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Abstract

The Kaapvaal Craton is one of the best preserved of all Archean cratons. It is partially
covered by the supracrustal sequences of the Witwatersrand, Ventersdorp and Transvaal
Basin (and correlated Griqualand West Basin), which span almost a billion years (~3.1 to
2.2 Ga). This thesis describes and interprets eight newly available seismic reflection
profiles, acquired by the vibroseis method to 6 seconds TWT, and totaling ~720 km in
length. New stratigraphic and structural features are identified across three main regions:
the Kaapvaal Craton's western margin, the northern margin or Bushveld lines (flanking
the Thabazimbi-Murchison Lineament and across the western extremity of the Bushveld
Igneous Complex) and the Kaapvaal Craton interior. The seismic data was interpreted
using Charisma seismic interpretation software, Geoframe version 3.6 (developed by

Geoquest, Schlumberger) on a UNIX, SUN workstation.

In the first section, the sedimentary succession across the western margin of the craton is
shown to thicken towards its edge from 0 km to > 17 km over 150 km. A normal fault
with > 6 km displacement and possible strike-slip movement has been recognized. Three
prominent unconformities are identified, as well as ~300 % tectonic thickening of the
Hartley Formation in response to east-verging thrusting across the craton. Folding and
thrusting of Griqualand West and Olifantshoek Supergroups across the craton are also
apparent. The Ventersdorp Supergroup underlies the Transvaal Sequence right to the

western edge of the craton.

In the second section, seismic profiles traverse a syncline which trends east/ west over
several hundred kilometers and involves mainly Transvaal-aged rocks and sporadic
Bushveld outcrop. Evident from these profiles are discrete Ventersdorp half grabens, up
to 3 km in depth, with bounding listric normal faults that trend east/ west, subparallel to
the Thabazimbi;Murchison Lineament and dip (and thus downthrow predominately to the

north). These faults are truncated by the well-imaged Black Reef unconformity.



Horst and graben structures, involving the Witwatersrand and lower Ventersdorp
Formations, dominate the craton interior lines (third section). Bounding listric normal
faults with minimum throw of 9.5 km, trend east/ west and dip (and thus downthrow) to
the north and south. The Black Reef unconformity is again distinctive, as is a Paleozoic

unconformity (the Beaufort unconformity).

Archean sediment accumulation rates across the western margin average approximately
two times less than those calculated for the same stratigraphic groups by previous authors
and an order of magnitude lower than most modern carbonate depositional environments.
This difference may be due to differing mechanisms for carbonate formation and

deposition in the Archean (c.f. Grotzinger, 1989).

+ The extension directions during Ventersdorp times are different along the western edge
(~ E-W) than the craton interior (~N-S). A tectonic model for the evolution of the craton's
western margin involves initial extension and rifting, followed by thermal subsidence and
then compression involving folding and thrusting eastward across the margin. The
thrusting, at 1.9 to 1.7 Ga, caused lithospheric flexure. This tectono-stratigraphic
sequence (lower Olifaﬁtshoek) allows the calculation of the elastic response of the
lithosphere during sedimentation and tectonic loading. A lithospheric elastic thickness of
7 to 10 km is calculated er this region, at this time. This is 7 to 10 times less than the
present day estimate of the lithospheric elastic thickness for the same region (60-70 km),
indicating that there has been an increase or perhaps recovery of lithospheric strength.
The low value for elastic thickness most likely reflects location near an Archean/
Paleoproterozoic passive cratonic margin. Similarly high plate-strength gradients have
been calculated in extensional terrains such as the Norwegian, Antarctic and Andean

continental margins.

The calculation of sediment accumulation rates, the analysis of lithospheric elastic
thickness, coupled with the proposed model of the structural history of the western
margin provides new insight into the epeiorogenic movement of the craton and aging of

its lithosphere.
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Chapter 1: Introduction

Chapter 1 : Introduction

The Kaapvaal craton is one of the best preserved of all Archean cratons. It is partially
covered by well-preserved remnants of the Archean to Paleoproterozoic, Witwatersrand,
Ventersdorp and Transvaal- Griqualand West basins. The latter span an area of up to 500

000 km? across the Kaapvaal Craton, and an age of 400 million years (2.6 to 2.2 Ga).

The Transvaal and Griqualand West basins host economically important deposits of iron,
manganese, lead, zinc and gold. Even with the economic exploratory interest, there are
still many unknowns regarding the basins' origin and tectonic and sedimentary history.
This is in part due to the obscuring cover of the Quaternary Kalahari sands in the north
and west, and the Paleozoic- Mesozoic Karoo sediments and lavas in the south.
Geophysical methods have, however, allowed researches to penetrate cover and gather
information. In their exploration for gold, AngloGold has acquired several hundred
thousand kilometers of seismic reflection data across the Kaapvaal Craton. Of this data,

eight seismic profiles are described and interpreted in this project.

This project is a small part of a greater, multinational and multidisciplinary effort, called
the Kaapvaal Craton Project. The goal of Kaapvaal Craton Project is to uncover the
origins of the Kaapvaal Craton as well as explore how surface processes may reflect deep
mantle processes (Carlson et al., 1996). Initially it was hoped that the seismic data
interpreted here, may allow detailed sequence stratigraphic work on the Transvaal
sediments in order to establish the epeiorogenic history of the craton during Transvaal
Basin formation. This aim of the project has evolved as new information from the
interpretation of the seismic profiles emerged. Unfortunately, the location of the released
lines, some of which traverse Ventersdorp material alone, together with their coarse
vertical resolution and lack of well data, made detailed sequence stratigraphic work
impossible. Thus the aim of this project changed in scope to include a broader range of
topics from the tectonic history and lithospheric thickness of the western margin of the
Kaapvaal Craton, through to examination of the discrete Ventersdorp listric fault-

bounded basins of the craton interior.
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Chapter 1: Introduction

1.1. Geological Setting ‘
The seismic profiles transect strata ranging in age from Archean to Jurassic, including the
Dominion, Witwatersrand, Ventersdorp, Transvaal, Olifantshoek and Karoo Groups and
Supergroups. These strata have been subject to various deformational episodes, and,
predominately on geophysical evidence, have been arranged into a number of tectonic
provinces. This chapter provides a rough outline of:
1) The position of the seismic profiles relative to tectonic subdomains of the
Kaapvaal Craton.
2) The litho-and chronostratigraphy of the Dominion, Witwatersrand,
Ventersdorp, Transvaal, Olifantshoek and Karoo Groups an_d Supergroups, all
successive volcano-sedimentary cover sequences of the Kaapvaal granite-

greenstone basement.

1.2. Tectonic overview

Southern Africa is composed of a variety of tectonic provinces shown in figure 1.1.
Bordering the Kaapvaal Craton to the north is the Limpopo Belt, to the east is the
Lebombo Monocline, to the south is the Namaqua-Natal Mobile belt and to the west is a
thin skinned fold and thrust Belt (part of which is named the Kheis Belt). The seismic
lines have all been shot on the Kaapvaal Craton, though the KBF lines extend to the
Craton/ Kheis boundary.

1.2.1. The Kaapvaal Craton

The Kaapvaal Craton, which stabilised between 3.7 and 2.7 Ga, consists of a mosaic of ‘
subdomains joined by processes that are similar to today’s plate tectonics (De Wit et al.,
1992, Carlson et al., 1996). The margins of the craton are delineated using magnetic data
(figure 1.2). Figure 1.3 shows the location of the seismic profiles relative to the suggested
outline of the subdomains, or terrains of the Kaapvaal Craton. The Rz, Karoo and Ys

lines are located in the Amalia, Southern, Vredefort and Witwatersrand Terrains (figure

1.3).
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average thickness of 2900 m (Clendenin et al., 1988). The Central Rand Group contains

predominately coarse-grained greywackes, conglomerates and interbedded quartz arenite,

shales and siltstones. The Booysens shale Formation separates the Johannesburg and

Turffontein Subgroups.

