: 1. apatite and 2. titanite.

Figure 3.5 Metamorphic growth zonation in a feldspar grain detected using SEM-
CL, note the metamorphic concentric growth zones in the grain (sample
JMO040).

Figure 3.6 Porphyroblast of albite containing inclusions displaying remnants of s4
in the internal fabric.

Figure 3.7 Syn-tectonic growth of phyliosilicates with regard to a dominating
bedding parallel s; foliation
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Figure 3.8 A photograph of the graded contact between the chiorite schist and
the meta-arenite, 8 km north of the Orange River mouth.

Figure 3.9 Back scatter SEM image. Minerals identified: 1. quartz; 2. zircon, 3.
biotite; 4. chlorite.

Figure 3.10 A. Meta-arenite (20 km north of the Orange River mouth) in outcrop
highly weathered in places. B. Graded laminae of meta-arenite. C.
Photomicrograph of meta-arenite (JM020) with orientated chlorite and
mica minerals and detrital quartz, crossed polars.

Figure 3.11 A meta-arenite 80 km north of the Orange River mouth .In places
evenly spaced, continuous, homogeneous layers (cm scale) occur. This is
interpreted as metamorphic differentiation aligned parallel to axial planes.

Figure 3.12 A. A single white-pink dolomite outcrop about 30km north of the
Orange River mouth. B. Quartz and calcite veins (with random
orientation) cross cut the highly brecciated dolomite in places.

Figure 4.1 Photomicrograph of a thin section (crossed polars) of chlorite schist
(JM050) showing s4 and chiorite aligned along bedding parallel s; (8 km
NW of the Orange River mouth). :

Figure 4.2 Map of MA1 with equal area stereoplots of the poles to S,.for different

areas.
Figure 4.3 Plan view of the strike and dip of s, along the study area. The value

of each dip and strike direction in this figure has been calculated by using
the average of 10 readings 10 metres apart.
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Figure 4.4 SEM Backscatter image showing tight folding on micro-scale (in
yellow), sample JM053.

Figure 4.5 Tight folding (meter scale) about 8 km north of the Orange River
mouth.

Figure 4.6 Aerial photograph of the Kerbehuk area showing large-scale tight
folds, with fold axes striking about N-S.

Figure 4.7 N-S trending hinges on the contact between chlorite schist and
dolomite 6 km south of Chameis Bay.

Figure 4.8 Detailed map of the inferred contact between Oranjemund and

Chameis Sub-terranes
Figure 4.9 F3 open fold with hinge trehding NW-SE.

Figure 4.10 Different responses of a meta-arenitic unit and a chlorite schist unit
to deformation.

Figure 4.11 A class 2 (similar) Ramsay fold, formed in mixed sediment folding.
The schistose unit shows greater axial thickening.

Figure 4.12 Equal area stereoplot of the fold axes. Black dots (F1) show W to
SS8W plunging axes and red dots (F2) show NNW plunging axes.

Figure 4.13 Equal area stereoplot of the poles to the co-planar s; with the

position of the main fold axis, striking N-S dipping slightly towards the
north.
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Figure 4.14 A Class 2 (similar) Ramsay fold. Photograph rotated from Figure
4.11 to show the relationship of parasitic S, Z and M folds and cleavage as
found in the study area. The cleavage is axial co-planar in this case.

Figure 4.15 Quartz rods found on s; foliation surfaces in meta-arenitic units.
Figure 4.16 Equal area stereoplot of quartz rods orientation in Figure 4.15
Figure 4.17 Equal area stereoplot of lineations L, and L.

Figure 4.18 Rose diagram of joint directions

Figure 4.19 Distribution of joints in the study area

Figure 5.1 Satellite image showing the distribution of the main rock types of the

Oranjemund Group and sample positions of the 39 Oranjemund Group
samples (JM019...JM089) and the 10 Grootderm meta-basite samples

(GD1-54).

Figure 5.2 Ternary plots of A. Al,03-a,0+Ca0)x2-K;0 shows a trend towards
the Al,O3 apex relative to average basalt. B. Al,03-(Na,0Ox2)-K,0 shows a
trend towards the Al,O3; apex and (Na;Ox2) apex relative to average

basalt.

Figure 5.3 Diagram showing the most intensely altered sample JMO042
normalised against the least altered sample JM046.

Figure 5.4 Nett gain and loss for elements in sample JM042 relative to sample

JMO046. Na,O and SiO; display a slight gain whereas Al,O3 display a slight
loss.
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Figure 5.5 Zr/Y vs. Zr plot (Pearce and Cann, 1973) of the meta-arenite (circles),
chlorite schist south (triangle) and chlorite schist north (square) from the
Oranjemund Group and the meta-basites (left pointing triangles) from the
Grootderm Formation, Schakalsberge Sub-terrane.

Figure 5.6 The total REE content (sum in ppm) and sum of the SiO; weight % of
the chlorite schist and meta-arenite from the Oranjemund Group.

