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THESIS SUMMARY

The aim of the research is to describe the geometry of the Rustenburg Layered Suite (RLS) across
the limbs of the Bushveld Complex through detail analysis of available borehole logs. Various
spatial analytical methods ranging from interpolation methods, 3D modelling, strip logging,
plotting of cross-sections and profiles and other statistical and visualization techniques were
employed in interpreting the geometry and sequential structural development of each major
stratigraphic unit and the units of economic importance. Interpretation was also based on published
and unpublished field and geophysical data and reports on the study area.

Chapter one accentuates the importance of the study for a better understanding of the emplacement,
layering, depth relationship between the various limbs and provision of information that will be
useful in addressing some geological problems. The chapter also emphasizes the focus of the
research, which is to determine from available borehole data, the geometry, and depth relations to
modern topography of the RLS. It emphasizes the scope and limitation of the research with a detail
literature review of previous research on the same area.

Chapter two describes the borehole log data format at the Council for Geoscience, Pretoria and
computation detail, the software used and other data available for the study. Detailed description
of lithology, position, and orientation of boreholes and other information about selected logs are
given in a separate CD. The chapter gives details of the different interpolation methods employed
in analyzing the borehole log data, and the basis for their choice as well as the relevance of each
output in understanding the geometry of the RLSacross the limbs.

Chapter three introduces the lithologic and stratigraphic variation observed from the results of the
analyses based on stratigraphic thickness and geographic contact pattern. It also describes the
geometry of major stratigraphic units and the units within the Critical Zone based on lithologic
correlation across the farms and limbs using strip log, models, fence diagrams, cross-sections, etc.
Chapter four gives a detail explanation of the geometry based on structural contours and isopach
maps generated from downhole stratigraphic data on a local scale. Close-up views of major sub-
sections of the Bushveld Complex are elaborated on to gain knowledge of the geometric patterns
and general stratigraphic distribution in terms of thickness of each stratigraphic unit and the contact

pattern at the top and base of the structural contours.



Chapter five addresses the variation across the Bushveld Complex limbs based on stratigraphic
and structural attributes constrained from structural and isopach maps. It provides information
about variation in trend and relative level of emplacement of each stratigraphic unit at different
locations. The chapter also addresses some salient features within each of the limbs.

Chapter six explains trend surface analysis results of the RLS in order to gain insight of detail
timing or sequence of development of structures in the study area. The relationship between
structural features and thickness of each stratigraphic units were examined. This was based on the
assumption that if similar relationships exist between structure contour elevation and stratigraphic
unit thickness, the structure probably developed with emplaced material or it was modified during
emplacement. The inverse relationship between structure contour pattern and thickness of some
stratigraphic units indicate that the structure most likely pre-dates emplacement. This follows that
high relief (structural high or positive structure) area that existed before magma influx received
less deposit while low relief (structural low or negative structure) areas received more magma
influx except where the structure has been tectonically disturbed. Stratigraphic thickness is also
related to closeness to the magma source. Trend surface analysis was also used to differentiate and
separate major structural and thickness trends (regional trends) from local or residual structural
and isopach features.

Chapter seven illustrates some of the faults and other structural features that can be inferred from
the structure and isopach maps, profiles and models generated in previous chapters. The inferred
faults are described in terms of trend of the upthrow and downthrow. Strip log and sections were
utilized in affirming the presence of the inferred faults and their location, while profiles were
employed to show the geometry of some of the faults at the subsurface. The study provides very
useful information about the geometry of some of the faults at subsurface.

Chapter eight focuses on the subsurface geometry of the RLS based on 3-dimensional model
interpretation. It emphasizes the significance of the geometry in mineral exploration and magma
emplacement studies.

Chapter nine summarizes and discusses the results of the findings from previous chapters.



ABSTRACT

Adequate knowledge of the regional subsurface geometry depth relationship between the limbs
and distribution of mineral zones within the Rustenburg Layered Suite (RLS) is required for better
understanding of the emplacement geometry, distribution of economic mineral zones and
structural evolutionary issues. This will lead to improved exploration prospects that could assist in
less degradation mining activities and environmental hazard control and management.
Incompleteness of surface outcrops and limited availability of seismic data has been a hindrance
to this. This research focused on the determination from available borehole data, the geometry and
depth relations to modern topography of the RLS. Extensive Geostatistical analysis of hundreds of
borehole log data was carried out to better constrain the complex geologic structural framework
and architecture of the RLS. This has helped to identify and visualize the subsurface stratigraphic
units, their geometric forms and improved the understanding of the geology and structure of the

RLS.
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CHAPTER1 INTRODUCTION

1.0 GENERAL INTRODUCTION

The Bushveld Complex of South Africa with an area extent of 65,000km? (Cawthorn and
Webb, 2001) holds the world’s largest deposit of Platinum group elements (Vermaak,
1995; Barnes et al., 2004; Naldrett, 2009). It intruded into the Transvaal basin about ca.
2.05 Ga (Harmer and Armstrong, 2000; Walraven et al., 1990; Barton et al., 1994) as a sill
intrusive (Cawthorn, 2012) before undergoing subsidence (Letts et al., 2009). The
Transvaal basin is situated in the northern parts of the Kaapvaal craton which is the best

preserved and oldest continental crust (Cahen et al., 1984; Thomas et al., 1993; Youssof et

al., 2013).

The Bushveld Igneous Complex (BIC) is made up of upper felsic rocks which include; the
Lebowa Granite Suite, Rashoop Granophyre Suite and Rooiberg Group directly overlaying
basal mafic to ultra-mafic rocks known as the Rustenburg Layered Suite (RLS). The RLS
hosts layers that are economically exploited for Platinum group elements, chromium and
vanadium. The RLS outcrops within the major compartments or limbs of the Bushveld

Complex as indicated in Figure 1.1 below.

Research on the geology of the Bushveld Complex has been ongoing for more than one
century and over this period, knowledge about the parental magma source, origin of
layering, emplacement geometry, structure and evolutionary issues has continuously
improved (Hunter, 1976), not only for academic reasons but also to better exploration
prospects.

Despite the increase in knowledge, researchers have not been able to reach a conclusion on
many of these issues. However, a key challenge is how to unravel the subsurface geometry

of the entire area since field based studies could not adequately describe the
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geometry due to incompleteness of outcrop exposures and limited availability of seismic
data. This is important for a better understanding of the emplacement, layering, depth
relationship between the various limbs. It will add to the knowledge about the distribution
of the mineral bearing zones. This research focuses on the determination from available

borehole data, the geometry and depth relations to present topography of the RLS.

1.1 LOCATION OF STUDY AREA

The study area is situated in the northern parts of South Africa as shown in Figure 1.1. It
extends from Villa Nora in the north to Bethal in the south and from Zeerust to Burgersfort
in the east (Cawthorn et al., 2006). It has total area coverage of about 65,000 km? which

covers parts of four Provinces: Limpopo, North West, Gauteng and Mpumalanga. The



outcrops are bounded between latitude 23° and 26° S and longitude 25° and 31°E. Villa
Nora section outcrop covers an approximated distance of about 39 km with a width of
approximately 36 km. Potgietersrus section has a total distance of 100 km and maximum
width of 12 km at the centre. Western limb spans through a distance of 239 km and the
eastern limb covers a distance of about 250 km. The southeastern/ Bethal section was

omitted due to lack of data.

1.2 RESEARCH AIM AND OBJECTIVES

VvV V V V V V

The main aim is to determine the geometry, spatial relationship and emplacement
behaviour of the RLS from available borehole log data. This aim will be achieved by

following the procedures listed below;

Determine from borehole log data the upper and lower contact of each zone and use the
information to determine the geometry and thickness of each zone within the RLS.
Analyse the RLS geometry and thickness across limbs

Determine depth-to-horizon for each stratigraphic unit.

Carry out limb comparisons in terms of total thickness of RLS for each limb

Constrain nature of the floor rock spatial relationship

Determine the paleogeography and paleo-structures of the RLS

Identify major structural elements within the area and their surface and subsurface
geometry at different horizons

Constrain the kinematic history from the present geometry

1.3 PROBLEM STATEMENT, SCOPE, AND LIMITATION OF STUDY

Mapping the subsurface of the world’s largest layered intrusion will not only enhance the
understanding of underlying geology and structure, but will also assist in making better
interpretations of the surface features that could not be adequately examined due to

insufficient outcrops at the surface. However, subsurface data cannot be directly assessed



except through boreholes, tunnels and geophysical survey. Geophysical data has been
extensively utilized for studying the emplacement and geometry of mafic rocks within the
BIC. For instance, Campbell (2011) gave a summary of the advances in geophysical
mapping of the RLS facilitated by technological advancement and exploration demand.
Cole et al. (2013) used high-resolution gravity and aeromagnetic data to delineate the mafic
rocks based primarily on physical contrast. While the study recorded high success with
delineating the Upper Zone, it was unable to map with the same level of detail the other

zones of the RLS due to the absence of good quality signatures.

Different geophysical data have been employed for regional study of the Bushveld
Complex (Odgers et al., 1993; Odgers and Du Plessis, 1993). However, seismic reflection
data seems to be more useful for local structural mapping and for mine-planning purposes
(Campbell, 1994, 2006, 2009, 2011; Du Plessis and Levitt, 1987; Web et al., 2004;
Cawthorn and Webb, 2001), but needs to be complemented with other datasets for better

interpretation (Chunnett and Rompel, 2004).

High-resolution imaging capabilities of 2D and 3D seismic reflection surveys have been
utilized for mapping underground structures in some parts of the Bushveld Complex, most
of these studies are extremely localized. Another drawback in utilizing high-resolution
seismic data for a regional study such as this is its availability, high cost and proprietary
restriction. High-resolution seismic data are very expensive to acquire with stringent
proprietary restriction on the few that are available. It might be practically impossible to
acquire such data over the whole of the study area. While it is easy to constrain local
(between 1 km and 5 km) subsurface geometry at the local scale with the use of seismic
surveys, regional study will require a large volume of continuous seismic data which is
almost impossible to access due to proprietary issues even when available.

Use of borehole log data is rather less expensive and more readily available for both local
and regional studies. Regional models (>5 km) may act as a constraining medium to
mineralized zones and to establish a coherent broad scale relationship between adjacent
limbs across the Bushveld Complex. This will help in understanding geological processes

that lead to the present day geometry (deKemp, 2000). Borehole log data are very valuable



and provide direct observation of structural and lithologic information to centimetre detail;
they also provide clear descriptions of how rocks are spatially laid down. Advances in
geological data processing techniques and software development coupled with 3D
visualization techniques have improved the understanding of subsurface phenomenon that
allows easy correlation, accurate feature detection and better morphological investigation.

Each of the stratigraphic units is accurately mapped with a high level of accuracy.