Supergroup

Group

Subgroup

Age

Method

Reference

Characteristics
(Burke et al.,
1986)

Witwatersrand

Central
Rand

Turffontein

<2909 &
3Ma

U/ Pb,
detrital
zircons

Robbetal,
1990

* Alluvial/ fluvial
sands and
conglomerate

Johannesburg

* Alluvial/ flavial
sands and
conglomerate,
minor shale and
lava

West
Rand

Jeppestown

Government

Hospital Hill

< 3060 +
2 Ma

U/ Pb,
detrital
zircons

Robberal,
1990

* Greywacke and
shale, minor lava

* Magnetic and
laminated shales,
argillites and
sandstones

* Magnetic and
laminated shales,
argillites, graded
sandstones,
quartzites

Table 1.2: Generalized stratigraphy of the Witwatersrand Supergroup.

1.3.3. The Ventersdorp Supergroup (2.7 Ga)

The Ventersdorp Supergroup is an 8 km thick succession of volcanic and sedimentary
rock which occupies 300 000km? area (Van der Westhuizen et al.,, 1991). It is divided
into the Kliprivierberg, Platberg and Pniel Groups. In the western part of the basin, an

angular unconformity separates the Ventersdorp from the Witwatersrand Supergroup

below (Tankard et al., 1982). Elsewhere, the Ventersdorp succession is conformable with

the underlying Witwatersrand Supergroup (Linton ef al., 1990).

The distribution of Ventersdorp Sequence across the craton is uneven. The basal

Klipriviersberg Group outcrops only in the northeast and is between 1500 m and 2000 m

thick (Myers et al., 1990). The overlying Platberg Group outcrops intermittently but is

absent from the northeast; on the other hand, the overlying Bothaville Formation of the
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Pniel Group is laterally extensive. The Allanridge Formation lavas are present over large

areas and are mostly covered by the Karoo Sequence (Van der Westhuizen ef al., 1991).

Supergroup Group Formation Age Method Reference
Pniel Allanridge
Bothaville
- Platberg Rietgat
g Makwassie 2705+4Ma | U/Ph Walraven et al., 1991
E , zircon
E Goedgenoeg
> Kameeldooms
Klipriviersberg ‘ 2714+ 8Ma | U/Pb Armstrong et al., 1991
zircon. A

Table 1.3: Generalized stratigraphy of the Ventersdorp Supergroup.

1.3.3.1. The Klipriviersberg Group

The Klipriviersberg Group is a repetitive sequence of alkali-rich, continental tholeiitic
flood basalts (Tankard et al., 1982) with high magnesium komatiitic basalt flows at its
base (Mclver ef al., 1981). Hatton (1995) relates the outpouring of Klipriviersberg flood

basalts to the emplacement of a mantle plume beneath the Kaapvaal Craton.

The group has been divided into six formations based on lithology (Winter, 1976). The
succession is mostly composed of sub-aerially extruded lava flows, that are generally
amygdaloidal (Van der Westhuizen et al., 1991). Palmer et al. (1986), Bowen et al.
(1986), Myers et al. (1990) and Linton et al. (1990) have carried out geochemical analysis
on these lavas. Myers et al. (1990) states that, in general, geochemical subdivision can be
related to the subdivision of Winter (1976) and that lithological breaks conform to
chemical breaks (Van der Westhuizen ef al., 1991). Linton er al. (1990) however question

whether lithostratigraphy can be correlated over such large distances.

1.3.3.1. The Piatberg Group

An unconformity separates the Klipriviersberg Group from the Platberg Group, which
was deposited in a wide, north east/ south west trending extensional terrain, terminating
against the Thabazimbi/Murchison Line to the north (Martin ef al., 1998). Platberg rock

types vary greatly from chemical and clastic sediments, to mafic and acid volcanics (Van
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der Westhuizen ef al., 1990). At the base of the Platberg Group is the Kameeldoorns
Formation which consists of the sediment fill of deep intermontane graben basins (Buck,

* 1980). Sediments range from coarse material in scree and debris flow alluvial fan
deposits, to fine grained terrigenous and chemical sediments in a more distal environment
(Buck, 1980). Andesitic, porphyritic lavas of the Goedegenoeg Formation overlie these
sedimcr{ts. The lavas are in turn overlain by Makwassie felsic volcanics with a dacitic to
rhyolitic composition (Van der Westhuizen ef al., 1991). The Rietgat Formation
conformably overlies the Makwassie Formation in some places, and disconformably in

- others. It is composed of mafic and often porphyritic lavas and intercalated sediment§
(Van der Westhuizen et al., 1991).

1.3.3.l1. The Pniel Group

Separating the Pniel Group from the underlying Platberg Group is a pronounced
unconformity (Winter, 1976, Cheney ef al., 1990). The base of the Pniel Group is the
arenaceous Bothaville Formation. The Allanridge Formation, consisting of predominately
green amygdaloidal basaltic lava (Winter, 1976), forms the top of the Pniel Group, that
terminates the Ventersdorp Supergroup. Hatton (1995) and Martin er al. (1998) suggest
that the Allanridge flood basalt, like the Klipriviersberg Group, is related to the
emplacement of a mantle plume beneath the craton. Where the Bothaville Formation
pinches out against paleohighs, the Allanridge Formation is in direct contact with the

underlying Rietgat Formation (Van der Westhuizen ef al., 1991).

2.6 to 2.2 Ga saw the development of two major basins on the Kaapvaal Craton, namely
the Transvaal and the Griqualand West Basin. Subtle differences between these basins
exist, however the history of siliciclastic sedimentation, followed by chemical
sedimentation and finally a return to siliciclastic sedimentation is shared. In this section
the stratigraphy of these basins is discussed separately with particular reference to those
formations encountered in the seismic profiles. Table 1.4, detailing the suggested

correlation between these two basins is included in pages 1-14 and 1-15.
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A basic tidal paleoenvironment is suggested for the deposition of the Malmani Subgroup
(Truswell and Eriksson, 1973). Columnar stromatolites are indicative of an intertidal
environment, oolites of a high energy zone above wave base and domal stromatolites and
mounds indicative of a subtidal environment (Eriksson ef al., 1993). Clendenin (1989)
extends this earlier model of a tidal paleoenvironment further, calling for a tectonic
steepening of a carbonate ramp by syndepositional tectonics. Facies distribution was
controlled by water depth, which varied during five main transgressions and regressions

of the proposed epeiric sea (Eriksson ef al., 1993).

1.3.4.iL.b. Penge Iron Formation

Iron-formations on the whole are less well developed and less abundant in the Transvaal
area than in the Griqualand west basin. The Penge Iron-Formation is the only known iron
formation in the Transvaal Basin and has been correlated to the Asbesheuwels Subgroup
of the Griqualand West succession {Beukes, 1983). The Penge Iron-Formation succeeds
the Malmani Subgroup and attains a maximum thickness of 600 meters (Beukes, 1986). It
is composed of alternating macro, meso and micro banded iron-formation and
carbonaceous shale members. Minerals include quartz, magnetite, hematite,

stilpnomelane, riebeckite and iron-carbonates amongst others (Beukes, 1986).

Due to the lack of mechanical sedimentary structures and lateral continuity of layers, the
Penge Iron-Formation is believed to have formed below wave base in a very stable
marine shelf (Beukes, 1986). Altermann and Halbich (1990) dispute this proposed stable
environment. They present evidence of tectonic displacement and karstification of iron-
formations and underlying carbonate rock (referred to in Eriksson et al., 1993). The
origin of the Kgwakgwe breccias is another point of debate. Eriksson et al. (1993)
propose that tectonic instability of the basin margin resulted in uplift and subaerial
exposure giving rise to brecciation of silica gels and non-deposition of iron formation.