Figure 5.7 REE plot of the Oranjemund Group meta-sedimentary rocks (red
circles) and Grootderm Formation, Schakalsberge Sub-terrane, meta-
basites (blue diamonds).

Figure 5.8 La/Y vs Sc/Cr of meta-arenite (circles), chlorite schist south (triangles)
and chlorite schist north (squares) from the Oranjemund Group. Tectonic
setting data fields from Bathia and Crook, 1986.

Figure 5.9 La/Y vs Sc/Co the meta-arenite, chlorite schist south and chlorite
schist north from the Oranjemund Group and the meta-basites from the
Grootderm Formation Schakalsberge Sub-terrane. '

Figure 5.10 Th-Co-Zr/10 and Sc-Th-Zr/10 plots of the meta-arenite, chlorite
schist (near the Orange River mouth) and chlorite schist north (Kerbehuk
area) from the Oranjemund Group, the meta-basites from the Grootderm
Formation, Schakalsberge Sub-terrane (data fields from Bathia and Crook,
1986).

Figure 5.11 Normalised multi-element patterns using averaged graywacke data
(from Appendix 3) for different tectonic environments (After Floyd et al.

1991)

Figure 7.1 Proposed revised stratigraphy of the Oranjemund Sub-terrane.
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Figure 7.2 Stratigraphic correlation for the main tectonic units of the Gariep Belt
(after Frimmel et al., 2001b)

Figure 7.3 Proposed stratigraphy for the Marmora Terrane (modified after
Frimmel et al., 2001b)

Figure 8.1 Synoptic map meteorology and hydrology of the South Atlantic (after
De Decker, 1986).

Figure 8.2 Sea-level trends and the geological evolution related to the
diamondiferous deposits along the west coast of southern Africa (after
Pether, 1986)

Figure 8.3 A. Boulders and cobbles in a 2 m deep gully. B. Boulders and
cobbles, predominantly Nama Group quartzite in this photo, act as
abrasive agents. C. A modern day equivalent (Terrace Bay, northern
Nambia) of boulders and cobbles acting as abrasive agents at the time
when the gullies were cut, predominantly parallel to swash direction. At
present the study area comprises a sandy system.

Figure 8.4 Kalbskopf's (1978) gully classification. A. “Consequent or Slope
gully”, B. “Subsequent gully” and C. “Joint gully”

Figure 8.5 An ideal cycle of gully evolution (after Wright, 1964).
Figure 8.6 Genetic gully classification and predominant distribution in MA1.

Figure 8.7 Model by Trenhaile and Bryne (1985) to illustrate the development of
shore platforms. The dashed line shows the position of the subtidal and
the intertidal shore platforms after time T, following one period of cliff
undercutting, collapse and debris removal.
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Figure 8.8 Differential weathering of harder and softer lithological units. A. The
softer schistose unit (about 2m thick) has been eroded creating a high-
potential diamond trapsite (35 km north of the Orange River mouth). B.
The width of the lithological layers is less than 0.5m in this case and
differential weathering did not take place. The only erosion that occurs
here is a swash-parallel gully (red dashed line) (80 km north of the Orange
River mouth). C. Differential weathering of the softer schistose unit,
parallel to the strike of s, (12 km north of the Orange River mouth) D.
Differential weathering is most spectacular where s; dips between 80 —95
degrees to the west in the Kerbehuk area.

Figure 8.9 Potholes form along A. Joint intersections and B. zones of parallel
jointing. C. A wedge of bedrock removed at a joint intersection. D. The
series of potholes and removed wedgés of bedrock are then
interconnected to form a network of gullies, parallel to swash direction.

Figure 8.10a The “Swash parallel” gully (20 km north of the Orange River mouth)
which was surveyed in the field. This gully is 40m long and up to 7m
deep. b. A morphological section along the long axis of the gully shown in
Figure 8.10a, showing both the northern and southern wall (with elevation
m.a.s.l). ¢. A three-dimensional computer generated model of the
surveyed gully (Figure 8.10a), showing deepest incision into bedrock on

the landward side.

Figure 8.11 Schematic NE_SW section of platforms and gullies incised into

bedrock.

Figure 8.12a The +8m contour digitised using the ALS contoured data.
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Figure 8.12b The +2m to +18m contours digitised using the ALS contoured data.
Note the structural and lithological controlled gullies on the +2m platform

vs.the “Swash controlled gullies™ on the +4m to +12m platforms.

Figure 8.12¢ The +4m to +14m contours digitised using the ALS contoured daté.
S dips between 80-95 towards the west here. The dominant gully type

here is strike controlled.

Figure 8.12d The +8m to +18m contours digitised using the ALS contoured data.
Kalbskopf (1978) proposed that the down-warping of the D,E and F
beaches (Figure 1.4) started in the Mittag area. The inferred transitions
between platforms here are not sub-parallel to the present day coastline.
It is therefore highly likely that this is the point of infliction.