These data are available at the Council for Geoscience, Pretoria and were extensively
utilized for this research. The data were directly logged from borehole cores and are
considered more accurate than inferred data. The data used has a good spatial distribution
over the entire study area. However, most of the available borehole log data were drilled
for exploration purpose and as such only terminate within the economic layers or a little
below, thus making it difficult to accurately represent the geometry beyond the available
depth. Therefore, the focus of this study is limited to geometry of the RLS from the surface
to about 3000 m depth. Notwithstanding, the results accurately present conceptual 3D
models of the study area that better define the geometric pattern of each stratigraphic
interval, provide better understanding of subsurface geology, aid interpretation that serves
as a basis for future exploration targets. This study also explored the potential offered by

3D interactive graphics for spatial visualization of borehole log data.

1.4 ASSUMPTIONS

e The research focuses on the Rustenburg Layered Suite (RLS) because of its lateral
continuity across the limbs with the assumption that layers are laterally continues
at all sample points except for minor downward transgressions into underlying
layers.

e Accumulation process of layers (though igneous in nature) can be likened to

sedimentary processes, either clastic or chemical (Naslund and McBirney, 1996).



1.5 GEOLOGICAL SETTING OF THE BIC

The Kaapvaal Craton and Zimbabwe Craton in South Africa are typified by extensive mafic
to ultramafic complexes among which are Molopo, Trompsburg and the Bushveld
Complexes. Other mafic intrusions within the Kaapvaal craton are the Vogelstruisfontein,
Kaffirskraal, Losberg, Modipe, Koringkoppies and Uitloop (Viljoen and Schirmann,
1998). The most economically important of these complexes is the Bushveld Complex.
The Bushveld Complex intruded into the Transvaal Basin, which is one of the basins
formed at the northern part of the Kaapvaal craton about 2060 million years ago (Walraven
et al., 1990;Walraven and Hattingh, 1993;Olsson et al., 2010). Other basins within the
Kaapvaal Craton are the Pongola, Witwatersrand, Ventersdorp, Dominion and Waterberg
Basin. The mafic rocks of the Bushveld Complex lie unconformably between clastic rocks

of the Pretoria Group and overlying Rooiberg felsites (Cawthorn et al., 2006).

The floor rock to the RLS is dominated by the presence of domes, diapirs, chilled zones
and minor transgression of the mafic intrusion into the underlying host rock (Uken, 1998).
Holzer et al. (1999) proposed a NW-SE compressional tectonic regime for the Kaapvaal
Craton as a response to collision with the Zimbabwe Craton. The Bushveld magma were
emplaced due to localized transgression extension along reactivated major lineaments such
as the Thabazimbi-Murchison lineament with ENE-WSW orientation (McCourt, 1995), the
Crocodile River fault (Hartzer, 1989) and Steelpoort Fault (Cawthorn et al., 2002).
According to Bumby et al. (1998), the first (D1) and second (D>) deformation events in this
region pre-date Bushveld intrusion, produced folding and faulting along a NW-SE
compression direction, through which the Bushveld Complex intrusion occurred along the
same trend with the second deformational episode. The third deformational episode (D3) is

post-Bushveld.

The RLS of the Bushveld Complex in South Africa is the world’s most enormous layered
mafic intrusion (Walraven, 1982). The RLS has a thickness of about 8100 m (Eales and
Cawthorn, 1996). It is divided into five major zones (Kruger, 1990, 1994; Mitchell and
Scoon, 1991): the Marginal Zone, Upper Zone, Main Zone, Critical Zone and Lower Zone.

Each zone is characterized by cyclic units or layering which is believed to be due to the



repeated magma addition and crystallization (Sharpe, 1981; Kruger et al., 1987; Cawthorn
et al., 1991; Eales and Cawthorn, 1996; Mitchell et al., 1998: Cawthorn and Walraven,
1998; Naldrett et al., 2008; Hodge et al., 2012). New influx of magma might interrupt
complete crystallization of residual magma, thus leading to incomplete or partial
development of units (Maier and Eales, 1997).

The Upper Zone is made up of magnetite layers occurring mostly within gabbro which is
the dominant lithology and occasionally with norite, anorthosite or pyroxenite (Ashwal et
al., 2005; Tegner et al., 2006; VanTongeren et al. 2010). Total thickness of the Upper Zone
varies from 1000 m to 2000 m (von Gruenewaldt, 1973; Molyneux, 1974; Kinnaird et al.
2005; Maier et al., 2012). Maier et al. (2012) recorded 26 magnetite layers in the eastern
and western limbs and 16 layers for the northern limb. This zone is found at shallow depths
in the Eastern limb and extends laterally along strike for about 120 km and 200 km along
the western limb (Reynold, 1985b). In the western limb, the Upper Zone extends from the
northern end of the western limb of Amandelbult section (<10 m) through the Union
section (<30 m). It reappears again around the Boshoek section (<200 m thick) and the
Brits section (with a thickness of over 400 m) and gradually thins out laterally towards the
southern end of the western limb (close to Pretoria) (Coertze, 1970). The magnetite layer
contains vanadium, for which it has been mined (Cawthorn and Molyneux, 1986; Wilson
and Anhaeusser, 1998). The base of the Upper Zone is marked by the first appearance of
cumulate magnetite and a major magma influx above the Pyroxenite Marker. This
represents a major polarity reversal in the Eastern Bushveld (Lett et al., 2009) and the base
of the Upper Zone in the Western and Eastern limb (SACS, 1980; Kruger et al., 1987;
Harney et al., 1990; Hoyle, 1993).

The Main Zone represents the thickest zone within the RLS with a total thickness of 3000
m (von Gruenewaldt, 1973; Molyneux, 1974; Mitchell, 1990; Nex et al., 1998). It contains
norite that grades downwards to gabbro-norites with minor anorthosite (Kruger, 2005a;
Cawthorn and Walraven, 1998) and a distinct layer close to the top in the western limb but
that is absent in some places in the Eastern limb.

The top of the Main Zone is marked by a Pyroxenite Marker interval, the base is located at
the top of the Bastard cyclic unit, which is characterized by an upper contact of mottled

anorthosite (de Klerk, 1992; Cawthorn and Walraven, 1998). Lateral continuity of layers



in the Main Zone is not as pronounced as in the Critical Zone (Molyneux, 1974; Mitchell,
1990; Nex et al., 1998).

Support for connectivity at depth between the Western and Eastern limbs of the Bushveld
Complex was given by Cawthorn and Walraven (1998), Webb et al.(2004) (using gravity
modelling). Youssof et al. (2013) gave a contrary opinion from seismic geophysical
investigation and classified the thickness of the crust (45-50 km) and composition of the

central Bushveld Complex as being mainly felsic.

The Critical Zone holds the largest chromite and PGM in the world (Naldrett et al., 2008,
Naldrett, 2009). The zone is sub-divided into Lower, Middle and Upper Group chromitite.
The Lower Critical Zone (LG) is made up of ultramafic cumulus (chromitite, harzburgite,
and pyroxenite) with up to seven chromitite layers generally numbered from LG7 at the
top down to LG1 at the base (Cameron, 1980, 1982). LG6 is important for its high content
of chromite, which is the largest in the world (Crowson, 2001). The Middle Group consists
of four major chromitite layers (MG1-4). Each of these major divisions has two to three
sub-divisions. Eight cycles exist in the Upper Critical Zone while nine cycles were
identified in the Lower Group. Each cycle is made up of a partial or a complete sequence
of ulramafics though norite to anorthosite (Kinnaird, 2005). Detail of the thickness and
distribution of the Critical Zone is provided by Wilson and Anhaeusser (1998).

The Merensky Reef and Bastard Merensky Reef are thin units occurring above the Critical
Zone. The Bastard Merensky is marked by giant mottled anorthosite which also marks the
top of the Critical Zone. The Merensky Reef is noted for its platinum group elements
content and lateral consistency (von Gruenewaldt, 1979). This unit is also marked by influx
of plagioclase bearing rocks (Cawthorn and Walraven, 1998) in magmatic composition.
The typical lithology is pegmatoidalfeldspathic pyroxenite but could consist of
pegmatoidalfeldspathic harzburgite, or norite with sulphide blebs bounded by narrow
chromitite (Viljoen, 1994, 1999). The Reef has a remarkable planar to sub-planar nature
which extends along strike for 138 km in the Eastern limb and 145 km in the western limb,

the thickness varies from 2 cm to 14 m (Viljoen and Schiirmann, 1998).



The dominant lithologies in the Lower Zone consist of alternating pyroxenite, harzburgite
and dunite. The zone was sub-divided by Cameron (1978) into basal, lower and upper
subzones which double as the lowermost unit of the Critical Zone. The zone has variable
thicknesses due to floor rock topography and structure (Cawthorn et al., 2006). It is more
than a 1400 m thick around the Pilanesberg, and attains up to 37 cycles according to Hulbert
and von Gruenewaldt (1985). The appearance of well-defined thin layers of chromite

within the upper pyroxenite marks the start of the Critical Zone.

The Marginal Zone has norite as the dominant lithology with minor pyroxenite and variable
amounts of other rocks that have been assimilated from the surroundings (Cawthorn et al.,
2006). It is noticeable around the Pilanesberg area in the western limb where it is in contact
with the Lower Zone, has a wide distribution within the northern limb and the Eastern limb
where it forms the floor rock. The thickness of the Marginal Zone of literature varies from
0 to 800 m (Naldrett et al., 2008) with evidences of crustal assimilation (Viljoen and
Schirmann, 1998; Cawthorn and Walraven, 1998).

1.5.1 RUSTENBURG LAYERED SUITE OCCURRENCE

The Bushveld Complex is made up of four compartments of mafic to ultramafic layered
sequence (Eales and Cawthorn, 1996) which outcrops as the Potgietersrus limb with a
smaller outcrop to its western side known as the Villa Nora outcrop, the western limb with
the Far Western or Nietverdiend outcrop, the Eastern Limb and the Southeastern or Bethal
Limb. The Western Limb forms an arc that extends for about 241 km from the Crocodile
River through Rustenburg to north of Pretoria. The Eastern Limb extends from the northern
part of Belfast to Burgersfort while the northern Limb runs from Potgietersrus to Villa
Nora. The four compartments of the Bushveld Complex include the Lebowa Granite Suite,
the Rashoop Granophyres Suite, the Rustenburg Layered Suite (RLS) and Rooiberg Group
(Cawthorn et al., 2006).

The Bushveld Complex probably developed from accretion of multiple magma injection
(Cawthorn and Walraven, 1998). The magma was initially ultramafic in composition
followed by later tholeiitic magma (von Gruenewaldt, 1979; Vantongeren and Mathez,

2013). Detail about parental magma composition is given by Godel et al. (2011) and
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references therein. Van der Merwe (1976) gave the total thickness of RLS in the Western,
Eastern and Northern Bushveld as 7750 m, 9000 m and 7 000 m, respectively.