The Penge Iron Formation was deposited during a transgressive phase of the epeiric sea.
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1.3.4.ll.c. The Duitschiand Formation

Subsequent regression produced an erosional unconformity at the base of the Duitschland
Formation. Renewed transgression resulted in the deposition of Duitschland carbonates.
The final regression of the epeiric sea led to basin contraction and a landward shift of
facies, the deposition of the Duitschland conglomerates and diamictites (Eriksson et al.,
1993). The location of the Duitschland Formation, in the northeastern Transvaal suggests

that the final regression took place in a north east direction across the craton.

1.3.4.lil. The Pretoria Group

The Pretoria Group consists of alternating mudstones and sandstones with minor volcanic
horizons and diamictites and conglomerates (Eriksson et al., 1993). Unlike the chemical
sediments of the Chuniespoort Group, the Pretoria group sediments cannot be as easily
correlated between the Transvaal and Griqualand West Basins. It is for this reason that
various authors have proposed that these two groups developed in separate basins
(Crockett, 1972, Eriksson ef al., 1988, 1991 and Eriksson and Clendenin, 1990).

The base of the Rooihoogte Formation comprises chert breccia and conglomerates
possibly formed by the reworking of older material by a transgressive sea (Beukes, 1986).
A radically different depositional environment comprising alluvial fans and fan deltas is
proposed by Eriksson (1998). The conglomerates and breccias grade upward into

mudstones and finally into arenites (Eriksson ef al., 1993).

The Timeball Hill Formation consists of carbonaceous mudstones at its base, grading
into ferruginous mudrocks and fine-grained sandstones. The suggested environment of
deposition is a relatively deep basin in turn filled by fluvio-deltaic complexes from the
north, northwest and east, with preservation only of the distal deposits (Eriksson et al.,
1993). The Boshoek Formation follows the Timeball Hill Formation. Boshoek
conglomerates and sandstones and the diamictites of the upper Timeball Hill Formation
are correlated with the Makganyene diamictites of Griqualand West. Visser (1971)

interprets these diamictites as glacial, glaciofluvial and glaciomarine in origin.
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The lavas of the Hekpoort Formation have a basaltic to andesitic chemistry (Sharp et
al., 1983 and Beukes, 1986) and extruded into both a marine and non-marine setting, in
the case of the Machadorp Volcanic Member (Beukes, 1986). However, Eriksson et al.,
1993, believes the lack of pillow lavas and mudrock interbeds to be indicative of
subaerial extrusion. Lack of pillow lavas, however, cannot alone be used as evidence for

a non-marine setting.

Conglomerates and immature sandstones and minor mudstones of the Droogedal/
Dwaalheuwel Formations overlie the Hekpoort lavas. According to Eriksson ef al.
(1993) these represent sheets and lobes of sediment entering the Transvaal basin. They
thin towards the direction of Pretoria where the Hekpoort lavas are followed directly by
the mudstones and sandstones of the Strubenkep Formation (Eriksson ef al,, 1991). In
this model, the Strubenkop Formation represents a distal, lacustrine basin into which the
Droodedal/ Dwaalheuwel sandstone and conglomerates were deposited. Structures
including ripple marks, mud cracks and flute casts amongst others are all consistent with

a shallow water setting, be it lacustrine or tidal flat (Eriksson ef al,, 1993).

The Daspoort Formation consists of cross and planar bedded sandstones and overlies
the Strubenkop mudstone (Eriksson ef al., 1993). In the west of the Transvaal basin the
Daspoort Formation is known as the Ditlhojana Formation and directly overlies thin
mudstones above the Hekpoort lavas (Key, 1983). There is no agreement as to the
depositional setting of the Daspoort Formation. Suggested paleoenvironments vary from
shallow marine (Button, 1973 in Eriksson ef al., 1993), fluvial-beach (Visser, 1969 in
Eriksson et al., 1993) to distal fan-fluvial braidplain (Eriksson et al., 1993),

The Silverton Formation consists of a thick sequence of mudtones that contain
intercalations of chert, sandstone, carbonate and tuff. Eriksson and Clendenin (1990)
propose that the Silverton Formation shales developed in a lacustrine, deltaic
environment, In this model the overlying Magaliesberg sandstones are interpreted as the
shoreline of the basin. This is consistent with the uniform thickness of both above
formations across the basin (Eriksson et al., 1993). Thinning of the Magaliesberg

sandstones isopachs towards the centre of the basin have led Eriksson et al. (1990) to
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propose an onset of doming in the basin, perhaps thermal in nature, due to the rising
Bushveld plume. This concept of doming is consistent with paleocurrent estimates
(Schreiber, 1991). Doming may have led to the retreat of the Silverton ‘sea’ away from
the Magaliesberg shoreline sands, which may have been fluvially reworked (Reczko et
al., 1992).Doming may have resulted in the development of the two separate basins in
post Magaliesberg times (Eriksson et al., 1993). The Rayton/Woeodland’s mudstones,

sandstones, tuffs, carbonates and cherts were subsequently deposited.

1.3.5. The Griqualand West Supergroup (2.6 - 2.2 Ga)
The Griqualand West Supergroup is divided into two groups: the Ghaap Group,

composed predominately of chemical sediments overlain by the mostly clastic

Postmasburg Group.

1.3.5.l. The Ghaap Group
At the base of the Ghaap Group is the Schmidtsdrif Subgroup, which is overlain by the
Campbellrand and Asbesheuwels Subgroups.

1.3.5.1.a. The Schmidtsdrif Subgroup

The Vryburg Formation, the basal unit of the Griqualand West Supergroup,
unconformably overlies Ventersdorp lava. The formation consists of shales, quartzites,
siltstones and lava (Altermann and Nelson, 1998). It is correlated with the Black Reef
Formation of the Transvaal Supergroup and is, at its maximum, 100 m thick (Altermann
and Wotherspoon, 1995). Dolomites, limestones, oolites and shales of the Boomplaas
Formation overlie the Vryburg Formation (Altermann and Wotherspoon, 1995). These
are in turn overlain by the Lokammona Formation consisting of shales, tuffs,

carbonates and chert (Altermann and Nelson, 1998).
The quartz arenites of the Schmidtsdrif Subgroup were deposited in a fluvial, shallow

marine and intertidal environment. They are succeeded by a carbonate platform sequence

which interfingers with a carbonate basinal shale in places (Beukes, 1986). Thus the
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Schmidtsdrif Subgroup is understood to have formed in a transgressive environment in

gradually increasing water depth.

The Schmidtsdrif Group, according to Clendenin ef al. (1988), records the onset of
thermal subsidence of the Ventersdorp rifting event and differential uplift due to thermal

inflation resulting from hotspot related break up.

1.3.5.il.b. The Campbelirand Subgroup

The Campbellrand Subgroup, at least 1800 m thick, consists of stromatolitic dolomite and
limestone platform facies which interfinger, basinwards with limestone and dolomite
(Beukes, 1986). Further into the basin, turbiditic carbonates have been ankeritized and
partially replaced by silica. The interior platform carbonate sequence has mostly been
dolomitized. Limestone is preserved along the margin of the carbonate platform, where

there was water circulation (Beukes, 1986).

Beukes (1987) separates the carbonates into two major lithofacies assemblages namely a
basinal, non-stromatolitic laminated carbonate and shale sequence (off craton to the west)
and a shallow water stromatolitic carbonate sequence on craton (Beukes, 1987). The
upper part of the succession sees the development of a rimmed carbonate shelf causing

the formation of mudflats and lagoons with a deep basin to the west.

The basal unit of the Campbellrand Subgroup is the Monteville Formation. It is
interpreted as a shelf deposit (Beukes, 1987) and has an average thickness of 200 m
(Altermann and Wotherspoon, 1995). It is overlain by the Reivilo Formation which is up
to 900 m thick and consists of giant stromatolite domes intercalated with columnar
stromatolites and oolites beds (Altermann and Wotherspoon, 1995). Carbonates are
interspersed with banded iron formation (Kamden Member), oolite beds, algal mats and
chert through the Fairfield, Klipfontein, Papkuil, Klippan, Kogelbeen and Gamohaan

Formations.
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Drowning of the carbonate shelf was followed by the deposition of the thick iron

formations of the Asbesheuwels Subgroup.