Figure 8.13 Classification of waves and sediment transport in nearshore and

offshore areas (after Martinez and Harbuagh, 1993).

Figure 8.14 A wave breaking against bedrock in the Chameis Bay area. At the
point where it breaks the wave has the highest potential to carry the most

suspended material (refer Figure 8.13).

Figure 8.15 Diamondiferous gravel a. trapped in a gully. b. Exotics present in
the diamondiferous gravel include jasper, epidote and banded iron stone
(BIF).

Figure 8.16 Sampling data from trenches are represented by different colour
dots. The red dots represent a grade of >1 carat per 5 square metres.
Highest concentrations of diamonds are associated with depressions in
the bedrock.
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Figure 8.17 An aerial photograph showing bedrock exposed due to mining
activities. The deepest incision into the bedrock can be seen on the
seaward end of the +4m platform.

Figure 8.15 Diamondiferous gravel a. trapped in a gully. b. Exotics present in the
diamondiferous gravel include jasper, epidote and banded iron stone
(BIF).

Figure 8.16 Sampling data from trenches are represented by different colour
dots. The red dots represent a grade of >1 carat per 5 square metres.
Highest concentrations of diamonds are associated with the depressions
into bedrock.

Figure 8.17 An aerial photograph showing bedrock exposed due to mining
activities. Deepest incision into bedrock can be seen on the seaward end
of the +4m platform.

Figure 8.18 Schematic representation of wave energy and its relation to depth of
incision into bedrock during a sea level still stand.

Figure 9.1 Satellite image of the south western Sperrgebiet, displaying lithology
and structural geology of the Oranjemund Sub-terrane as well as sampling

positions.
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Appendix 1

Major element oxide concentrations (wt%) for meta-arenite (m-arenite) and
chlorite schist (chl-schist) of the Oranjemund Group.

Sample [Rocktype 1SiQ, 1TiO, (AL, IFe;05" IMnO  IMgO 1Ca0  INa,0 KO 1P,0s 1H20- 1LOI Total
JMO19  im-arenite 7347 1060 11167 1408 1006 1175 1048 1251 1240 1014 {010 {198 199.26
JMO20  im-arenite 16312 1073 115.87 16.71 006 327 1029 1134 1365 1016 1012 1348 198.80
JMO21  Im-arenite  177.12 10.53 110.38 13.71 0.04 1127 1065 1196 1211 1014 1011 1183 18988
JMO22  Im-arenite  173.87 1056 111.26 1412 10.07 1189 1064 1230 {198 1014 1008 1226 19917
JM024 Im-arenite {73.83 10.56 110.81 1410 1005 1162 [0.91 1224 190 1014 013 1236 19861
JMO25  im-arenite {76.68 1051 110.85 13.75 10.04 {142 [0.56 {246 (214 1013 012 {176 110043
JMO26  Imearenite 18224 1047 1834 1290 1004 1088 1078 11.79 1209 1011 1008 11.30 1101.05
JM027  Im-arenite 17543 10589 11077 |3.75 1004 11.71 |0.54 1269 1180 1014 10.05 [1.78 19845
JM028 m-arenite 16563 1083 11499 1636 1006 1283 1030 176 1413 1022 1014 1253 19980
JMO30  m-arenite 17535 1060 110.76 13.78 1005 152 1061 1181 1302 1015 1010 (188 19964
JMO40 Ichischist 15433 1078 118.13 1960 1011 1620 10.17 1069 1488 1012 1048 1535 19889
JMO41  Im-arenite 16925 10.67 112,13 653 1005 1213 147 1248 1256 1020 1022 1313 198.87
JM042  Im-arenite {7153 073 1172 1463 1009 1209 11.08 {299 1183 1019 015 1246 19948
JMO43  Im-arenite [71.28 1066 111.30 {447 1010 1212 1188 283 1161 1016 014 1321 99.85
JMD44  Ichischist |54.02 1088 119.58 17.90 1008 1515 1026 272 [4.07 019 1024 1409 199.24
JMO45  Im-arenite 16643 1093 114.13 16.02 1007 1263 1058 1261 1293 10256 1023 1266 19947
JMO46  Ichischist 14349 (116 124.08 11050 1010 1582 1041 1042 1689 1029 (037 1527 198.84
JM048  Im-arenite 169.78 1075 113.08 16.12 1008 1270 1023 1244 1241 1018 1017 1241 100.36
JM048  Im-arenite [71.97 1080 11234 1586 1012 1250 1026 1253 1219 1020 1014 1218 1101.23
JMO50 [chischist 158.38 1083 118.08 1868 1004 1336 1026 1210 13.86 1018 1015 1341 99.38
JMO51  Im-arenite  {60.92 10.77 116.30 19.11 007 13.84 1025 1179 1287 1018 1009 1332 19956
JMO52  Im-arenite [59.67 1093 11857 1820 1009 |441 025 |143 362 1018 (013 13.968 110145
JM0O53  Im-arenite [66.33 10.87 (14.88 {7.05 10.07 3.72 10.24 138 (271 1018 10.08 (312 190.64
JMO055  Ichischist [57.54 1083 ]17.95 |960 10.06 [3.65 10256 1167 13.67 1018 1011 1356 18010
JMO58  Ichischist {54.99 10.78 |19.30 1994 1006 {4.00 |0.23 1066 1447 1016 1010 (417 198.88
JMO59  Ichischist [58.66 [0.86 |17.93 1867 1006 1388 1028 1215 1355 1021 10.09 344 199.83
JMOS9B Ichlschist 156.80 10.84 11841 19.11 0.07 14391032 {128 1402 1047 10.28 1390 199.62
JMOBC  Im-arenite 159.23 1080 117.71 {7.41 0.13 14011019 11.34 1437 1012 1021 1390 19944
JMO81  Im-arenite 16033 1084 1740 1768 1008 1346 {025 [1.87 1407 1018 1019 347 19086
JM082  Im-arenite [77.41 1060 11055 1397 1004 1156 1024 1183 1288 1015 1013 1.36 110074
JMO083  Im-arenite |75.80 1058 110.39 1379 1006 147 135 1182 1275 1014 1013 1222 1100.52
JMO084  Im-arenite [68.68 10.68 [13.49 |568 1006 (265 [0.34 1143 1388 1024 1014 1225 190.56
JMO85 Im-arenite [77.06 1052 110.34 1342 1005 (1491032 1238 1219 1013 013 135 19940
JMO86 _ Im-arenite |57.78 10.78 [17.35 |7.89 1011 1447 |0.56 |1.156 1436 1017 j0.14 405 198.83
JMO87  Im-arenite 16141 1083 11631 17.02 1008 1356 1033 1263 1330 1022 1017 13.02 198.91
JM088  Im-arenite |74.34 1063 11178 J4.17 1007 [1.74 1027 1275 1215 1017 1009 1157 199.74
JMO83  |m-arenite |76.45 [0.58 [10.68 |362 (005 [144 1081 1240 1233 1016 (009 {1290 [99.64