The RLS is important not only as the world’s largest deposit of mafic layered intrusion,
but also as the largest source of Platinum group elements (PGEs). The RLS outcrops
prominently as Western, Eastern and Northern, Far Northern, Far Western and lastly the
Southwestern limb which is covered by recent deposits (Kinnaird et al., 2005). Repeated
magma injection coupled with mineral precipitation and interaction with new magma
addition is believed to be responsible for the repetition of mineral layers or cyclic units in
the RLS (Cawthorn, 1998; Cawthorn, 2007; Naldrett et al., 2012). The Western Limb and
the Eastern limbs are similar in lithology and stratigraphy and this can be attributed to
simultaneous injection into both the limbs from a centrally located magma chamber
(Sharpe et al., 1980) or the two limbs being connected at depth (Cawthorn et al., 1998;
Cole et al., 2013).

1.5.2 THE NORTHERN LIMB

The stratigraphy in the Northern Bushveld has been grouped into four units, i.e. the Lower
Zone, the Critical, Zone, the Main Zone and the Upper Zone in order to maintain the same
stratigraphic order with the Eastern and Western Bushveld (Kinnaird and McDonald,
2005). The Lower Zone is dominated by harzburgite and pyroxenite. The Critical Zone is
made up of norite, pyroxenite and anorthosite and contains layered orthopyroxene-
chromite-clinopyroxene-plagioclase cumulates. The Main Zone is dominated by gabbros
and gabbronorites, and the Upper Zone is composed of ferrogabbros with variable amounts
of magnetite.

The Platreef of the northern limb is made up of mainly pyroxenite with deposits of PGEs
and associated Ni and Cu. It is one of the world's most noteworthy deposits of PGEs. The
distribution of PGEs in some parts of northern Bushveld is controlled by the presence of
Base Metal Sulphides (BMS) (Holwell and McDonald, 2006). The base metal sulphides in
the Platreef hold very high PGE (comparable with the Merensky Reef) indicating that the
PGE must have been concentrated from a large volume of magma, but the source of that
magma, as well as the concentration mechanism of the PGEs has not been established.

However, a study of coeval diamonds provides evidence that the main source of magma
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for the Bushveld Complex PGEs is the mantle rather than the crust (Armitage, 2011).
Holwell and McDonald (2007) have suggested that the magma that formed the (pre-
Platreef) Lower Zone may have been the source of PGE. Although, the Platreef outcrops
with a N-S orientation, it is laterally irregular. The PGEs of the Northern Bushveld is more
dispersed with no well-defined mineralization boundaries compared to the PGM in UG2
and the Merensky Reef (Cawthorn, 1999).

The Northern Bushveld limb differs from the Eastern and western limbs in terms of floor
rock lithology, and igneous layering that shows a trangressive contact relationship different
from the progressive higher stratigraphic layering displayed in the Northern Bushveld
(Harris and Chaumba, 2000). The origin of the Platreef is controversial, while many
researchers agree that the Platreef is a northern equivalent of the Critical Zone; others
believe that the Platreef of the Northern Bushveld has a different mineralization origin, i.e.
the magma composition that formed the two have different composition and source (Lee,
1996; McDonald, 2005).

The footwall lithology to the Platreef varies from Archaean basement granites/gneiss in the
Northern parts to dolomitic rocks in the central section to shale, dolomite and quartzite in
the southern sector (Cawthorn et al., 1985; Kinnaird et al., 2005), while the Main Zone
granodiorites form the roof to the Platreef. The Thabazimbi-Murchison Lineament (TML)
separates the northern limb from the rest of the complex and must have played a major role

during the intrusion of the Bushveld Complex as argued by Kinnaird (2005).

1.5.3 THE WESTERN BUSHVELD COMPLEX

The Western Bushveld is sub-divided into two, the Far Western compartment and the main
Western Bushveld which dips at low angles toward the centre. The Far Western outcrop
shows thick harzburgite and pyroxenite layers with the occurrence of chromitite of the
lower Critical Zone (Coertze, 1970). The main Western Bushveld limb consists of all the
major stratigraphic units occupying the whole stretch of the Western Bushveld as layered
rocks. The Pilanesberg Complex is made up of alkaline rocks, forms a perfectly circular
shape with a diameter of about 28 km, and occupies the central part of the Western

Bushveld. Rocks of the Main Zone are wide-spread in the area with minor transgression
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by the Upper Zone rocks. The Critical Zone is also well developed and laterally continuous

except for the gap areas in the Northwestern Bushveld area.

The dominant structural trends in the Western Bushveld are NNW comprising major faults
such as the Rustenburg (Bumby et al., 1998), Brits and Welgevonden faults. The
relationship between rocks of the RLS with the underlying Pretoria Group sediments was
described by Coertze (1970) who, from field evidence, observed that the RLS concordantly
overlies the Magaliesberg quartzite in the Western Bushveld with much of the quartzites
forming xenoliths. Interaction between the RLS and Pretoria group sediments caused a
widespread distribution of quartzite xenoliths north of the Rustenburg and southwest of the
Pilanesberg, while isolated occurrences were reported towards the northern part of the
Pilanesberg (Coertze, 1970, 1974). Eriksson et al. (1995) described the cross-cutting of
RLS rocks into the Pretoria Group sediments and the contact metamorphism of the same
rock leading to formation of xenoliths of quartzite and hornfels. Xenoliths of quartzite and
dolomite were reported by Maier et al. (2000) as evidence of interaction with the floor
rocks. Xenoliths of anorthosite were observed by Bristow et al. (1993), as field evidence
of interaction with rocks of the Critical Zone, and thus suggesting the crystallization from
residual melt (Sharpe, 1981; Eales and Cawthorn, 1996), while another model supports
later injection of the Marginal Zone. Widespread folding in the floor rocks has been
attributed to prevalent ductile deformation during the emplacement of the Bushveld

Complex (Hatton and von Gruenewaldt, 1987).

1.5.4 THE EASTERN BUSHVELD

The RLS in the Eastern Bushveld intruded along a major regional unconformity between
the Pretoria Group sediments and overlying residual zone rocks (Cawthorn, 2012) and
Rooiberg felsites (Cheney and Twist, 1991). The outcrop exhibit a complete stratigraphic
section from harzburgite to fayalite and apatite-bearing diorite (Cameron, 1978, 1980,
1982). They dip steeply at 60° at the contact zone, and flatten out towards the centre.
Outcrops of the Eastern Bushveld are well exposed due to the rugged topography (Von
Gruenewaldt, 1973; Sharp 1981). Mining is carried out at lower dips (SACS, 1980).
Lithologic units that constitute the Main Zone in the Eastern Bushveld include the gabbro,
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norites, anorthosites and pyroxenites with the absence of olivine and chromite (Kinnaird,

2005), while the thickness varies from 0 to 3000 m.

The Upper Zone is characterized by gabbro with bands of magnetite. Twenty-five
magnetitite layers have been identified in the Eastern Bushveld Complex limb (Molyneux,
1974). Magnetitite layers occur on Mphatlele farm, Kennedy’s Vale farm, Krusirivier farm,
Mapochsgronde farm, Welgevonden farm, Uitvlugt farm, Doornpoort farm and Zwartkop
farm. This layer is important for its vanadium content. The Lower Zone of the Eastern
Bushveld Complex has been divided into lower pyroxenite, Harzburgite subzone, and
Upper Pyroxenite. The Lower Zone is directly overlain by the Critical Zone (Cameron,
1963;1978). The Lower Zone thickness varies with the structure of the floor rock, attaining
1584m in thickness at the Olifants River Trough. The Marginal Zone consists of mainly
norites with minor pyroxenite (Cawthorn et al., 2006), and occurs in contact with meta-
sedimentary rocks of the Transvaal Supergroup. The occurrence is influenced by
modification in the sedimentary floor by folds, faults and attenuation of overlying rocks
(Uken and Watkeys, 1997b).The RLS in the Eastern Bushveld is penetrated by floor rock

domes believed to have been formed by diapiric processes (Uken, 1998).

1.6 TECTONIC SETTING OF THE BUSHVELD COMPLEX AS IT AFFECTS THE
RLS

The Bushveld Complex intruded into the Transvaal Basin which consists of a suite of both
clastic and chemical sedimentary rocks with volcanic rocks, attaining a thickness of up to
12 km. Layered intrusions are important both as a tectonic feature as well as for economic
reasons. Emplacement of the Bushveld rocks was controlled by reactivation along major
pre-Bushveld lineaments such as the Thabazimbi- Murchison and Barberton lineaments,
and the Melinda, Rustenburg and Steelpoort Faults which represent zones of weakness

within the Kaapvaal craton (Du Plessis and Walraven, 1990).

The RLS was emplaced under a compression condition as proposed by Hunter (1975),
Sharpe and Snyman (1980), Hatton and Sharpe (1988) and Hatton and Von Gruenewaldt
(1987). Transvaal Supergroup inliers such as the Marble Hall and Dennliton and Crocodile
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River domes indicate a major pre-Bushveld regional deformation pattern disrupted by
Bushveld Complex emplacement (Hartzer, 1995). While one school of thought proposed a
single intrusion centre for Bushveld rocks others are in agreement with multiple

passageways along suture zones (Naldrett, 2009; Maier et al., 2012).

In attempting to relate the occurrence of PGE deposits to layered intrusions, Maier et al.

(2013) gave the following explanations:

e Stable and light cationic crust favours the formation of large intrusions (Groves et
al., 1987; Maier and Groves, 2011) and preservation of mantle derived magma (a
view shared by Lee (1996)).

e Sulphides were concentrated by fractionation, periodic magma replenishment and

slumping of cumulate slurries due to subsidence resulting from crustal loading.

1.6.1 CONTRIBUTION FROM GEOPHYSICAL MAPPING OF THE
BUSHVELD COMPLEX

3D seismic surveys (used in conjunction with other geophysical survey methods) have
proved useful in delineating underground structures in the Bushveld (Chunnet and Rompel,
2004). However, delineation of structures, reefs, potholes, iron rich ultramafic pegmatites
(IRUP) slump structures, mineralization, lithologies and other features are dependent upon
the presence of some physical contrasts. Although 3D seismic interpretation has become
widely accepted as a routine interactive technical tool in subsurface exploration and has
enhanced the understanding of the geometric relationships among interpreted surfaces, it
is very expensive. Geophysical methods have been applied extensively in both lithologic
and structural mapping of the Bushveld Complex with special emphasis on the RLS.
Campbell (2011), in explaining the advances in the use of geophysical methods in mapping
the Bushveld Complex, reported the usefulness of 2D seismic reflection and high-
resolution aeromagnetic surveys in delineating faults, dykes, loss of ground and pothole
structures. These geophysical surveys are also useful for blind exploration of economic
zones in the RLS on a broad scale and strictly in areas or Zones with good contrast and

signature. Direct delineation of the economic zones is limited due to the absence of strong
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physical contrast and interpretations are based on indirect evidence (Campbell, 2011; Cole

et al., 2013).

Widespread graben structures, floor domes and syn-Bushveld diapirs and graben collapse
structures within the RLS were mapped by both 2D and 3D seismic surveys with high-
resolution seismic interpretation, but have to be complimented with other geophysical data
and field verification to avoid misinterpretation (Campbell, 2006, 2009). Gravity
interpretation of RLS reveals the presence of diapirs. However, intervals between gravity
stations must be carefully taken into consideration during interpretation to avoid
interpretation bias. Seismic and gravity surveys reveal a thickness of between 5.0 km and
3.5 km for the RLS and about 600 m thickness over the Malope dome (Odgers and Du
Plessis, 1993). Odgers et al. (1993) from the interpretation of seismic reflection of the
Southern Bushveld gave credence to the regional continuity of the Transvaal sequence

rocks and the RLS and pinching out of the Marginal Zone over areas with floor rock dome.