1.3.5.1.c. The Asbesheuwels Subgroup

The basal microbanded Kuruman Iron-formation of the Asbesheuwels Subgroup
conformably overlies the carbonates of the Gamohaan Formation, Campbellrand
Subgroup (Hélbich er al., 1993). It is between 150 to 750 m thick (Halbich ef al., 1993)
and represents an upward-shallowing sequence consisting of chemical sediments
deposited in a euxinic basin, transitional euxinic (anoxic) basin/ open shelf, open shelf,
slope of shallow water platform and shallow water platform environments (Beukes,
1986). The Kuruman Iron-Formation is overlain by the Griquatown Iron-Formation, a
clastic-textured unit of 200 to 300 m (Halbich et al., 1993), deposited in a shallow epeiric
sea (Beukes, 1986).

1.3.5.1.d. The Koegas Subgroup
The Griquatown Iron-Formation grades upward into the Koegas Subgroup which is
composed of chloritic mudstone, siltstone and quartz wacke (Beukes, 1986). Beukes

(1984) suggests a fresh-water lake depositional environment for the Koegas Subgroup.

1.3.5.l. The Postmasburg Group

The Ghaap sediments were uplifted and eroded to produce an unconformity that separates
this group from the Postmasburg Group above. The Makganyene Formation is a
diamictite, considered to be of glacial origin Visser (1971). The successive Ongeluk
Formation has been correlated with the Hekpoort lavas of the Transvaal Basin. The
correlation is based on Rb-Sr and Pb-Pb whole rock model ages as well as geochemical
similarities. Moore et al. (2000) contests this correlation claiming that the age data is
unreliable, and that the similarity of trace element compositions of all basaltic extrusions
between 3000 and 2100 Ma makes discrimination on geochemical grounds unreliable

(Moore et al., 2000).
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The Ongeluk Formation is a shallow-marine volcanic sequence of pillow lava, lava flows
and hyaloclastite (Cornell ef al., 1996). Palacomagnetic work has resulted inan 11 £ 5°
depositional latitude estimate for the lavas (Evans ef al., 1997). The underlying
Makganyene glaéial deposits were therefore probably deposited within tropical latitudes,
perhaps indicating that the earth’s global climate system may have been fundamentally
different in the Precambrian (Evans et al., 1997).

The Ongeluk lavas are overlain by jasper, jaspilite and sedimentary manganese deposits
of the Hotazel Formation and the clastic-textured dolomite and stromatolitic dolomite of
the Mooidraai Formation (Beukes, 1986). These two formations compose the

Voélwater Subgroup.

1.3.6. The Olifantshoek Group

The Olifantshoek Group unconformably overlies the Griqualand West Supergroup (Table
1.6). The base of this group is the 10 to 1500 m thick Mapedi Formation, composed of
shale, quartzite, lava and a basal iron-rich conglomerate (Beukes and Smit, 1987).
Succeeding the Mapedi Formation are the 450 m Lucknow arenites (Beukes and Smit,
1987). In the Malmani dome area these two formations are collectively known as the
Gamagara Formation. The lavas of the Hartley Formation have an average thickness
of 700 m, and were extruded over the lower Olifantshoek sediments. They are dated at
1928 + 4 Ma (Comell ez al., 1998). 1t is an amygdaloidal, andesitic lava with interbedded
sediments (SACS., 1980). The Volop Subgreup completes the Olifantshoek Group; it is
a 3500 m unit of quartzites (Beukes and Smit, 1987).

Supergroup | Subgroup Formation Age Method Reference
Volop Verwater
Glen Lyon
- Ellis Rus
2 Fuller
£ Hartley 19284 Ma | Pb-Pb Zircon | Cornell ef al.
& (Kober (1998)
) method)
Lucknow
Mapedi

Table 1.5: Stratigraphy of the Olifantshoek Group
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1.3.7. The Karoo Supergroup (350 — 180 Ma)

The Karoo Supergroup was deposited in the Main Karoo and Kalahari basins as well as
several other subsidiary basins of southern Africa (Johnson et al., 1996). The Supergroup
outcrops over an area of 300 000 km? extending to a maximum thickness of 8000 m
(Smith ef al., 1993). The strata of the main Karoo basin range in age from Late
Carboniferous to Early Jurassic (Johnson ef al., 1996). The Karoo sequence accumulated
under a wide range of climatic regimes and within a variety of tectonically controlled
settings (Smith e al., 1993). Depositional environments include glacial, deep marine,
shallow marine, deltaic, fluvial, lacustrine and aeolian (Johnson et al., 1996). The
Supergroup is divided into the Dwyka, Ecca, Beaufort, Stormberg and Drakensberg
Groups.

The Dwyka Group consists of glacial deposits, grading upward into mudrock deposited
in marine and fresh water environments of the lower Ecca Group (Turner, 1999). Upper
Ecca and Lower Beaufort Group sand dominated fluvio-deltaic deposits were formed
contemporaneously with the mudrock by progradation into the basin from the north east
and south (Turner, 1999). Non-marine deposits including the upper Beaufort Group and
Stormberg Group exist in the central part of the Karoo basin (Turner, 1999). Capping
the Stormberg Group is 1400m of basaltic lava of the Drakensberg Group. This has
been radiometrically dated at 183 + 1 Ma, (Duncan et al., 1997), and is thought to
represent a plume generated sequence during the onset of early rifting of Gondwana
{Turner, 1999). Karoo strata are almost flat lying in the north. The southern margin strata
have been folded and thrusted by the deformation causing the formation of the Cape Fold
Belt. Isostatic uplift of the Cape Fold Belt may have created a southerly source for the
sediments of the Main Karoo Basin up until the extrusion of the Drakensberg lavas

(Turner, 1999).

Much of the stratigraphic interpretation of particularly the Transvaal and Griqualand
West basin is controversial. Age constraints are poor, there is little paleoenvironmental
agreement and regional correlations are unreliable. Seismic reflection data may help to

solve some of the unknowns, which is what this thesis sets out to do.
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Chapter 2 : Seismic Stratigraphy

2.1, introduction

The seismic reflection profiles were interpreted with the aid of the following:

Charisma seismic ir;terpretation software, Geoframe version 3.6, developed by
Geoquest, Schlumberger. This software is tailored specifically for:
#  Delineating reflections, unconformities and faults using horizon and fault
pibking tools,
= Correlating distinctive reflectors across faults, and between seismic
profiles using the seismic correlation tool.
= Enhancing weaker reflectors and revealing structure using the seismic
attribute tool.
*  Viewing small-scale structure using the zoom function.
Comparison to published seismic reflection data across the craton. Although
there have been several hundred thousand kilometres of seismic reflection data
acquired over the Kaapvaal Craton, little has been published. The few profiles that
are published are located near the Vredefort Dome, Carletonville and Welkom
areas (Durrheim, 1986; Durrheim ef al., 1991); the Kheis Tectonic Province
(Stettler ef al., 1998 a,b) and the Witwatersrand Basin (Pretorius ef al., 1987,
1994; Weder, 1994). They transect varying stratigraphy including the West Rand
Group through to the Olifantshoek Group. Seismic reflection profiles are used to
gain familarity with the seismic reflection character of the various stratigraphic
groups across the craton.
Use of published P wave velocities (table 2.1). P wave velocity values allow time/
depth approximations to be made.
Outcrop. Wherever possible, the 1:250 000 and 1:1 000 000 geological maps are
used to tie surface geology to the seismic reflection interpretation at depth. Where
there is little or no/‘ outcrop, for example seismic profile KBFO3A, comparison is

made to other seismic lines through similar stratigraphy and better outcrop.

2-1



Chapter 2: Seismic Stratigraphy

»  Boreholes. Three interpreted boreholes, A, along seismic profile OB, B and C

along seismic profile YS, are used to check the stratigraphic interpretation.