* All Fe expressed as FexO3
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Appendix 2

Trace element and REE concentrations (ppm) for the meta-basites (GD) of the
w Grootderm Formation, Schakalsberge Sub-terrane.

Sample  GD3 GD4 GD7 GD21 GD25 GD37 GD42  GDS1  GD54

Ba 47 2 23 124 57 51 58 376 391
Rb 3 1 0 25 5 4 3 21 23
Sr 308 587 699 527 102 183 427 3277 1115
Y 20 21 27 35 18 44 37 35 41
Zr 171 135 180 209 114 450 272 299 426
Nb 23 19 23 44 15 81 38 86 83
Th 2 1 2 3 1 6 3 6 6
Pb 2 1 1 3 1 1 2 5 4
Cu 72 89 92 48 9 14 147 38 10
Ni 94 79 105 11 661 5 50 20 3
v 149 136 160 107 119 19 171 54 12
Cr 81 67 97 4 512 2 25 19 1
Hf 4 3 4 7 3 10 6 6 9
Cs 0 0 0 5 0 0 0 0 1
Sc 20 28 31 21 25 5 30 11 5
Ta 1 1 1 3 1 4 2 5 4
Co 46 48 48 36 67 15 50 32 14
U 1 0 1 1 0 2 1 2 2

-~
-t
[
<

La 19,40 15,50 16,20 31,70 10,20 60,00 2860 6680 .
Ce 46,30 37,10 41,90 78,30 28,30 144,00 68,80 136,00 158,00

Pr 6,23 498 582 10,00 371 1920 931 1840 2030
Nd 27,30 22,00 26,10 43,80 16,90 8040 4110 64,50 82,20
Sm 6,58 527 6,37 10,00 4,27 1630 965 1240 1580
Eu 241 180 214 305 128 474 282 3,53 4,61
o Gd 651 505 624 895 4,17 13,00 883 9858 1240
Tb 1,01 076 084 132 064 180 133 1,39 1,70
Dy 580 435 546 748 370 9862 780 740 895
Ho 1,10 0,81 102 137 0869 170 141 132 1,57
Er 285 210 263 353 179 433 368 334 397
Tm 038 0,27 035 046 023 057 048 043 051
Yo 224 164 211 283 144 338 2982 2,58 308
Lu 0,31 023 030 039 020 047 040 038 043

| Lafy 067 073 060 092 056 1,38 0,78 1,93 1,73
Sc/Co 0,63 057 084 057 037 035 060 033 035
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Appendix 3

Average composition of late Proterozoic and Phanerozoic greywackes
associated with different tectonic environments (Floyd et al, 1991) and the
average composition of the Oranjemund Formation meta-sedimentary rocks.