Recent aeromagnetic investigation of the RLS by Cole et al. (2012) explained the use of
high-resolution aeromagnetic data for detail stratigraphic delineation on a regional scale.
The study was able to map the Upper Zone with a high level of accuracy based on its
consistent magnetic character, but could not delineate other zones within the RLS with the
same level of detail and accuracy. Ferguson and Botha (1963) have identified structures

such as IRUPs and potholes as syn-magmatic footwall extension structures.

Analyses of borehole log data provide comprehensive stratigraphic and structural
information about the subsurface. Recent advances in software technology allow rapid
interactive, efficient interpretation and visualization of large volumes of borehole data. 3D
models created from borehole data allow a better understanding of the geometry of the RLS
Zones. It also allows conceptualization of geologic features and structures in three
dimensions. Geometric patterns of each Zone of the RLS were qualitatively evaluated with
interval structure contour and thickness maps generated from borehole log data. These
important economic layers were also directly mapped to local scale. Most of the

shortcomings of geophysical data can be overcome with the use of borehole log data. Any
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features of interest can be directly mapped and correlated across the limbs if the record is

available.

Other prominent features common in the RLS are the gaps and pothole structures. Gap
areas are areas where the Merensky Reef is either absent or have transgressed deep down.
The gap areas north of Pilanesberg are generally referred to as the Northern and Southern
gap areas and are associated with features such as floor rock high, thinning of stratigraphy
and thickening of the Upper Zone (Viljoen, 1994).

Potholes represent areas where the planar Merensky Reef extends beyond its footwall thus
disrupting the stratigraphy (Ballhaus and Stumpfl, 1985; Roberts, 1985, Roberts et al.,
2007; Viljoen and Schirmann, 1998) and different types of it were identified (Viljoen and
Schirmann, 1998; Robert et al., 2006). Potholes are characterized by their thickness, dip
direction and the bottom contact of the Merensky Reef. Smith and Basson (2006) classified
potholes based on the footwall lithology, and the shape of the pothole. Viljoen (2004)
demonstrated correlation between the Merensky Reef thickness and grade, Merensky Reef
facies and gravity highs. Pothole structures in the Northwestern Bushveld have been
classified as Swartklip facies with subdivision into normal, pothole reef and regional
subfacies, the distribution and density of the potholes, although regional in some cases are
irregular (Viljoen 1994; Viljoen and Scoon, 1985; Viring and Cowell, 1999; Reid and
Basson, 2002).

Due to the economic importance of the Merensky Reef as platinum-bearing zone and
hindrances caused by these features to mining, it has attracted much investigation among
researchers such as Ballhaus (1988), Viljoen and Heber (1986),Viljoen and Schurmann
(1998), Viljoen (1999) and Smith and Basson (2006). The origins of these features are
inscrutable in nature according to Carr et al. (1999) and Viljoen (1999) who, from field
observations, identified the collapse of vertical dykes of the Merensky pyroxenite into
vents. This resulted in the creation of pull-apart sites in response to the overloading effect
of new magma addition. Isotopic studies proposed a tensional model for the formation of
potholes just before the crystallization of the Merensky Reef magma. Pothole formation

has also been described as a thermo-chemical erosion process by Viljoen (2004).
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1.7 FLOOR AND ROOF ROCK RELATION AND STRUCTURE

Coertze (1970) described the relationship between rocks of the RLS with the underlying
Pretoria Group sediments from field evidence. He observed that the RLS concordantly
overlies the Magaliesberg quartzite in the Western Bushveld with much of the quartzites
forming xenoliths. Interaction between the RLS and Pretoria Group sediments caused a
widespread distribution of quartzite xenoliths north of the Rustenburg and southwest of the
Pilanesberg, while isolated occurrences were reported towards the northern part of the
Pilanesberg (Coertze, 1970, 1974). Eriksson et al. (1995) described the cross-cutting of
RLS rocks into the Pretoria Group sediments and the contact metamorphism of the same
rock leading to formation of xenoliths of quartzite and hornfels. Xenoliths of quartzite and
dolomite were reported by Maier et al. (2012) as evidence of interaction with the floor
rocks. Xenoliths of anorthosite were observed by Bristow et al. (1993), as field evidence
of interaction with rocks of the Critical Zone and thus suggest the crystallization from
residual melt (Sharpe, 1981; Eales and Cawthorn, 1996), while another model supports
later injection of the Marginal Zone.

Some models show widespread folding in the floor rock and this has been attributed to
prevalent ductile deformation during the emplacement of the Bushveld Complex (Hatton
and von Gruenewaldt, 1985). Evidence from investigation of the parental magma source
of the Bushveld Complex suggested an intercratonic rift setting (Von Gruenewaldt and
Harmer, 1993) and a subduction zone (Harmer and Von Gruenewaldt, 1992) with some
evidence of crustal contamination.

Cawthorn (2013) studied the rock succession in parts of the Southeastern Bushveld where
the rugged topography permits close observation. He described a 700 m monzonitic rock
occurring at the contact between the mafic rocks and the Rooiberg felsites, which was
formerly believed to be the overlying rock to the mafic rocks. This rock was earlier
described as ‘‘leptite’’ by von Gruenewaldt (1968, 1977). Hall (1932) mentioned the same
contact zone with an appreciation of its lateral extent, though the zone may be absent in
some places within the complex. The major and trace element data presented by Mathez et
al. (2013) support the hypothesis that the Rooiberg and Rashoop ferroan rocks formed by

fractional crystallization of Bushveld mafic liquids and described the 700 m contact zone
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between the Rooiberg felsites and the RLS rocks as Stavoren Granophyre. Presence of
diapiric structures (Uken and Watkeys, 1997a), up-warp at the roof contact, folds and
flexure structures all contribute to the present geometry of the RLS. Hunter (1975) and
Hartzer (1995) suggested that the domes formed from the interaction of NW-trending and
ENE-trending folding while Uken (1998) argued that the domes and basins do not follow
any regional trend, but are indications of the major crustal orientations developed during

the intrusion of the Bushveld magma into the Kaapvaal craton. Some of these domes

penetrate the RLS to different stratigraphic levels (Clarke et al., 2005).

Table 1.1 Summary of Major Topics on the Bushveld Complex
Age of the Bushveld Complex
REFERENCES METHOD OF CONCLUSION
INVESTIGATION
Hamilton (1977); Rb-Sr and trace 2050 Ma of RLS
element analysis
Von Gruenewaldt et al. Mineralogical and
(1985). textural investigation
Walraven and Hattingh Zircon age 2054.4+
(1993) determination with Pb 1.8 Ma

evaporation technique

Scoates and Friedman

(2008);

U-Pb zircon chemical

abrasion technique.

2056.1+0.7 Ma emplacement age of
RLS

Scoates et al. (2011)

Single-grainchemical
abrasion ID-TIMS, or
CA-TIMS, U-Pb zircon
method

2055.3 +£0.6 Ma

Olsson et. al.(2011)

U-Pb dating of
baddeleyite crystals

Proposed 2,70 and 2,66 billion age

for the Transvaal basin
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Orientations of

Archaean dykes
Scoates et U-Pb UG?2 footwall pyroxenite is
al. (2012) on zircons 2059.8+1.2 Ma ca.

5 my older than the Merensky Reef
with 2060.5+1.4Ma

references therein

Yudovskaya et al.(2013) and

A review of the

Bushveld Complex age

PARENT MAGMA SOURCE AND CRYSTALLIZATION RATE

Cole et al. (2013)

Aeromagnetic

interpretation

Same parental magma source for

both Western and Eastern limbs

Godel et al. (2011)

Trace element analysis

Same magma source for limbs

(2011). Cawthorn (1996)

Vantongerren and Mathez

major and trace

element analysis

Slow crystallization
Between successive magma

injections.

Naldrett et al (2012)

Cation ratio trend using

Bushveld chromatites

Recognized five relative
crystallization stages. Support for
slow ascent of magma and slow

crystallization rate

Schouwstra, Kinloch and

Lee (2000)

Slow cooling and crystallization,

Wager (1963); Campbell
(1978)

Due to crystal setting of magma

EVIDENCE FOR MAGMA LAYERING

and Cawthorn (1996);

Cawthorn and Walraven

Cawthorn (2012);

Cawthorn et al. (1991); Eales

(1998); Irvine et al. (1987);

Chemical analysis
using mass

spectrometry

Due to multiple magma influx. Each
major magma influx is identified by
a reversal in mineral composition.
With the last magma addition
identified at the Pyroxenite Maker

horizon.
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Emeleus (1986); Eales
(2002)

Due to crystal slurries

Eales et. al.(1986)

Due to crystallization

von Gruenewaldt
(1971, 1973) and Molyneux
(1970, 1974).
Reynolds (1985,
1986), Klemm et al. (1985)
and Cawthorn and Molyneux
(1986).

Cameron (1978, 1980, 1982)
Teigler and Eales (1996);
Cawthorn and Walraven

(1998);
Ashwal et al. (2005); Tegner
et al. (2006)

Chemostratigraphic
studies, mineral
compositional studies.

Field correlation

Multiple magma replenishment,
multiple parental magma source,

cyclicity

Yang et al.(2013)

Sr isotope analytical

method

Slumping of early crystals leading to

the interval layering

Brown 1956; Irvine (1970);
Irvine et al. (2005); Maier et.
al. (2012)

Lithologic comparison,

chemical analysis

Layering

Reisberg et al. (2011)

Isotopic and chemical

analysis

Evidence for genetic link between
the Platreef and the Merensky Reef
as a result of extensive crustal
contamination at depth, possibly due

to black shale assimilation

McDonald et al. (2005)

Lithologic correlation,
geochemical and

mineralogical analysis

Differences between Northern
Bushveld Critical Zone and other

Critical Zones within the complex

STRUCTURAL CONTROL
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Hall (1932); Cousins (1959);
Vermaak (1976a); and Lee
(1978)

Structural observation

and stratigraphical

studies

The NNE and ENE structural
orientation within the Kaapvaal
craton played a major role in the
emplacement of the Bushveld
Complex. Present geometry of BIC
is strongly controlled by dome and
basin-like structures that

characterized the Kaapvaal craton

von Gruenewaldt(1979)

Review of structural
and emplacement

mechanism

Postulated centres of
intrusions are aligned along deep-
seated north-north-west

and north-south-easttension fractures

Holzer et al. (1999)

Structural observation

Bushveld Complex was emplaced
during a NW-SE compressional
tectonic regime in the Kaapvaal

craton.