Group/ Formation P wave average Approximate
internal velocity (m/s) | reflection coefficients
%

Karoo Sequence 3195

+0.336
Hekpoort Formation (acid lavas) 6083

- 0.068
Timeball Hill Formation 5513
{shales) + (0,143
Malmani Subgroup (dolomites) 6834

- 0.061
Pniel Group (basic lavas) 6159

- 0.028
Platberg Group (sediments) 5827

+0.033
Klipriviersberg Group (basic 6230
lavas) - 0.065
Central Rand Group (quartzites) 5779

+0.025
West Rand Group {(quartzites 5748
and shales) - 0.032
Basement Granite 5693

Table 2.1: Typical P wave velocities and reflection coefficients for the Witwatersrand,
Ventersdorp, Transvaal and Karoo rocks. * Density data derived from geophysical

well-logs (from Pretorius et al., 1987).

The seismic profiles fall into three main regions based on location (figure 1.1):

s The Western Lines, KBFO3A and 01, which transect the western margin of
the Kaapvaal craton.

. Rz-254, 255 and 256 are situated in the Northern and North West
Provinces, close to the Botswana border. They transect a major syncline
trending east-west involving mainly Transvaal-aged rocks and sporadic
Bushveld outcrop, hence are termed the Bushveld Lines.

®  The craton interior lines: OB and AG to the west of the Vredefort dome
and YS to the north west.

Below, data for each line are divided into descriptive, interpretative and discussion
sections. Stratigraphic groups are labelled with the same symbols used in the
interpretation, but with interpretative detail omitted. Features of interest are located

using common depth point (CDP) numbers listed along the top of each profile and the
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two way time (TWT). The TWT interval in which the stratigraphic unit occurs is
referred to as its “thickness’ though actual depth estimates are only given

occasionally.

Reflection character is described using the following terms:
= Reflection amplitude: Divided into the categories of high, medium and
low. Low amplitude reflections are often referred to as weak, whereas high
amplitude reflections are described as strong or bright.
»  Reflection continuity: Categories of reflection continuity are highly
continuous, semi-continuous, and discontinuous. Where reflections are

completely discontinuous they may be referred to as chaotic.

2.2. The Western Margin

2.2.1. Seismic Profile KBFQ3A
2.2.4.1 Introduction

The seismic reflection profile KBF-03A is located in the Northern and North West
Provinces and trends WNW to ESE (figure 2.1). Outcrop is minimal in this area due
to extensive Kalahari cover of up to 180 m thickness. The few units that crop out do
so predominately in the east. From east to west, only Archean granitic basement, the
Vryburg Formation (Schmidtsdrif Subgroup), the Asbesheuwels Subgroup and the
Ongeluk lava (Postmasburg Group) crop out (figure 2.1). Figure 2.2 is the stacked and
migrated seismic profile of KBF03A. The profile is displayed with east to the right
and west to the left and extends over a total horizontal distance of approximately 155
km.

2.2.1.1l Description (see figure 2.2)

Profile KBF-03A shows a succession of strata that thickens from 0 km in the east
where the Archean basement outcrops to > 17 km in the west. Since the reflections
extend beyond the depth of the profile, the total thickness of sediments in the west is

almost certainly thicker than this.
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Chapter 2: Seismic Stratigraphy

There is a general trend towards higher amplitude reflections westwards. This may be

due to increased incidence of chert and shale interbeds at greater water depth.

Postmasburg Group

The Postmasburg volcanic-sedimentary sequence follows the chemical sediments of
the Ghaap Group. The Postmasburg Group is stratigraphically divided into the
Makganyene and Ongeluk Formations and Voelwater Subgroup. The Makganyene,
below the Ongeluk Formation, is not identifiable on the seismic section. This is
perhaps due to its thickness of only 50 to 150 m (Beukes and Smit, 1987). According
to Altermann and Halbich (1991) the Ongeluk lava unconformably overlies the
Makganyene Formation. The erosional unconformity is not identifiable on the seismic
section KBFO3A, however this may be due to the transparency of the overlying
Ongeluk.

D. ONGELUK LAVA (G,) [2.2 GA?]

Unit G, is interpreted to be the Ongeluk Formation for two reasons:

1) It outcrops at CDP 4200.

2) Ttis transparent on the seismic section, On the Kaapvaal Craton seismic
profiles basaltic units of uniform composition appear seismically
transparent,

The transparent seismic reflection character of the Ongeluk unit is likely due to the
uniformity in composition of the lava. The Ongeluk lava is the uppermost unit that is
repeated on both sides of the listric fault, F2. Figures 2.6 to 2.8 show a comparison of
two subsections from the west and east side of F2 in an attempt to verify the
equivalence of the Ongeluk Formation and those units below that have been down
thrown to the west. This test clearly indicates that the unit can be traced across the
master listric fault, F2, with confidence. This also allows the calculation of a net slip

of 6.5 km along the fault (see figure 2.9).

The first group of discontinuous reflections above the transparent Ongeluk Formation
is interpreted to be the Voelwater Subgroup. These reflectors are discontinuous
possibly due to intense faulting or lateral lithological variations. Structural complexity

may have obscured the well-documented erosional unconformity truncating the
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Sequence | Group Subgroup | Fermation Age Reference Structural Observations
Stowe (1986) Beukes and Altermann Grobbelaar This study This Study
Smit (1987) and Halbich (1995) - KBFO3A -KBFO!1
(1991)
Volop Upright to E
vergent folds
and limited
brittle thrusts
trending N-8
Hartley 1928+ 4 Cornell et al. Eto SEvergemt | Thin skinned St SE Thrusting Thin-skinned Thrusting of
Ma- U-Pb | (1998) recutnbent tectonic verging near defined by thrusting of the | lower
isoclines and deformation horizontal single sole Hartley Olifantshoek
thrusts possibly related | thrustsand thrust striking Formation due Group
1o Kheis- folds in N/8 and dipping | to E/W directed | (Gamagara/
Korannaberg Boegoeberg ~ 10 degrees to | compression. Mapedi and
orogeny Dam area the west. Thrusting Lucknow
o resulted in Imbricate causes loading Formations)
[ duplication of thrusting occurs | and flexure of over
£ strata by thrust within this the passive Griqualand
= faults dipping nappe structurg- | margin West strata
= gently to west- Blackridge sequence (Schmidtsdrif
o Blackridge Thrust, renamed | downward in and
= thrust zone. Kheis Thrust. the west Campbellrand
- Crustal Subgroups)
shortening
estimated at 35-
55 km
Lucknow Folding of the
lower
Olifantshoek
units to the west
of F2.
Subsequent
erosion leads 1o
the Neylan
Unconformity.
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Chapter 3 Tectonic Synthesis

3) Strong deformation and high plate curvature (Kruse and Royden, 1994;
Zoetemeijer et al., 1995, Stewart and Watts, 1997).
4) Increase in the depth to basement due to subsidence and deposition of new
sediment by increasing the equilibrium thermal gradient in the basin. (Kominz
and Bond, 1986).
5) Inheritance of thermal and mechanical properties of the foreland lithosphere
results in great variations in elastic thickness (Stewart and Watts, 1997).
Though there may not be consensus regarding the mechanism(s) causing variations in
lithospheric strength (perhaps different causes dominate in different tectonic settings) one
point that is agreed upon is the extreme heterogeneity in plate strength reflected by elastic

thickness.

3.3.3. Method

An adaptation of the method used in some of the examples above has the following aim:
To constrain elastic plate thickness (Te) af time of flexure linked to loading of the
foreland due to thrusting of Olifantshoek aged strata (1750 to 1929 Ma). Underlying the
calculation is the assumption that the flexed lithosphere acts as an elastic sheet. It behaves
neither in a brittle or ductile fashion in that pure elastic deformation is recoverable. The
flexural equation is derived by considering all forces and torques acting on a flexed plate
and relating those to stress and strain changes coupled with deflection. The flexural
equation has been constructed to approximate the response of plates of variable elastic

thickness under varying loads (Royden, 1988) (appendix B).