OIA CAAM _|PM owP___JOMD____|uuC
Rb 30 62 50 19 113.25 _ 1112.00
Sr 362 274 72 432 66.91 _ 1350.00
U 0.8 2 3.2 0.3 2.41 2.80
Cs 0.6 4.7 4.9 0.7 6.33 560
Vv 188 106 44 400 112.26 __ 160.00
Cr 49 55 29 230 83.08 __ |35.00
Ni 22 31 15 114 37.40 __ |20.00
Ta 0.4 058 0.6 2 0.98 2.20
INb 5 9 7 27 1329 125.00
H 1.7 47 8.8 2.6 4.44 5.80
Zr 99 146 302 146 181.50 _ 1190.00
Y 15 17 24 20 2158 |22.00
La 10 23 22 10 28.96 __ 130.00
Ce 22 48 56 24 6561 _ 164.00
Sc 27 16 8 30 1050 111.00
Th 1.9 8.5 8.1 1 9.89 10.70

OIA — Oceanic Island Arc

CAAM - Continental Arc + Active Margin

PM — Passive Margin

OWP — Oceanic Within Plate

OMD - Oranjemund meta-sedimentary rocks
UUC - Upper Continental Crust
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Appendix 4

Analytical techniques
X-Ray Fluoresence (XRF) Spectrometry

The major, minor and selected trace element concentrations of the bulk-rock
samples were obtained using a Philips PW1400 and X'Unique or Siemens
SRS303AS XRF spectrometer in the Department of Geological Sciences at UCT.
The analyses were conducted at operating conditions adopted for routine
analysis in the department and sample preparation and analytical procedures
followed were these described by Duncan ef al. (1984). The lithium tetraborate
fusion method of Norrish and Hutton (1969) was used to determine all major and
minor elements, except Na. Pressed powder briquettes were used for the
determination of the trace elements and Na concentrations. A loss-on-ignition
(LOI) value was obtained for each sample by heating in a furnace for at least 12
hours at 950 °C. The analytical errors and detection limits are similar to those
quoted by le Roux and Dick (1981) and Duncan ef al. (1984), reported in Table 1.

inductively coupled plasma mass spectrometry (ICP-MS)

Trace and rare earth element (REE) concentrations were determined by
inductively coupled plasma mass spectrometry (ICP-MS) using a Perkin
Elmer/Sciex Elan 6000 mass spectrometer in the Department of Geological
Sciences at UCT. Fifty milligrams of sample powder were dissolved using HF
and HNQO;, diluted in 5% HNO3; and analysed against five-point calibration curves
(origin and four artificial multi-element standards with elemental concentrations of
10, 30, 50 and 100 ppb), with '®Rh (**S¢, °Co, 5Ni, **Cu, ®Rb, %sr, %Y, %z,
gSNb), 115|n (13308, 13788, 139La‘ 14006, 141Pl’, 144Nd’ 1528!'1’1), 187Re (153EU, 1606(1,
159Tb, 163[)y, 165H0, 166[.:_!’, 169Tm, 174Yb, ﬁSLU, 178Hf, 181Ta) and ZOQBi (208Pb, 232Th,
2381)) as internal standards. The instrument operating parameters were as
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follows: nebuliser gas flow = 0.84 L.min™', main gas flow = 15 Lmin™, auxiliary gas
flow = 0.75 L.min™"; ICP RF forward power = 1100 V; autolens voltages: °Be = 7.8,
¥Co = 9.0, "®In = 9.8. The number of sweeps and replicates was 20 and 3,
respectively, the peak dwell time 35 - 50 ms, the total counting time per peak
2100 - 3000 ms, the total analytical time 101.58 s, and the wash time between
samples 180 s. The instrument sensitivity was 30529 cps.ppb” 'Rh and the
background intensity at mass 220 was 3.1 cps. The nebuliser gas flow was
optimised to minimise oxide and doubly-charged ion formation, giving
%6Ce0/"°Ce of 0.027 and **Ba**/'**Ba of 0.024. Mathematical corrections were
made for isobaric ("'°Sn, Sm, *2Gd, ®Dy, "¥0s), oxide (BaO, NdO, SmO,
EuO, GdO, TbO, DyO, ErO, HoO) and doubly-charged ion (Er'™", Yb™, Lu™)
interferences. Procedural blank concentrations were <0.065 ppm for Pb, <0.030
ppm for Ba, Nb, Zr, Sr, Cu, Ni and Sc, and <0.009 ppm for all other elements.
Within-run precision was better than 3% (1 o relative standard deviation) for all
elements, as was the precision between duplicate analyses, except for Co
(3.36%). Lower limits of detection (based on 3 standard deviations of the
procedural blank intensities) were <0.300 ppm for Sc, <0.085 ppm for Sr, <0.050
ppm for Pb, Ta, Ba, Nb, Zr, Rb, Cu, Ni and Co, and <0.0095 ppm for all other
elements.
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Table 1 Lower limits of detection (LLD) (wt % for major element oxides, and ppm

for trace elements) and 2¢ errors (Wt% for major-element oxides, and ppm for

trace elements) for XRF analysis of bulk-rock samples.