Du Plessis and Walraven

(1990); Von Gruenewaldt et.

al. (1987);

Silver et. al. (2004); Maier

et. al. (2012b); Frieze

(2004); Armitage et.
al.(2011; 2012b)

Structural studies and

seismic interpretation

Emplacement of Bushveld magma
along major crustal lineaments
driven by localized transpressional

extension

Barnes et. al. (2004); Maier
et. al. (2012, 2013);

Mineralogical and
Compositional

investigation

Upper Zone is 1-2 km thick.

Maier et., al. (2013)

Lower Zone with >1km thickness.
Lower Critical Zone is between 700-
800m thick. UG2 is approximately
500m thick
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Naldrett et. al (2008)

Marginal Zone is 0-800m thick.
Lower Zone is 800—1300 m thick.
Critical Zone is 1300-1800 m thick.
Main Zone is 3000-3400 m thick

Du Plessis and Kleywegt
(1987); Meyer and De Beer
(1987)

No connectivity

EVIDENCE FOR CONNECTIVITY AT DEPTH

Cawthorn et. al.(1998);
Cawthorn and Webb(2001);
Webb et. al. (2004); Cole et.
al. (2013). Campbell (1990);

in Viljoen (1999).

Gravity, aeromagnetic
and seismic

interpretation.

Showed evidence for connectivity at

depth.

Webb et. al. (2011)

Textural and
compositional analysis

of Kimberlite xenoliths

Showed evidence for connectivity at

depth.

Youssof et al.(2013)

Seismic geophysical
method of

investigation.

Central BIC marked a paleo-
collision zone with deep central root
that deflected rising magma
sideways to form the Eastern and

Western Bushveld Complex limbs

Campbell (1990); in Viljoen
(1999)

Down-dip extension of the
Merensky Reef package for >50 km
to the east of the

Pilanesberg Complex

Iljina and Lee (2005)

Critical Zone rock found in Mineral
Range some kilometres west of

Eastern Bushveld.
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Cousins and

Fringe (1964); Cawthorn and

Field evidence

The Merensky Reef, the UG2
andLG6 chromitites and the Main

Molyneux (1986) Magnetite Layer can be correlated
for >100 km of strike in both the
Eastern and Western Limbs
Maier and Eales (1997) Field relations Pseudo

Reef occurrence laterally

over>30kmin the Western limb

Maier, Barnes and Groves

(2013).

Petro graphic evidence

and field relations

Multiple magma source and
injection, Shallow depth of

emplacement < 2-7km

ROOF AND FLOOR ROCK RELATION

Cameron (1963); Lee
(1981); Viljoen et. al.
(1986a); Maier et. al.(2013)

Field observation

Presence of small folds and schlieren
in mafic and ultramafic rocks of

RLS

Viring and
Cowell (1999); Maier et. al.
(2001); Nex (2004)

Density contract

Anorthosite diapirs

Maier et. al. (2001); Viljoen
et. al. (1986a); Nex (2004)

Feldspar stringlets and dykelets in

chromitite seam

Lee (1981) Field observation and Post depositional structures in the
petrographic studies RLS
Cawthorn (2013) and Field relations and Lateral variation of RLS roof

references therein.

petrographic studies

contact. Presence of Roof or

monzonitic zone. Presence of
diapiric structures (Uken& Watkeys,

1997) and up-warp at the roof

contact area.
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Eales et. al.(1993)

Filed relations,

Floor rock folding exercised
significant control on the thickness,

distribution and lithology of the RLS

Sharpe (1981) Field and petrographic | Eastern Bushveld floor rock contact
studies and magma succession
Scoon (2002) Large up-warps impinge on roof
rocks
Mathez (2013) Compositional analysis | The relationship between the RLS

of Rooiberg felsites

and overlying felsic rocks in
the immediate roof to the RLS in
the Eastern Bushveld is never
Rooiberg lava, Rashoop
Granophyre, or Nebo, but a locally
occurring rock known as ‘‘leptite’’
e.g., von Gruenewaldt (1968, 1972),
same rock is described as Monzonite

by Cawthorn (2013).
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CHAPTER 2 METHODOLOGY AND DATA SOURCES

2.0 INTRODUCTION

The first aspect of the study involved a literature review to gain knowledge about the
general geology of the area, taking cognizance of the suitability and availability of data for
the study and deciding on the appropriate methodology. In order to have a thorough
understanding of surface geomorphology, structural and geologic patterns existing

geological maps, Landsat 7ETM images (obtained from http://glovis.usgs.gov ), Google

Earth images, aeromagnetic data provided by the Council for Geoscience and 30m
resolution ASTER and SRTM digital elevation data were acquired and studied. This aspect

was followed by data selection, collection and subsequent analyses.

2.1 DATA COLLECTION

2.1.1 Borehole data

Borehole log data were obtained from the files of the Council for Geoscience (CGS) in
Pretoria. Most of these borehole log records were obtained from private companies and are
classified as proprietary data because the boreholes were drilled for exploration purposes
and access to the data is restricted to the public. CGS has the permission to use the data
internally for preparation of maps and reports and for research purposes. Prior to this study,
very little work had been undertaken regarding digital capturing of borehole records,

especially with regard to lithology and structure observed in the boreholes.

The goal of this research is to compile sufficient data to study the subsurface geometry of
the RLS and its distribution within the Bushveld Complex and to create a geospatial
database of all the borehole log data extracted for this study, which will help provide quick
and easy access to such data on request to researchers. Several hundreds of borehole log
data were captured; it was, however, beyond the scope of this research to capture all the

available log data.
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2.1.2 Software

Quite a number of sophisticated geological modelling packages are available for borehole
data management and modelling, some requiring special training and expertise, while some
are mainly GIS software with a 3D analyst extension. RockWorks® 15 software, a geo-
modelling software package capable of analyzing geological data for easy management
and visualization (available at CGS), was decided upon not only because of availability at
CGS, but also because it is user-friendly, flexible and can incorporate many analytical tools
that are rare to get in most single geo-modelling software and honours basic geological
principles. It also has better graphic display capability and the ability to analyze and
incorporate geophysical, geochemical, and geotechnical data with statistical and survey
tools thus enabling better insight into the subsurface geometry. The software also offers

import and export to a variety of formats for easy dissemination of output.

2.2 DATA SELECTION

Borehole log data at the Council for Geoscience in Pretoria exist in two forms. The first set
is in analogue form, stored away in files and folders in cabinets while there is a Microsoft
Excel record containing the location information of all the boreholes that are stored in
cabinets. Search for borehole data was initiated by digitizing the available record on the
digital map of the area in the Arc Map 10.1 environment for easy geographic search of
boreholes, and in order to get a visual understanding of the spatial distribution and identify
boreholes that intercept the Rustenburg Suite layers. This is due to varying positional
accuracy of some of the boreholes from existing records: some boreholes were wrongly
located and did not actually fall within the area of interest. Information on existing record
includes: the map number, farm name, borehole ID, location and orientation information.
This information was subsequently used to locate the borehole logs in the cabinet. The
entire borehole log for each farm was carefully examined and compared with adjacent
borehole information in order to determine and capture any slight variation or change in
lithology to ensure that no detail is left out. Although the available borehole log data is

enormous, not many are deeper than 500 m.
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Data collection was done by assessing the log files stored in cabinets at the Council for
Geoscience though not all the logs were available. The level of detail on the lithologic
description and structural information on dykes, faults, etc. varied in most of the borehole
records. However, known marker horizons were clearly indicated on most of the logs. This
information was used in distinguishing the boundary of the RLS Zones. Some of the
borehole cores are available at the CGS Core Library at Donkerhoek and a few of them
were visually inspected and validated against the borehole record in order to become
familiar with the different log descriptions. Since the boreholes were logged by different
people and varying descriptions were used in describing different units, synchronization of
lithologic descriptions of different borehole records was done in order to build a consistent

dataset.

2.3 DATA CAPTURING

YV V V V V V

Prior to capturing pre-selected borehole records into a Microsoft Excel database, files
containing the records were carefully examined and preference was given to borehole that

penetrated more than one stratigraphic unit of RLS with a detail lithologic description.

All these data were later linked to the RockWorks® 15 software. The borehole database
captured so far consists of five individual Excel files containing about 1200 individual
borehole data well distributed over the entire the western, eastern, and Far-western limbs

of the Bushveld Complex. Information included for each borehole is as follows:

Borehole locations in longitude and latitude latter converted to Universal Transverse
Mercator(UTM) meters

Borehole name (unique identity for the borehole)

Farm name where the borehole is located

A district where the borehole is located

Borehole ID (unique numbering code)

Ground elevation of borehole (in meters)

Total depth of hole (in meters)
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Borehole orientation (Inclination and direction of hole)

Lithologic peak (measured depth to top of the first lithologic interval)
Lithologic ending (measured depth to the base of the first lithologic interval)
Down hole geology logs

YV V V V VY

Lithological description
The data were categorized as follows:

» Location information: Consists of latitude and longitude of borehole location, borehole
name and code, farm name, map reference of the borehole location, collar elevation, and
ground elevation.

» Borehole orientation information: Consists of azimuth, inclination and down-hole direction
of each borehole.

» Log information: Consists of top and base of each lithology intercepted and lithologic

description.

2.4 DATA ANALYSIS

This involved importing data into the RockWorks 15®environment, conversion of
Latitude/longitude to UTM meters and plotting of borehole location maps. This was
followed by picking of the stratigraphic top and base. Only boreholes that sufficiently
penetrate the top and base of each stratigraphic unit were included in this process. Major
marker horizons that were clearly identified in the logs were utilized in grouping the
lithologies into stratigraphic units (these include- the Pyroxenite Marker, Giant Mottled
Anorthosite layer, Bastard Merensky Reef, the Merensky Reef, UG2 and UG1 layers, etc.).
The stratigraphic classification was based on SACS (1980) classification scheme and on
work of Coertze (1974), Molyneux(1974), Cameron(1978), Eales et al.(1993) Teigler and
Eales (1992), Barnes and Maier(1999) and several unpublished mine reports on RLS and
the BIC. Based on these previous studies, the base of the Upper Zone in this study was
placed above the Pyroxenite Marker horizon while the base of Giant Mottled Anorthosite
marks the base of the Main Zone and directly overlay the Bastard Merensky layer or the
Merensky Pyroxenite. The Upper Critical Zone is identified by the appearance of the
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Merensky Reef and chromitite layers. The Middle chromitite unit is marked by the
presence of alternating norite/pyroxenite/anorthosite layers with chromitite layers and
transforms to another cycle of pyroxenite and chromitite layers which define the Lower
Critical Zone. Later intrusions occurring as dykes, pipes, boulders, etc. and other
lithologies that could not be correlated or grouped with the major stratigraphic units
occurring between the marker horizons were grouped as footwall to the overlying
stratigraphic unit. A stratigraphic and lithology type table derived from lithological

grouping is presented below:

Table 2.2: Borehole Downhole Lithostratigraphic Description

Sl | N a m e|D e s ¢ r i p t i o n | i
1 Overburde n | Mostlysoil, sand, clay or percussion drilled section | 1
2 | Post Bushveld (RLS) | Mostly Pilanesberg Complex rocks, Bushveld Granites and Granophyres | 2
3 |Upper Z on e | Magnetelayers occuring mostly with gabbro/ anorthosite | 3
4 |M ain Z o n e | Gabbro,norites, anorthosite, pyroxenite | 4
5 | Bastard Merensky Reef 5
6 | Bastard Merensky Footwall BMR) | Lithologies occurring between the BMR and the MR | 6
7 | Merensky Reef (MR) 7
8 | Merensky Footwall unit (MR FW) | Littologis occurring beween the MR and the UG (when the Pseudo Reef s absent) | 8
9 |P 1l atre e f 9
10| Platreef footwall | Measediments, granites (unclassified), Archacan granites and gneisses. | 10
l11|{Pseudo Reef 11
1 2 | Pseudo Reef Footwall | Lithologies occurring between the Pseudo reefand the UG2 | 12
13]|0U G Jlchromitite layers]|]13
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141 UG2 Footwall | Lithologies occurring between theUG2 and UGl | 14

150 G I{Chromitite layers]|]15

16| UGI1 Footwall Unit | Lithologies occurring between theUG2 and UGl | 16

1 7 | Middle Group Chromitite (MG) | chromitite layers with pyroxenites (MG4-MGO0) | 17

1 8 | Middle Group Chromitite FW | Lithologies occurring between the MGandLG | 18

1 9 | Lower Group Chromitite (LG) | chromitite, harzburgite, pyroxenite (LG7-LG1) | 19

2 0 | Lower Group Chromitite FW | Lithologies occurring between the LG1 and Lower zone | 20

21| Lower Z o n e | Pyroxenite, harzburgite and dunite. | 21

22| Marginal Zone|M o s t Iy norite]?22

2 3 | Pre-Bushveld/Transvaal Supergroup | Metasediments belonging to the Pretoria Group/ Transvaal Supergroup | 23

24| Archaean Granite | Archaean granites and gneisses | 24

2.5 METHODS AVAILABLE FOR PROCESSING BOREHOLE DATA

RockWorks 15® software used for this study operates on a set of embedded algorithms that
make use of borehole coordinates, depth at the top of each well, total depth (which is the
true vertical depth of vertical wells), measured depth (for inclined or deviated well) and
borehole orientation detail to calculate the true XYZ location. These data were adjusted to
UTM meters with Zone 35 as central meridian and WGS-84 as datum specified. Different
methods for processing the acquired data were implemented and the purpose for each is

discussed below.

2.5.1 Structure contours for representing subsurface geometry

The use of the correct mapping method is essential for accurate and reasonable subsurface
interpretation. The concept of utilizing structure contours to illustrate the geometry of the

subsurface initiated from the work of Benjamin Smith Lyman (1870) as reported by Zieglar
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(2005) (http://www.aapg.org/explorer/2005/03mar/lyman.cfm). This method of studying

topographical relief with the use of topographic contours was adopted to examine the
disposition of subsurface rock units with the use of structure contours. Structure contours
connect points with the same elevation on a geological surface; they are also oriented
parallel to the strike direction of the rock contact and are assumed to be straight (without
undulation especially for a horizontal or sub-horizontal horizon) before tectonic movement
(Groshong, 2006). Once the structure contours of a particular horizon is accurately
determined, altitudes of other horizons above or below it are determined by adding or
subtracting the distances above or below it respectively. Each stratigraphic horizon was

mapped separately to create 3D stack which is essential for 3D modelling.

In essence, the ability to adequately verify the fitness of interpretation at multiple
stratigraphic horizons will improve the level of confidence in the interpretation of the
subsurface geology and confirm the geological suitability of the applied technique
(Tearpock and Bischke, 2002). Horizontal or sub-horizontal horizons are expected to show
straight contour lines. However, when the contour lines are disrupted it is assumed that
tectonic movement caused the dislocation and components of dislocation can be measured
directly from structure contours. This is very useful in detecting structures at the subsurface
(Evenick, 2008; Mossop and Shetsen, 1994). Structure contour maps are generated by
gridding with interpolation methods that help transform spatially distributed borehole log

data into continuous data that can easily be modelled in 3D.

2.5.1.1 Gridding of top and base of stratigraphic units

Grid interpolators available in RockWorks® (a detailed discussion on this is given below)
were used to generate contours for the top and base of each stratigraphic unit. These contour
lines are termed structure contours, connecting points with the same elevation on a
lithologic/stratigraphic contact or surface. They are equivalent to strike lines because they
trend parallel to the strike of the surface and illustrate the shape of structures and patterns
of outcrop at the subsurface. The program estimates strike and dip direction by computing
changes in elevation between grid nodes to determine uphill and downhill direction.

Structure contour maps of the selected stratigraphic units were generated with the
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Automatic Kriging interpolation method, which allows the program to select the best
variogram for gridding the input data. However, variogram tests were carried out to

ascertain if the automatic Kriging method was actually the best choice.

The Triangulated Irregular Network (TIN) method available in the RockWorks Utility
platform was utilized for data verification and to check for selected interpolation methods.
This is because the result of the TIN method is usually close to hand-drawn contours and
data integrity is preserved (because the computation honours all data values) and high
accuracy is maintained. However, RockWorks does not allow 3D computation and isopach

map production with this method.

Isopach maps show 3D variation in thickness of a stratigraphic unit. Stratigraphic thickness
is generally influenced by subsurface structure, geology and post-emplacement erosion.
Interval isopach maps were generated by first determining the top and basal contact of each
stratigraphic unit, gridding the surface elevation of each and subtracting the lower contact
elevation from the upper or top elevation taking the orientation of each well and collar

elevation into consideration.

Interpolation techniques such as Kriging, trend surface residual, inverse distance and trend
polynomial were used to generate structure contour and isopach maps. The Kriging
technique was useful because it calculates unknown variables from measured points and
gives account of accuracy or suitability; it is also useful in identifying directional trend

patterns across data points.

Trend surface residual method is equally useful in differentiating between regional and
local (residual) trend, by computing different polynomial trends, and fitting measured data
to the computed data to determine the best fit. The trend surface polynomial method has
special relevance in determining the regional trends in the input data. Different orders of
trend surface polynomial were used to generate structure contour and thickness maps.
Interval isopach and structural maps were stacked separately to show their approximate
structural position relative to each other, and to illustrate time sequence patterns
representing the structural or the tectonic history of each stratigraphic unit and thickness

variation between each stratigraphic unit.
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Interpretation of structure contours is based on the following assumptions adopted from

Groshong (2006) and references therein.

Same or similar patterns on successive intervals can be used to confirm the presence or
otherwise of a geologic feature such as faults, folds, basin, etc.

Surface fluctuations on structure contour maps are caused by displacement since
undisturbed surfaces are supposed to be smooth.

The stress condition that modified the present-day geometry is regional.

Similar geometries are formed by similar processes and can be classified as such.
Prevalent outcrop orientation on structure contours might be related to the stress or pressure

condition at the time of rock emplacement.

Problems associated with fault movement are easily overcome by determining piercing
points and slip motion using structure contours (Huerta and Rodgers, 1996; Xu et al., 2004;
Barclay et al., 1990). At the initial stage of structure contouring, the contours are usually
without fault trace. Presence of faults on structure contour maps could be detected from
contour geometry during interpretation, which is usually smoothly curved or may show
gentle undulation when a fault is present. The exact location of faults is confirmed by
mapping and interpreting closely spaced contours on successive stratigraphic unit intervals
and correlating across the two sides of the suspected faults. Surface undulations are usually

aligned in the fault slip direction as reported by Groshong (2006).

2.5.2 Isopach generated from structure contour map

Structure contour maps for the top and base of each stratigraphic unit were constructed
using Inverse Distance, Kriging, and Trend Surface Residual interpolation methods.
Necessary precautions were taken to avoid data clustering and redundancy, which could
affect the interpolation result. The Decluster point option was used to decluster points with
multiple entries. The High Fidelity option was also pre-selected to ensure that the contours
generated honour the control points. The thickness of each stratigraphic interval was then
computed by subtracting the structure contours grid at the base of each stratigraphic unit
from structure contour grids at the top using the grid-grid math option under arithmetic

operations. Isopach maps were generated for each stratigraphic unit represented by
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perpendicular measurement taken from the top and base of structure contours in the dip
direction using grid calculation mathematics within the RockWorks environment, thus
giving the true stratigraphic thickness (TST). Consequently, the resultant grid maps were
imported to the Global Mapper12 software.

True stratigraphic thickness is the distance between the top and bottom of a stratigraphic
unit measured perpendicular to the unit. Measured thickness in a vertical well is the true
vertical thickness otherwise known as TVT and is different from the thickness measured
in an inclined or deviated well. Thickness variation on isopach maps were used for fault
detection since thickness will normally change along a fault trace (Hintze, 1971).
Assuming the two surfaces were originally subhorizontal, an isopach map would reveal the
total structural movement of the top surface when the lower surface was undisturbed (Lee

and Merriam, 1954).
2.5.3 Structural feature identification

Fault displacement on structure contours were detected using the bow-and-arrow rule given
by Elliott (1976). This method is used to separate a marker horizon into footwall and
hanging wall. However, offset of structure contours were used to detect fault motion on
structure contour maps and fault slips were subsequently calculated since subsurface fault

slip cannot be directly observed on a structure contour map (Xu et al., 2004).

Profiles were drawn across the stratigraphic interval structure contour map to show the
shape of the stratigraphic unit along the profile line. These maps are also scale dependent
and choice of map scales and contour interval (used to generate maps in this study) were
critically considered during this investigation. Choice of contour interval was carefully
moderated such that the selected interval is small enough to show structures of interest.

Small contour intervals were selected for areas with low dips (areas with low relief).

Profiles were drawn across the interval structure and isopach maps in the Global Mapper
™ software environment. These profiles form the framework for the interpretation of the
subsurface geometry and structure because it adequately defines the subsurface geometry,

thus making it easy to detect subtle changes along structure contours and measure fault slip
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displacement (Gibson et al., 1989). Profiles drawn on each structure contours makes
visualization and measurement of fault and fold components easy. Areas with subtle relief

or geometries with small dips were emphasized using vertical exaggeration. This has

helped to:
o Emphasise subtle changes in relief,
J Make subsurface geometry more obvious and show small features.

The layered mafic rocks of the Bushveld Complex were deposited as sills with low relief
(Cawthorn, 2012). In order to draw conclusions on the dynamics and possible mechanism
of emplacement of each stratigraphic unit, the interval structure contour pattern as well as
the thickness pattern was investigated. Any deviation from the normal horizontal layering
is assumed to be caused by deformation, which could be classified as either syn- or post-
magmatic depending on the stratigraphical units affected. Subsequent chapters will focus
on a discussion of the structure contour map of each stratigraphic interval in the RLS. The
emphasis is to take a close look at local geologic features represented on the structure
contour and to study the geometry of features by drawing profiles across structure contour

intervals and isopach maps.