The method involves the substitution of various estimates of flexural wavelength (related
to elastic thickness) into the flexural equation. For each estimate of flexural wavelength, a
separate theoretical solution or flexural curve is generated from the calculation of the
adapted flexural equation (see appendix C). The curve that best fits the data has the most
realistic flexural wavelength (expressed) as an alpha value and represents the most
realistic elastic thickness. In reality, a range of alpha values may present a possible fit to
the data, yielding a range in elastic thickness. Traditionally, gravity data have been used

to narrow the range of possible elastic thickness values and to offer an independent check
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Chapter 3 Tectonic Synthesis

3.3.6. Implications

A thin lithospheric elastic thickness contrasts with a 60 — 70 km thick present-day
lithosphere calculated for the craton as a whole (Doucouré et al., 1996). It is therefore
valuable to compare the thin value of lithospheric elastic thickness calculated here to
present day estimates of the same region. Has there been lithospheric strength recovery?
What are the possible explanations for such a low lithospheric elastic thickness at 1750 to
1929 Ma? What is the role of inherited passive margin lithospheric elastic thickness to
that calculated during subsequent flexure induced by loading? How representative is this

low lithospheric elastic thickness value for Paleo-Proterozoic lithosphere as a whole?

3.3.6.1. Comparison of calculated elastic thickness to present day estimates for the region

Doucouré ez al. (1996) and Hartley ef al. (1996) review the isostasy of southern Africa by
calculating elastic thickness from Bouguer gravity data and topographic information. The
highest elastic thickness values correlate with cratonic regions, the lowest with younger
fold belts and rift systems. Figure 3.8a (Doucouré ef al., 1996) shows present-day elastic
thickness for the area over which KBF03A was shot. From this figure, elastic thickness
along line KBF03 is fairly constant from east to west at around 60 to 70 km. Figure 3.8b
shows another estimate of present-day elastic thickness for this area (Hartley ef af.,

1996). Line KBFO3A lies in the elastic thickness interval of 40 to 60 km.

The estimated present day elastic thickness is at least seven to ten times greater than that
calculated at 1750 to 1929 Ma. Thus elastic thickness may have remained thin for around
600 to 800 Ma, from the Kaapvaal craton’s destabilization at 2600 Ma to 1750 to 1929
Ma. Since this Mesoproterozoic time, the elastic thickness of the craton has thickened to
reach its present day value of 40 to 70 km. It is not known if the elastic thickness

increased gradually or episodically.
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3.3.6.V. Relation of elastic thickness to tectonic style

It is proposed in Watts et al. (1995) that the strength of underlying lithosphere controls
the tectonic style of the orogen and thin-skinned fold and thrust deformation and low
angle decollement surfaces are related to advancement onto stronger lithosphere. Higher
elastic thickness implies shallower deflections of the lithosphere when subject to loading.
Stewart and Watts (1997) mention that the underthrust lithosphere will tend not to
become incorporated in the deformation. Weaker lithosphere will result in greater
deflection and the likely involvement of underthrust lithosphere in the deformation. This
relationship between elastic thickness and tectonic style is supported by observations

from southern Peru and Bolivia (Stewart and Watts, 1997).

Elastic thickness calculated along line KBFO3 A has shown thaf, at the time of thrusting,
the underthrust lithosphere was relatively weak. This is apparent from the high deflection
beneath the thrusts, and corresponding low elastic thickness. However, the thrusting is
thin-skinned and a low angle decollement surface (Neylan unconformity) is apparent. In
addition there has been very little or no involvement of the underlying passive margin
material in the deformation. This is opposite to what is expected for loading by thrusting
onto weak lithosphere as described above. A possible reason for this discrepancy is that
only this narrow region is so weak. As described in 7.4 above, perhaps there is a rapid
increase in elastic thickness, thus lithospheric strength, to the east of the profile, toward
the centre of the craton. Rapid changes in lithospheric strength have been shown to occur
craton-wards. 1.7 to 1.9 Ga sees the deposition of the Waterberg Sequence in fault-
bouﬁded basins spanning the Kaapvaal Craton interior. These brittle structures imply a
stronger central cratonic interior, which may support the suggestion that the elastic
thickness calculated here represents just a narrow transition to a much stronger craton.
This area today has an effective elastic thickness of 60 to 70 km (Doucouré et al., 1996).
The mechanisms responsible for recovery of this elastic thickness are beyond the scope of

this thesis.
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Chapter 4 : Summary and Conclusions

The seismic profiles interpreted in this study roughly fall into three areas:
1) The Kaapvaal Craton's western margin (KBF03A, KBF01)
2) The Bushveld Lines within the confines of the 2.06 Ga Bushveld Complex
Province (Buick ef al., 2001) (Rz-254, 255, 256)
3) The craton interior (YS, OB, AG).
Information gathered from the interpretation of these seismic profiles has given new

insight into some of the stratigraphic and structural questions pertinent to these areas.

4.1. The Kaapvaal Craton's Western Margin

Tertiary Kalahari cover obscures most of the northwest margin of the Kaapvaal Craton.
Geophysical techniques, including gravity and magnetics, are the only methods of
observing structure along this part of the craton margin. The interpretation of newly
released seismic reflection data has resulted in increased understanding of stratigraphic
and structural detail of this area and the identification of many, previously undescribed
features. Some of these features are:

8 The prominent listric fault, F2, displacing the succession downward to the west,
by > 6 km (<~2.2 Ga). This master fault has been reactivated during compression |
(~1.9- 1.7Ga) and post Karoo and pre Kalahari deposition. The similarity of
antithetic faults associated with F2, to a ‘negative flower structure’ suggests a
component of strike-slip motion.

s The Neylan unconformity, between the lower Olifantshoek succession and Hartley
Formation above. To the west the unconformity either dies out, or becomes
bedding parallel.

= The tectonostratigraphic (duplexed) nature of the Hartley Formation. Eastward
verging thrusting is initially thin-skinned on craton, then involves the entire
Hartley Formation resulting in tectonic thickening of = 300 % (~1.9- 1.7 Ga).

v The Dwyka unconformity, formed as large glacial valleys cut into underlying

basement thrusts during the Dwyka glacial event (~ 350 to 300 Ma).
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w  The Tertiary Kalahari unconformity, which is channelized and cuts into

underlying Karoo, Olifantshoek and Griqualand West sequences.

The interpretation of seismic Profile KBF01, which traverses greater outcrop to the south
of KBF0O3A, has resulted in the identification of:

»  The Maremane anticline and Dimoten syncline in section. _

*  An unknown unit at depth. This unit may be composed of west dipping basalt
reflectors of Ventersdorp age. This may indicate the presence of an oceanic-
continental boundary along the western margin of the Kaapvaal Craton.
Similarities were found between the unknown unit and those of extensional
margins worldwide, in terms of orientation (reflectors dipping away from the
continent), seismic character, and estimated thickness (up to 7 km).

»  Thrusting of lower Olifantshoek and upper Griqualand West strata. Seismic data
substantiated the stratigraphic position of the Gamagara Formation as correlative
with the Madedi Formation (lower Olifantshoek Supergroup) as proposed by
Beukes and Smit (1987). '

These observations have led to the further discussion:
=  Immediately apparent from the seismic profiles KBF03A and 01, is the rapid

thickening of the sedimentary succession to the west (from basement outcrop to >
17 km along KBF03A). This implies a high and increasing amount of subsidence
and creation of accommodation space westward, towards the craton edge.
Sediment accumulation rates across the margin of the craton have been calculated
and compared to modern day estimates and estimates from age-equivalent (and
possibly correlated) basins for example the Hammersley Basin of western
Australia. Sediment accumulation rates calculated from KBF03A average
approximately two times less than those calculated for the same stratigraphic
groups by previous authors and an order of magnitude lower than most modern
carbonate depositional environments. This latter difference supports the
suggestion that Archean carbonate deposition may have occurred by different

processes to present day carbonate formation as proposed by Grotzinger (1989).
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" A tectonic history of the craton's northwestern margin is proposed. Tlﬁs has been
compared to previous models arising from structural mapping of better outcrop in
the south. Many of the southern structural observations are confirmed by
structural interpretations of the seismic data.