Duncan et al. (1984)

le Roex and Dick (1981)

2¢ errors LLD 20 errors LLD
SiO2 0.140 0.040
TiO, 0.008 0.005
Al;O5 0.080 0.020
Fe,03 0.038 0.014
MnO 0.008 0.008
MgO 0.148 0.070
CaO 0.028 0.008
Na,0 0.032 0.080
K.0 0.002 10.002
P20s 0.012 - 0.011
Sc 1.0-1.2 1.2 1.2 1.2
\Y 2.4-3.7 5.5 3.7 5.0
Cr 1521 2.2 2.0 34
Co 1.9-2.5 4.5 2.0 3.4
Ni 0.7-1.0 1.2 3.7 5.0
Cu 1.8-2.1 2.9 1.9 2.2
Zn 0.9-1.7 1.4 1.9 2.2
Rb 0.8-1.1 1.5 0.9 1.4
Sr 1.0-1.7 1.5 0.9 14
Y 0.8-1.0 1.3 0.9 1.4
Zr 0.9-14 14 0.9 1.4
Nb 1.0-1.2 1.8 1.0 2.5
Ba 2.1-6.0 3.7 2.0 3.7
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Appendix 5

List of samples and sample localities

S AM pLE Y CO-ORDINATE X CO-ORDINATE S AM PLE Y CO-ORDINATE X CO-ORDINATE
JMO019 70492504 | 3142462.544 | JMO50 61935.874 | 3160772.008
JM020 79519.628 | 3142464.062 | JMO51 61954.034 | 3160759.900
JMO021 70557.857 | 3142463.872 | JMO52 61965.075 | 3160739.231
JM022 70586.834 | 3142466.410 | JMO53 61984.226 | 3160724.867
JM024 79640.191 3142493.947 | JMO55 62008187 | 3160702.003
JMO025 79662.908 | 3142512.418 | JMO58 62048.723 | 3160663.629
JMO026 79699460 | 3142527.200 | JMO59 62068.388 | 3160631.818
JMO027 79722.728 | 3142526.844 | IMO59(b) | 62080.551 3160616.044
JMO028 79749.505 | 3142525.088 | JMO8O 121810.630 | 3103217.199
JMO030 79822700 | 3142536.743 | JMOB81 121841.965 | 3103200.180
JM040 91054428 | 3121446.925 | JM082 121865.009 | 3103182.714
JMO041 91065.625 | 3121449.605 | JM083 121887.600 | 3103166.095
JM042 91072218 | 312454.442 | JMO84 121912.917 | 3103145.140
JM043 91079.548 | 312457.385 | JMO85 121937.328 | 3103124.598
JMO44 91084321 312450.007 | JMO86 121956.463 | 3103105.225
JMO045 91080.004 | 312463458 | JMO87 121998.661 | 3103089.243
JMO046 91095574 | 312466417 | JMO88 122022.435 | 3103073.655
JM048 91097.622 | 312468.001 | JMO8S 122042.662 | 3103054.494
JM049 91101.474 | 3121471.965

See Appendix 1 for rock type
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Appendix 6

How Airborne Laser Mapping works.
Two GPS receivers are placed on local Trigonometric beacons or other known

control points, within a distance of 50 km of the project, to provide the static
differential GPS component from which the air trajectory of the helicopter will be
determined. A GPS receiver, mounted in the helicopter with the antenna
mounted on the wire cutter above the nose of the helicopter, forms the roaming
component. The satellite signals received are stored on PC cards. Once the
helicopter is in the air, the laser and camera system are switched on and the pre-
determined mission parameters are set up using the control screen and camera
computer. The laser pulse readings are recorded onto magnetic tape along with
the inertial measurement system readings and mirror scan angle. The
characteristics of the target (ground) surface have an effect on the amount of
energy reflected back to the receiver i. e. sand and vegetation reflect about 10 -
50% of the energy back to the receiver whereas snow or bright shiny surfaces
reflect much more. The reflectance off water is highly dependant on its surface
state and usually has very little reflectance. The laser does not penetrate water.
Very dark objects such as coal or burnt grass reflect very little energy and thus
require a lower flying height. The digital photographs are recorded on to the
computer hard disk in a compressed format. Navigation along the job is provided
by the DGPS system, which gets its differential correction from ground reference
stations via a geo-stationary communication satellite to an accuracy of 1 - 2m.
This data is sent to the pilot display screen mounted on the instrument console of
the helicopter for the pilot to see. Flight planning is done before the flight takes
place and comprises the determination of the flying height and speed, laser rate,
swathe width, mirror speed, camera orientation, camera exposure interval, and
the input of the co-ordinates of the project into the Trimflight computer. At the
end of the project or session, all the data from the GPS's, laser and camera is
downloaded onto a PC for post-processing to produce a DTM and orthophotos of
the area.

(Taken from the Internet site http//:www.alsafrica.com)
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Appendix 7

Trace element concentrations parts per million (ppm) for the chiorite schist north in the Kerbehuk
area (JM040-049) chlorite schist south near the Orange River mouth (JM050-JM059b), and meta-
arenite (JM019-JM030 and JMO80-JMO89) of the Oranjemund Group.