2.5.4 Trend Surface Analysis

Structure and thickness residual maps were derived by subtracting trend surface grid orders
from structure contour grid data. Positive residual values indicate that the vertical location
of a pick is higher in elevation than the calculated trend surface while negative values show

that the calculated surface is lower than the lowest surface trend.

This method is useful in separating regional trends from the residual trend; it also helps to
identify small or local displacements and other small-scale structures that were previously
masked by the regional trend. In order to measure the error in the interpolation method, the
residuals from the first order to the sixth order were mapped out and examined where the
trend surface was predicted at a higher or lower value than the actual measured data.
Residual maps are essential because they represent the best data set that could be obtained

in the field (Evenick, 2008).
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Interval structure and thickness maps are presented in order to identify the correlation
between structure and thickness as well as structural time sequence developmental patterns.
This in essence will provide evidence for the progressive change in emplacement controls
during accumulation and provide useful information on the deformation that pre- or post-

dates the emplacement and those that are synchronous with the multistage emplacement.

Diagrams showing depth-to-top of each stratigraphic unit were created by subtracting the
stratigraphic top grid of each unit from an ASTER DEM of the study area. Isopachs of
specific stratigraphic units were hanged from the surface elevationto get the present day
geometry of the unit. 3D path profiles were drawn across the structure and isopach maps

to visualize the subsurface geometry.
2.5.6 3D modelling and visualization

Visualization is essential in interpretation and characterization of geologic features. 3D
visualization diagrams in the form of 3D grid models, stratigraphic solid models,
isosurfaces, fence diagrams, structure and isopach stacks, strip log, and surface maps were
generated to enhance the understanding of the subsurface and for interpretation purposes.
Visualization of subsurface lithostratigraphic relations and structural features within the
first few hundreds of meters will be of tremendous economic benefit in mineral exploration
and in making inferences about Paleo-geometry and present day geometry of the

subsurface.

Modelling horizons at shallow depths is more accurate than modelling horizons at deeper
depths since more boreholes will penetrate horizons at shallower depth than deeper depths
(Lemon and Jones, 2003). 3D solid modelling was done by defining the project boundary
and creating multiple-layered interval structure contour and isopach grid models defining
the top and base of each stratigraphic unit along with the thickness. The contact between
the units is defined based on input stratigraphic order designed on a stratigraphic-type
datasheet in RockWorks Borehole Manager. The program automatically selects boreholes
that fully penetrate the stratigraphic units to define the top and base of the unit (note that a
minimum number of boreholes are required to define the top and base of the unit). This

may limit the number of boreholes to only those that fully penetrate each of the
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stratigraphic units while the gaps between the selected boreholes are interpolated with a
pre-defined interpolation method. However, it is also possible to modify the top and base
to be used in defining the contact if additional information such as geophysical logs is
available. Lower units are given priority when the Onlap option is checked, this instructs
the program to build models from the base upward and modify the model when a unit is

missing (this option is used for fixing units that extend below the base of a lower unit).
2.5.7 Borehole database creation

Prior to data analysis with RockWorks all the borehole log data were imported from Excel
spreadsheets into the Borehole Manager platform in RockWorks where they are stored in
Microsoft Access-compatible database or MDB file. Each project has anMDB file assigned
as the project folder and contains all the information about each borehole, including the
location, lithology, stratigraphy, borehole orientation, grid files, 3D models and all
information pertaining to the project. This ensures data validation (same unit and format
for borehole location data) and helps maintain rational integrity by linking information on
related tables and for building queries. The database allows for incorporation of

geochemical, geophysical and geotechnical measurements and observations.

A geo-database was also created with the ArcCatalogue for the borehole logs for easy
access to the database since ArcGIS is widely available. Point feature classes were created
since they are the main component of our borehole data. Different columns were used to
store the attribute data, borehole coordinates, farm names, top and base of each lithology
unit, lithological description, etc. The existing digitized geological map of South Africa at

a scale ofl: 1 000 000 (Keyser et al., 1997) was incorporated into the database.

2.6 OVERVIEW OF INTERPOLATION METHODS

Interpolation is a process of estimating values for unmeasured points that fall between
measured points (deKemp, 2000; Li and Heap, 2011). Spatial interpolation is a process of
calculating values for unknown data points from a set of known data points that are

distributed across an area (Lunardi, 2009). The principle of spatial interpolation is based
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on the first law of geography formulated by Tobler, (1970) which states that everything is

related to everything, but near things are more related than distant things.

Each interpolation method is based on different assumptions. The choice of interpolation
method depends on many factors, but the appropriate technique must simulate minute
changes in measured parameter, an idea of the real world knowledge about variation
patterns of the measured parameter will assist in making an appropriate choice. A good
number of interpolation methods offered by RockWorks® 15 include; Closest point,
Cumulative, Directional Weighting, Distance to Point, Inverse-Distance, Kriging, Multiple
Linear Regression, Sample Density, Trend Surface Polynomial, Trend Surface Residual
and Hybrid. Ultimately, different interpolation methods were tried for this study and the
results compared before choosing three of the methods for detail computational analysis
and final interpretation. This choice was based on close geological plausible trends that

correlate well with known geology.

All interpolation methods are estimation methods that operate on a set of algorithms; each
with its merits and demerits. A short review of each spatial interpolation method is given
by Li and Heap (2008) and in the summary below. Interpolation algorithms give average
values of what is being estimated leading to underestimation of high values and

overestimation of low values in the result (Bohling, 2005).

2.6.1 CLASSIFICATION OF SPATIAL INTERPOLATION METHODS
Global and Local

The spatial interpolation methods can be categorized into global or local methods. These
are two basic techniques of approximating a regular grid of points from scattered

observations.

Global methods use all input data of the region of interest to calculate or estimate values at

unknown points in order to capture the general trend. Local methods use only the
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information that is within the vicinity of the point being estimated and capture the local or

short-range variation (Burrough and McDonnell, 1998).
Exact and inexact

Exact interpolation methods honour all data points on which the interpolation is based, i.e.
the estimated value is the same as the measured value. In-exact methods do not necessarily
make use of the exact value of measured points or do not pass through all the sample points,
so the predicted value of such points is not the same as with observed values (Burrough

and McDonnell, 1998). The exact technique is suitable for high quality datasets.
Stochastic and Deterministic

Stochastic methods calculate or estimate unknown points without previous assumption of
pattern variation and provide information about possible errors. Deterministic methods
give estimates for unknown points based on assumptions of pattern variation, but do not

provide information about associated errors (Li and Heap, 2008).
Gradual and Abrupt method

Methods that produce a smooth and continuous gradual surface are termed Gradual
methods. Methods that produce a small, discreet and abrupt surface are called abrupt

methods.
Geostatistical and non-Geostatistical method

Geostatistical methods usually employ both mathematical and statistical functions to
predict and estimate values at un-sampled points and also provide probabilistic estimates
of the quality of interpolation based on spatial autocorrelation of data input (Li and Heap,

2008).
2.6.2 KRIGING INTERPOLATION METHOD

The Kriging method is a local, exact, stochastic and Geostatistical method of interpolation

that makes use of a least-square regression algorithm developed by Krige (1951).
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Geostatistical interpolators such as Kriging can be used to describe spatial patterns and the
calculation of variables at unmeasured points and to estimate surfaces. Advantages of
Kriging include: ability to compensate for data clustering by treating clustered data as a
single point, versatile in identifying geometry, patterns and trends in irregularly spaced
data makes available error estimates which helps improve confidence in the estimated
result (Goovaerts, 1997; Bohling, 2005). In this study, different variogram models were
tested and compared with the Automatic mode, which gave the best variogram model.

Consequently, all subsequent models are based on Automatic Kriging.

There are different types of Kriging and each has its unique features which make it useful
for geological analysis, the underlining difference is the way the mean values are
determined and utilized during the interpolation process (Wackernagel, 1995; Chambers et
al., 2000). Clark and Harper (2001) give assumptions and essential Kriging equations.
Kriging interpolation methods include: Simple Kriging (not adaptable for local trend
modelling), Ordinary Kriging (use local mean for re-estimation), co-Kriging, Ordinary
Kriging (a standard method without a pre-assumed trend of input data), Universal Kriging
(assume an overriding trend in the input data) Block Kriging, Factorial Kriging and Dual
Kriging. Details on each Kriging method and the equations can be found at

http://www.nuim.ie/staff/dpringle/gis/gis09.pdf and in Appendix 1. For multivariable

modelling different types of co-Kriging can be applied.

2.6.3 TREND SURFACE ANALYSIS METHOD

This is a global, inexact, stochastic and deterministic method of interpolation, originally
used for modelling depths of stratigraphic horizon. It makes use of geographic coordinates
in predicting values for un-sampled points by using least squares regression to fit a
polynomial surface on control points. It is useful in separating local trends from regional
trend. Local or residual trends give information about local variations (Collins and Bolstad,
1996). Residual patterns are the product of multiple linear regressions. Model validation

depends on the distribution of data. Clustering of data often introduces distortion in Trend
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Surface Analysis, but this is overcome if there are control points outside of the cluster,

which might provide useful regional information for geologic interpretation (Davis, 1973).

The Trend Surface Analysis method is essential in computing closer to field scale data and
regional trends by the polynomial development of geographic coordinates of control points
using a least square method in determining the coefficient of polynomial expansion
(Evenick et al., 2008; Unwin, 2009) especially in area with low relief such as the study
area. It can also be used as a tool in separating a regional map component from local
fluctuations. Larger scale structures are expressed in the trend component, while the small
scale structures are expressed in the local fluctuation component, i.e. residual (Davis, 1973;
Wren, 1973; Wharton, 1993; Davis, 2002). This method is widely used in studying the
geometry and structural pattern in areas where a change in relief pattern between successive
stratigraphic units can be related to structural movements (Davis, 1986; Salvador and

Riccomini, 1995).

Agterberg (1984) warned against heavy reliance on statistical test and confidence belts
which can be exerted only if the residuals are stochastically independent. Moreover,
geologic correlation based on the interpreter’s background knowledge is a better test of

fitness and validity.