» It has been possible to calculate lithospheric elastic thickness at 1.9 to 1.7 Ga,
from the analysis of lithospheric flexure produced by tectonic loading. Elastic
thickness is estimated at 7 to 10 km, which is 7 to 10 times greater that estimates
for the same area today, because present day elastic thickness for this area is ~60
to 70 km (Doucouré ef al., 1996). This implies that since 1.9 — 1.7 Ga, there has
been lithospheric strength recovery. The unusually thin value for elastic thickness
around 2.0 Ga, may reflect KBFO3A’s location near the craton margin. High
gradients, from thick, strong cratonic lithosphere, to thin, weak lithosphere along
the margins have been calculated elsewhere, for example, the Norwegian, Andean

and Antarctic margins.

4.2. The Bushveld Lines

Interpretation of the seismic profiles, Rz-254, 255 and 256 resulted in the identification
of the following:
=  Ventersdorp listric basins, with east-west striking boundary faults.
» The prominent black reef unconformity, showing clear truncations of the
underlying Ventersdorp Supergroup.
= A large scale, shallow syncline, involviﬁg the Transvaal Sequence and striking
east-west over hundreds of kilometers.
The Bushveld intrusion was seismically unresolved, implying that it is extremely thin in
this location. Reflections noted within the basement, however, may be sills related to the
Bushveld intrusion. This proposition is supported by the fact that these basement
reflections are of highest amplitude and number along Rz-254, relative to other

interpreted lines on the western margin and craton interior.
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4.3. The Craton Interior

The following features were noted from seismic profiles OB, AG and YS:
»  Horst and graben structures composed of Dominion, Witwatersrand and lower
Ventersdorp Supergroups (OB and AG).

w  Listric growth fault bounded Ventersdorp basins. Bounding faults had a

approximate east-west strike and dipped to the north and south (YS).

= The Black Reef unconformity is particularly prominent in its truncation of several

units below.

»  Open folding of the Transvaal Supergroup, with fold axes trending approximately

east-west (OB and AG).

»  The distinctive Beaufort unconformity, truncating several older groups (OB).
From the apparent east/ west strike of the listric faults bounding the Ventersdorp
sedimentary deposition, it was tentatively proposed that extension was oriented north/
south at 2.7 Ga.

Thus, the interpretation of these seismic profiles has not only allowed new, previously
undescribed stratigraphic and structural features to be identified, but has also allowed for
the evaluation of existing tectonic models for the western margin, Northern Province, and
craton interior. It has also revealed that, at least in places, lithospheric strength of the
Archean terrain was not inherited from its inception, but was attained during younger
lithospheric strengthening processes. The details of these processes remain to be
revealed. As hopefully more seismic and borehole data becomes available, these models

may be tested in great depth.
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Appendix A : Data Acquisition and Processing

Before seismic reflection data may be interpreted it must be acquired and processed.

The seismic reflection data interpreted in this study were acquired using the Vibroseis
method by the AngloGold Corp. Ltd, between the years of 1985 and 1994. A list of

recording equipment and acquisition parameters is included in table A-1.

Instruments 1983 1993 1993 detailed
Recording reconnaissance | reconnaissance
parameters

Instruments

Vibrators 4 * Failing BBV S * Failing Y1100 2 * Mertz M18
270001 270001 40 000 1b

Recording Instruments SN338 SN36&//0 CS SN368 CS2502

Number of Channels 96 120 120

Geophones SM4 SM4 Sensor
10 Hz 10Hz 10 Hz

Vibrator QC System - Vigil/ Valid Pelton Advance 2

Sweep Parameters

Sweep Length 26 sec 24 sec 8 sec

Sweeps per VP 8 3 4

Frequencies 10-91 Hz up 10-61 Hz up 20-120 Hz up

Listening Period 6 secs 6 secs 6 secs

Sample Rate 4 msecs 2 msecs 2 msecs

Geometric Parameters

Field Spread End on Split Straddle Split Straddle
0-175-4925 m 2975-25-X-25-2975 743.75-6.25-X-6.25-743.75 m

Station Interval 50m 50 m 125 m

VP Interval 50m 25m 125m

Vib Pattern 150 m linear 50 m linear 12.5 m linear

Receiver Pattern 100 m 50 m 125m

Fold of Cover 48 50 60

Table A-1: Acquisition parameters: 1983 to 1993 (from Pretorius et al., 1994).

Parameters specific to several of the seismic profiles interpreted in this study are

included in table A-2.
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Data Acquisition and Processing

Line Line Acquisition | Processing | Datum | Number Record | Sample | Station
Number | names | starting starting of Length | Rate Interval
used in | date date Channels
text
OB-41 OB 19-02-85 02-03-83 96 24 4 ms 50 m
0B-74 01-10-85 21-10-85 1400 m | 96 245 4 ms 50m
KV-117 23-04-86 07-05-86 1400 m | 96 24s 4 ms 50m
KV-119 | AG 07-05-86 20-05-86 1400m | 96 24s 4 ms 50m
AG-130 20-08-86 28-08-86 1400m | 96 24s 4 ms 50m
YS-62 YS 02-07-85 16-08-85 1400m | 96 24s 4 ms S0m
RZ-254 | Rz 15-08-88 10-09-88 1200m | 120 65 4 ms S0m
KBF- KBF 28-11-94 120 16s 4 ms 50m
03A
Table A-2: Acquisition details for several of the seismic profiles interpreted in this
study.
The data was processed to improve signal to noise ratio as follows:
1983/84 Processing Route 1993 Processing Route
DEMULTIPLEX DEMULIPLEX

(including gain removal, cross-correlation and
minimum phase conversion)

(including gain removal and minimum phase
conversion)

EDIT/MUTE, FLOATING DATUM STATITICS AND SOURCE DOMAIN FK FILTER

AMPLITUDE RECOVERY

AMPLITUDE RECOVERY (PROGRAMMED
GAIN)

SOURCE DOMAIN DECONVOLUTION

FILTER AND NORMALIZATION
Removed because these processing steps had only
limited effects in improving data

RECEIVER SORT, BOMAIN FK FILTER AND DECONVOLUTION

FILTER
Removed because it gave little improvement in
data

NORMALIZATION AND SORT INTO SOURCE

SOQURCE DECONVOLUTION, FILTER AND
NORMALIZATION

RECEIVER SORT AND DECONVOLUTION
FILTER AND EQUALIZATION

Removed because these steps added significantly
to the length and cost of processing but gave only
marginal improvement in data

DIP MOVE-QOUT
Added to improve interpretations, especially in
areas of steep dip

COMMON MID-POINT SORT, NMO/MUTE, DATUM STATICS AND RESIDUAL STATICS
(surface constant)

RESIDUAL STATICS (COMMON MID-POINT
{CONSISTENT))

Added to correct for effects of the weathering
layer

STACK

| OMEGA-X (random noise attenuation)

MIGRATION AND FILTER

PRODUCTION RATE FOR 6 SEC TWT DATA-
JKM/DAY

PRODUCTION RATE FOR 6 SEC TWT DATA-
12 KM/DAY

Table A-3: Seismic processing route (from Pretorius et al., 1994).
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For more technical details on seismic processing methods, the reader is referred to

Yilmaz (1987).

A-3




Appendix B: Derivation of the Flexural Equation

Appendix B : Derivation of the Flexural Equation

D * (3*W / 9x") = all applied loads
The following derivation has been adapted from Royden (2000).