JM 019 |JM 020 |JM 021 LIM 022 [JM 024 | JM 025 JM 026 [JM 027 |JM 028 |JM 030 |JM 040 |JM 041
Ba 346 454 387 277 201 347 377 191 678 421 514 213
Rb a8 171 103 95 56 98 97 66 174 98 184 68
8r 75 50 59 63 47 75 96 74 61 54 30 43
Y 26 29 24 30 17 18 19 21 29 13 17 18
Zr 151 126 160 141 245 118 132 163 175 153 162 135
Nb 11 14 10 11 10 11 15 11 13 11
Th 11 10 12 10 5 7 11 7 10 4
Pb 8 6 8 12 13 13 6 4 4 6
Cu 14 18 11 13 13 12 13 23 10 41 7
Ni 23 40 17 23 19 19 13 17 30 20 73 34
v 82 69 68 76 71 §7 52 75 116 75 186 100
Cr 56 84 51 57 53 49 40 56 75 55 109 65
Hf 4 3 4 4
Cs 5 8
Sc 9 15 12 14
Ta 1 1 0.9 0.9 0.7 0.7 0.6 0.8 1 08 0.8 0.8
Co 9 10 17 6 4 7 22 12
Li 33 57 29 3 26 28 19 30 52 28 60 24
u 2 3 2 3 1 2 1 1 3 1 2 0.7
La 29 31 28 28 17 22 25 21 36 21 27 11
Ce 61 68 59 60 41 47 53 41 79 47 67 29
Pr 7 8 7 7 4 5 6 5 9 5 7 3
Nd 28 3 28 28 19 22 23 22 35 21 28 14
Sm 5 6 5 5 3 4 4 4 ) 4 6 3
Eu 1 1 0.8 1 0.7 0.7 0.7 0.8 1 0.6 1 06
Gd 4 5 4 5 3 3 3 4 5 3 4 3
Th 1 09 0.7 0.8 0.5 05 0.5 0.8 0.9 04 0.8 0.5
Dy 4 5 4 5 3 3 3 4 5 2 3 3
Ho 0.9 1 0.8 1 0.6 0.6 0.7 0.7 1 0.5 0.6 0.6
Er 2 3 2 2 1 1 2 2 3 1 1 2
Tm 0.4 0.4 0.3 04 0.2 0.2 0.3 0.3 0.4 0.2 0.2 0.2
Yb 2 2 2 2 1 2 2 2 3 1 1 1
Lu 04 0.4 0.3 0.4 0.2 0.3 0.3 0.3 0.4 0.2 0.2 0.2
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JM 042 |JM 043 |JM 044 |JM 045 [JM 046 [JM 048 |JM 049 |JM 050 |JM 051 |JM 052 |JM 053 |JM 055

Ba 170 165 531 501 41 405 363 451 133|246 160 440
Rb 47 40 146 |85 |94 80 83 160 |97 112 |87 129
Sr 51 50 61 59 40 |50 54 70 66 77 57 77
Y 16 16 28 18 7 20 32 32 10 7 8 24
Zr 166 151 173  |200 (239 |128 170 147 150 159 188  [152
Nb 10 10 16 15. 16 12 13 16 14 14 13 16
Th 6 5 12 3 7 1 14 10 7 8 12
Pb 6 21 3 3 3 2 14 13 10 11 13
Cu 18 22 27 17 28 19 32 21 25 43 29 36
Ni 28 26 64 36 61 34 31 55 49 60 50 56
\'s 93 89 192 128  |266 |107 104 174 151 205 141 169
Cr 69 61 122 |87 144 |66 70 109 101 174 142 116
Hf 4 5 4 4 5 4
Cs 5 5 10 8 6 9
Sc 20 11 12 12 16 5 4 3 11
Ta 0.7 0.7 1 1 1 0.9 1 1 0.9 0.8 1
Co 27 15 17 14 15 22 21 22 18 22
Li 23 23 64 34 40 34 29 46 52 49 47 51
U 1 1 5 2 4 1 2 1 1 1 2 1
La 21 18 27 28 27 24 37 42 28 27 22 34
Ce 49 45 64 66 82 53 80 87 75 74 62 82
Pr 5 4 7 8 7 6 9 10 7 6 5 9
Nd 22 20 30 33 31 26 37 41 27 26 22 38
Sm 4 4 6 6 6 5 7 7 4 4 4 6
Eu 0.9 0.8 1 1 1 1 1 0.9 0.9 0.7

Gd 3 3 5 5 4 4 6 6 3 3 3 5
Tb 0.5 0.5 0.8 0.7 04 0.6 0.9 1 0.5 0.4 04 0.8
Dy 3 3 5 4 2 3 5 5 2 2 2 4
Ho 0.6 0.6 1 0.7 0.3 0.7 1 1 04 0.3 0.3 0.9
Er 1 1 3 2 0.9 2 3 3 1 0.9 1 2
Tm 0.2 0.2 0.4 0.2 0.1 0.3 04 0.4 0.1 0.1 0.1 0.3
Yb 1 1 3 2 1 2 3 3 1 1 1 2
Lu 0.2 0.2 0.4 0.3 0.1 0.3 0.4 0.4 0.1 0.1 0.1 0.3
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JW 058 (JM 059 |JMOS9(b) |JM 080 |JM 081 |JM 082 |JM 083 |JM 084 |JM 085 |JM 086 |JM 0B7 [JM OBS |JM 089
Ba 51 756 1480 538 (520 1480 (486 677 |347 |552 (528 |377 |369
Rb (114 152 163 170 [162 |13 |96 |138 88 175|151 |89 82
Sr |49 87 62 74 91 67 87 77 78 72 99 96 77
Y |5 27 33 27 23 21 21 19 22 26 32 23 23
Zr (141  [146 |145 172|156 (156 133 [|155 (135 |146 |183 |149 [|147
Nb {147 |16 15 18 16 10 10 12 16 15 11 11
Th |4 16 16 15 14 8 10 13 11 9 8
Pb 6 16 5 28 10 18 10 11 31 9 g
Cu |15 35 20 32 20 10 16 9 18 24 7 14
Ni |49 57 56 42 51 21 19 32 20 50 43 28 21
¥ 232 {111 |86 137 |74 78 72 112 |72 77 78 90 72
Cr 1101 (111|115 893 94 57 54 72 50 97 93 59 50
Hf |4 4 4 4
Cs |8 10 9 6 7 8
Sc 2 19 19 18 18 12 18 15
Ta 1 1 1 1 0.8 0.7 (09 0.7 1 1 0.8 0.8
Co |17 23 21 23 20 8 7 22 |15
Li |45 57 64 68 51 27 29 50 25 70 50 28 27
u 1 3 6 1 2 1 2 1 2 3 2 1
La |25 43 46 44 37 28 25 27 23 33 38 27 25
Ce |76 94 98 94 75 61 55 67 48 73 84 58 54
Pr i6 11 11 10 9 7 6 7 5 8 10 7 8
Nd |27 40 43 40 35 27 25 28 23 33 39 27 27
Sm |4 7 7 7 6 5 5 5 4 6 7 5 5
Eu [0.8 1 1 0.9 0.8 0.9 1 1 0.8 1
Gd |3 6 6 5 5 4 4 4 4 5 6 4 4
Tb |04 0.9 1 0.8 0.7 06 0.7 0.6 0.6 0.8 1 0.7 0.7
Dy |1 5 6 5 4 3 4 3 4 5 6 4 4
Ho (0.2 0.9 1 0.9 08 0.7 68 |07 0.8 1 1 0.8 0.8
Er 08 |2 3 2 2 2 2 2 2 2 3 2 2
Tm 01 04 0.5 04 0.3 0.3 0.3 0.3 0.3 04 0.4 0.3 0.3
Yb (0.9 2 3 2 2 2 2 2 2 2 3 2 2
Lu 0.1 0.4 0.4 0.4 0.3 0.3 03 |03 0.3 0.4 0.4 0.3 0.3
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Appendix 8

Point counting *

Chiorite schist Meta-arenite
Sampie |Minerals counts |% Sample [Minerals counts %
JMO50 Quartz 149 29.8; |JMO19 Quartz 212 424
Chlorite 285 57 Chilorite 175 35
Biotite 3 06] Biotite 19 3.8
Plagioclase 23 4.6 Plagioclase 73 14.6
Phlogopite/Muscovite 5 1 Phlogopite/Muscovite 2 04
Carbonate minerals 1 0.2 Carbonate minerals 0 0
Opage minerals 34 6.8 Opage minerals 19 3.8
500 100 500 100
JMO55 Quartz 142 284 [JMO20 Quartz 198 39.6
Chlorite 297 584 Chiorite 180 36
Biotite 2 0.4 Biotite 28 52
Plagioclase 30 6 Plagioclase 77 15.4
Phlogopite/Muscovite 4 0.8 Phlogopite/Muscovite 2 04
Carbonate minerals 0 0 Carbonate minerals 1 0.2
Opage minerals ' 25 5 Opage minerals 16 3.2
500 100 500 100
JMO059 Quartz 158 316, |JMO26 Quartz 224 44.8
Chiorite 273 546 Chilorite 165 33
Biotite 2 0.4 Biotite 15 3
Plagioclase 34 8.8 Plagioclase 83 16.6
Phlogopite/Muscovite 3 0.8 Phlogopite/Muscovite 0 0
Carbonate minerals 3 0.6 Carbonate minerals 3 0.6
Opage minerals 27 54 Opage minerals 10 2
500 100 500 100

* 500 counts at 3 mm spacing for 3 chlorite schist and 3 meta-arenite

samples
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