Symbols in order used in derivation:
P = load
V = shear stress
M = bending moment
E,. = strain in x direction
Oy = stress in x direction
E = Young’s modulus
V = Poisson’s ratio
W = flexure
D = flexural rigidity

The flexed plate is treated as a thin elastic sheet involving the following assumptions.
First, the plate behaves elastically. Secondly, stresses are oriented parallel to the plate

edge (fibre stresses). Thirdly, a fairly low curvature is assumed (ﬁguré B-1, 2).

B-1. Balancing forces

Consider a load applied to an elastic plate in the absence of a balancing force
(buoyancy) due to underlying material. Since there is no acceleration, all the forces and
torques shown in figure B-2 must sum to zero. Thus by balancing the forces and torques

the following equations are produced.

Balancing Forces:
dx P(x) + V(x) -V(x + dx) =0 Px)=0V/0x.......... 1

(The spatial derivative of the vertical load)

B-1
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Bitte
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Figure B-1: Assumptions underlying the thin elastic sheet model: Elastic flexure of plate

involves the extension and compression of 'fibres’ oriented parallel to plate edge.

=
X

Fluid, density: P

Figure B-2: Applied load, P(x) results in deflection, shear stress, V and bending moment,
M. .
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Balancing Torques:

M(x) = M(x + dx) - V(x)dx =0 V=-0M/0x

Thus: P = - BZM / 6x2 ........................................... 2

Since the plate is regarded as elastic, stress and strain are linearly related as shown in

equations 3 and 4.

(Strain in the X direction:

Ex = 1/E (O —VOypy)..nnnn... e cererrereogNY Ceereenans 3

Strain in the Y direction:

Eyy = 1/E (Oyy =V Oy)evververerannenrnnnn. i

v= Poisson’s Ratio

E= Young’s Modulus

From the second assumption, that only fibre stresses are considered, there is no strain in

the Y direction (Eyy = 0).

Thus: Oyy =V Ogxevrereiiiiiiinniiiiiiii, e erererriereeraeas 5
From 3 and 5:
Strain is layerly proportional to stress in the X direction.
2
Exngxx(l_v)/E ------------ toeovsueensEton s resrenesoevean 6

B-3
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B-2. Relating the load to the bending of the plate, M (figure 3)

The bending of the plate can be described in terms of a bending moment, M which is
related to the fibre stresses, Oy. The neutral line at the centre of the plate is a line along
which there is no extension or compression. Above this neutral line a compressional
force, Oy (Y), acts. Below the neutral line, at position —y, the stress is extensional. The

extensional and compressional stresses exert a torque around the neutral line.

tOTqUE = Oy YV AX. i e 7

Or, in words: torque is equal to stress in the x direction multiplied by the derivative of the

distance from the neutral line.

The total bending moment, M, is obtained by integrating all the torques acting on this

element.

Figure B-3: Relating fibre stresses to the bending moment, M: The neutral line separates

the zone of compression, +y, from the zone of extension, -y.
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B-3. Relating the moment, M to the deflection, W (figure 4)

First, strain changes along a bending plate are considered. These are then related to

- changes in stress. As in the discussion of stress above, there is a neutral axis along which

there is no change in length. Fibres at the top of the sheet are shortened and those at the

bottom are lengthened. The change in strain is related to the deflection, W (figure 5).

Figure B-4: Relation of strain, E to stress, J and subsequently to deflection, W.

/ﬁ\al/ﬁ\

A

dx

Figure B-5: Relation of change in length, delta I, to deflection, W(x).
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Let:  1be the length of the neutral line (1 ® dx)
y be the height above the neutral line
Albe the change inl fory # 0

Then: A 1(Y) == Q1Y+ QoY.ueiniiiii i 9
a;=-90W/9x |, Qy=+OW / X |x + ax

E,= A 1/1 (Strain = change in line length divided by original line length). 10

From 9 and 10:
Eo=Al/dx=(y/dx)* {OW/0x |, - OW /0X |y+a)

Ep=D1/1=-y @ W /OX) oo, 11

Note: The above is only valid if curvature is small so that a; and ; are small.

Combining the equations 2, 6, 8§ and 11 listed below:

P = - B M OXE 2

B =0 (1= V) T E) et 6

M = 2 G Y Aot 8
-h/2

B ==V (O W /0K oo 11

Substitution and integration results in the following steps:

M=["Eu*(E /(1-V))ydy

M=-3W/3x*(E /(1-VH))* j‘;’;yz dy
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M=-3*W /3x*[(E /(1 =V?))*h¥/ 12]

Note: (E /(1 - Vz)) * h3/ 12 = D = Flexural Rigidity with units of Nm.

Thus: M=-D * (azw / ax?‘) .............................................. 12

From 2: P(x) = D * (3*W/ 9x*)

B-4. Buoyancy Force (figure 5)

The final step involves the consideration of fluid beneath the elastic plate. A downward
 deflection of the plate, W(x), will result in an upwardly directed force of W(x)pmg acting
on the base of the plate (P, = density of underlying fluid). At increased depth the elastic

plate will feel an increased fluid pressure.

Thus the force balance calculated at the beginning of this section has to include a

‘buoyancy’ term, Prgw(x), to accommodate the fluid pressure from below.

dx {P(X) - Pmgw(x)} — v(x) + v(x+dx) =0
P(X) - Pugw(x) = - 0v [ Ox

= P(X) - Pmgw(x) = - "M / 9x*

- P(X) - Pmgw(x) =D * (3'W / 9x")

OR: D * (@*'W [ 9x) + PrgWX) =P(X)..eeviviniriniinininnn, 13
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Appendix B: Derivation of the Flexural Equation

Similarly, if a load, with density = p; is added to the top of the plate it provides an
additional downward force of pigw(x). Using the same method as above results in the

flexural equation.

D * (@'W/3x) + (Pm.PIEW (x) = P(x)
- (XIV) D * (3*W / @x*) = all applied loads

Or, in words: Flexural rigidity multiplied by the fourth derivative of flexure with respect

to x is equal to the sum of all applied loads.

WX)

pPMW(x) g
Fluid, density:Pm

Figure B-6: Buoyancy force acts upwards in response to downward directed deflection.
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Appendix C: Calculation of flexure

Appendix C : Calculation of flexure (adapted from Royden (1988))

C-1. Observations

To calculate flexure, the deflection of a reflector that was horizontal in orientation prior
to loading, was measured. In this way load related flexure is isolated. Both the
Ventersdorp sediments and flood basalts and the Schmidtsdrif Subgroup show significant
thickening towards the west, indicating that preferential subsidence, unrelated to later
thrusting, occurred in the west during their deposition. The Campbelirand Subgroup
however is uniform in thickness across the line and is proposed to have formed in a
shallow marine platform setting. Thus the contact between the Schmidtsdrif and
Campbellrand subgroup was chosen for the calculation, and regarded as initially

horizontal.

The end of line KBF03A was taken conservatively at CDP 4800 to the east of the normal
fault, F2. This allowed for an exclusion of deflection of strata that may have been caused
by subsequent normal faulting. From this point eastward, the depth to the Campbellrand/
Schmidtsdrif contact was calculated every 7.5 km, using p-wave velocity estimates. East
of CDP 2700, where the contact reaches the surface, its position prior to erosion was
estimated by adding the average thickness of Schmidtsdrif Subgroup above its contact
with the underlying granitic basement. East of CDP 1500, where granite outcrops, no

estimate could be made.

The seismic line was extended to the east to incorporate the Ventersdorp Supergroup,
Schmidtsdrif and Campbellrand Subgroups where they reappear on the eastern side of the
flexural bulge. Two further data points were taken where the contact between the
Campbellrand and Schmidtsdrif Subgroup outcrops (read from the geological map, figure
C-1). The line was extended a further 100 km to the east with flexure calculated every 10
km.
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Appendix C: Calculation of flexure

Te’=[12D (1-Vv)]/E
v = Poisson’s ratio
E = Young’s modulus

E/(1-v*) =8.7%10"" N/m?
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