The Trend Surface Analysis method shows the best results in both regional and local
analysis of structural features (Davis, 1973; Davis, 1986, 2002). Mei (2009) introduced an
improved method of Trend Surface Analysis that allows for more geological control on a
local-fit procedure with the option of choosing the number of neighbouring points. With
recent improvements in computer programming other options exist, such as the high
fidelity option (which utilizes a recursive algorithm to grid the residual repeatedly in order
to ensure that the cumulative error drops below the threshold), the declustering, logarithmic
and power options that help in exercising geological control on data interpretation. The
resultant residual thickness and structural maps are void of secondary factors such as
compaction during deposition and paleo-bathymetry of involving strata and can be related
directly to illustrate similarities between the original deformation and later deformation

structures by accentuating important local anomalies. Some of the results show variation
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in trend with increasing polynomial order. The Trend Surface Residual technique has been
applied to demonstrate its use in identification of blind structures and trends in areas with

adequate, well data and limited seismic information (Evenick et al., 2008).
2.6.4 INVERSE DISTANT METHOD

This is an interpolation method that makes use of a distance-based weighting technique to
assign relevance to data points; the closer a point is, the more relevant it is in determining
the value of the nearest data point. It is an exact and deterministic method of interpolation.
Major drawbacks include the generation of bull’s eye contours around observing positions
within a grid. Spatial distribution of data is considered when applying the distance
weighting parameter to data points (Lu and Wong, 2008). The power setting was adjusted
to increase or decrease the influence of distant sample points over the interpolated points.
Lowering the power setting will reduce the influence of sample points that are far away
and thus enhance the regional trend to produce a smooth surface while an increase in the

power setting results in the more localized output.
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CHAPTER 3 DOWNHOLE LITHO-STRATIGRAPHIC
VARIATION ACROSS FARMS

3.1 INTRODUCTION

This chapter will focus on the lithostratigraphic distribution and correlation of the major
sub-divisions of each unit from borehole log data. The chapter highlights the different
lithologies that make up different stratigraphic units at different locations and correlates
stratigraphy across farms. Strip log and hole-to-hole sections were employed in describing
stratigraphic variation along profiles while 3D models were used to illustrate the features
and geometry formed as a result of lateral stratigraphic correlation. Figure 3.1 shows the

aerial view of borehole distribution across the Bushveld Complex.

- ®.Govgle

Figure 3.1: Borehole locations overlain on a Google image.

3.2 THE WESTERN BUSHVELD

The Western Bushveld with its conspicuous layering spans from the northeastern edge of

the Crocodile River fault (south of Thabazimbi through the Pilanesberg Complex) to east
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of Brits as shown in Figure 3.2. The RLS outcrop occurrence has been grouped into
sections. The Northam and the Union section are situated in the northern parts of the
Pilanesberg Complex. The Impala, Rustenburg and Wolhuterskop section occur south of
Pilanesberg and west of the Brits area, while the Schietfontein section occurs at the Eastern
side of the Brits. The Pilanesberg Complex occurs almost midway through the Western
Bushveld. For the purpose of this discussion, the Western Bushveld is sub-divided into the
Northwestern Bushveld, central parts of the Western Bushveld and Southwestern

Bushveld. The Far Western Bushveld is also included in the discussion.

26°450°E 27°00E 7°150'E 27°00E 2T 4E0'E 28°00E 28"150'E 29°300°E
24°150'S
T
& N
o _4‘
24°300"S i* 24°300"S
L= T

24°45'0"S 24°45'0"S
L
0 25
—
L 1 1
25°00'S 0 25°0'0'S
o .
25°15'0"S BG - = 1-25°15'0"S
= ) : <]
°N &7
DREN]
DREN \:13 \_//_o;/
DREH BIERKRAAL 2 o 1&
=4 Py

R, ) -
25°300° ¢ -y T 25°300°8
VAR ﬁ\:ﬁi . RNPOORT
Lo, .40 * Sh, o —
* watRIOQF, g4° e -

CNr N
=R

\ "“\.ﬁ
25°45'0"S - p tES—c | — L -25°45'0"S
_ !

Dy
| KROONDAL
26°450°E 27°00E 27°150'E 27°300'E 2T 450'E 28°00'E 28°150'E 28°300°E

Legend

[ TRANSVAAL SPGP

] TRANSVAAL SPGP (ROOIBERG)

RLS, RLS \ | |

[ UowWER ZONE, LOWER ZONE |

I GRITICALZONE, CRITICAL ZONE
JATN ZONE, MATN ZONE
] ::EPPER ZONE, UPPEFF ZONE f

Figure 3.2: Geologic map of the Western Bushveld with farm names and borehole locations.
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3.2.1 NORTHWESTERN BUSHVELD

This is the area north of the Pilanesberg Complex to the northeastern end of the Crocodile
River fault representing an area of about 70 km.? The area is divided into the Amandelbult

section and the Union section (see Figure 3.3).
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Figure 3.3: Geologic map of Northwestern Bushveld Complex showing the main sections mentioned in the
text with the Amandelbult section at the northeastern edge and part of the Pilanesberg Complex in the
south.
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3.2.1.1 Amandelbult Section

This section strikes southeast and cover distances of about 20 km, prominent farms in the
area from the north are: Haakdoorndrift, Elandskuil, Middellaagte, Amandelbult,
Schildpadnest, and Elandsfontein. From the southwest: Kaalvlakte, Zondereinde, Kopje
Alleen, Middeldrift, Elandskuil, and Grootkuil as shown in Figure 3.3. From borehole
lithologic records the area is occupied by rocks of the RLS and is tabular at the surface.
The Upper Zone and Main Zone form the topmost units in the area and are madeup of a
thick succession of homogeneous rocks which directly overlies the critical zone while the

UG2 units are overlain by Pseudo reef.

The Main Zone is characterized by a thick succession of gabbro/norite with minor
occurrences of anorthosite and pyroxenite. The ratio of norite and gabbro varies laterally
across the area while chromitite and magnetite are absent from this stratigraphic unit. The
Main Zone usually directly overlies the Bastard Merensky unit or the Merensky Pyroxenite.
The Main Zone thickness increases southward in the middle of this section with a thickness
of over 2000 m. The mottled anorthosite marker horizon is prominent from borehole
lithologic records on farm Zondereinde, Kopje Alleen, Grootkuil, Middeldrift and
Kaalvlavkte, all occurring south of the Amandelbult section. The Bastard Merensky seems
to be replaced by pyroxenite to the north of these farms. Mottled anorthosite directly
overlays the Bastard Merensky unit and the Merensky unit at these farms and minor
intrusives are also very common. The pyroxenite marker horizon is only well defined in a
few of the boreholes in this section. Each separate layer in the 3D model is a stratigraphic
unit characterized by the unique cumulate composition. The 3D model of the area reveals
a featureless surface. The thickness of the feldspathic rocks (norites, anorthosite and
pyroxenites) in the UG2-Merensky interval increases gradually from 36 m in the

southwestern to 45 m in the northwestern part of this section.

The entire 20 km stretch of this section is marked by downward-dipping transgression of
all the stratigraphic units as indicated in Figures 3.4, 3.5and 3.6. The Merensky Reef unit
exposure is shallow in the north and deepens at a depth of 50 m around Middellaagte in the

north, to about 2400m at Zondereinde farm in a step-like fashion. Mining operations occur
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over the entire section in a down-dip direction, with different mining companies exploring

the reefs at different depths.

I T T
0.0 km 215km 5.0km T5km  10.0km

N

Figure 3.4: Diagram showing borehole interception of different stratigraphic units in a down-dip direction with
corresponding location indicated on Main Zone interval structural map draped with geologic contacts of the
Amandelbult section of Western Bushveld.

Figure 3.5: Exploded 3D Model of the Amandelbult section (some of the stratigraphic units were exempted for
clarity)
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The structure is about 3 km wide in the northern part and the width increases downwards
to the south. The structure is confined between the base of the Main Zone and the Lower
Zone but does not extend to the surface. The western limb of the structure shows a throw
of about 700m, while the Eastern limb is about 500m down. Figures 3.6 and 3.7 shows a
graben shape at the central part of the Amandelbult section.

Figure 3.6: Diagram of Amandelbult section showing the different levels of the stratigraphic horizon on the structure
contour map and stratigraphic fence.

Figure 3.7: Section with few borehole strip log in Amandabult section of northwestern Bushveld
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3.2.1.2 UNION SECTION

The Union section is located at the western side of the Amandelbult section and the
Northern gap separates these two sections with an average distance of about 11km. The
Union section is an extension of the RLS layers at the Amandelbult section with a thick
succession of the Main Zone gabbronorites. Farms represented in the area include
Haakdoorn, Spitskop, Syferkuil, Haakdoornfontein and Zwartklip as shown in Figure 3.3.
For example, the thickness of the feldspathic rocks in the UG2- Merensky Reef interval in
this section is about 30m, while it is about 20m at Amandelbult section. A thick succession
of mottled anorthosite is present at Spitskop and Haakdoorn farms. The Upper Zone occurs
in the central part of the section and at the boundary. Pseudo Merensky Reef is not reported

in this section.

3.2.1.3 GAP AREAS BETWEEN AMANDELBULT AND UNION SECTION

Two gap areas have been identified in Northwestern Bushveld Complex by Wilson et al.
(1994), Reid and Basson(2002),and Smith and Basson (2006). The first is known as the
Northern gap that separates the Amandelbult section from the Union section with a distance
of about 11km. Slopes that dip towards the Amandelbult section mark this area. The other
gap area is the Southern gap area and exists between the Union section and southeastern
fringes of the Pilanesberg Complex. The Northern and Southern gap areas are characterized
by the presence of the Upper Zone rocks. Although there is limited borehole information
in the Southern gap area, the model reveals a gradual increase in elevation from the
southwest to northeast, interrupted by the presence of domes and a small basin structure

(see Figures 3.8 and 3.9).
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Figure 3.9: 3D grid model of the Northwestern Bushveld Complex, with the gradual slope to the NE.

3.2.2 OTHER FEATURES

Path profiles were drawn across the top of the Amandelbult section for each stratigraphic

interval to gain knowledge of the geometry of the area. From the base of the Main Zone,

the result shows a wide basin-like structure with a depression at the centre. The shape of
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the structure on the lower Critical Zone and the Lower Zone interval changes to a basin-
like structure with minor intersections. This structure is missing in the Upper Zone and

Marginal Zone intervals.

3.2.3 DESCRIPTION OF EACH ZONE IN THE NORTHWESTERN
BUSHVELD

A. UPPER ZONE

The Upper Zone overlies the Main Zone with mostly gabbro intersections. It is more
prominent in the Northern gap area and southwestern part of the Northwestern Bushveld,
but is not underlain by the Main Zone rocks in some boreholes. From borehole records, the
Upper Zone is present as magnetite pipes and minor intersections at the eastern section of

the Northwestern Bushveld.

B. MAIN ZONE

The Main Zone has a general southward dip. Hence, the zone thickens southwards. The
Pyroxenite Marker Zone is not present in all the boreholes. The mottled anorthosite is
prominent in the southern part of the section, while the upper parts (or pyramid gabbro) are

dominated by the presence of gabbro/norite, anorthosite and pyroxenite layers.

C. CRITICAL ZONE

The Critical Zone is rather missing in the gap areas. However, the zone thickens toward
the east of the Union section. The Lower Group Chromitite layer is exposed close to the
surface in the west. The level of the Merensky zone varies sporadically from one borehole

to another.

3.2.4 Regional 3D model of the Northwestern Bushveld

The regional trend in the Northwestern Bushveld is NE-SW. The region dips towards
the southeast, interrupted by the presence of an isolated domes and basin-like structures

around the Union section. Hence, the rocks thicken southeastwards, and the deepest depth
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occurs at the Eastern end. Consequently, gap areas developed over floor rock high or
occupy the structural high areas. On the contour map, Northern and Southern gap areas are
represented by NE-SW trending contours that gradually slope toward the east

(Amandelbult section). The thickness of the Critical Zone interval also increases eastwards.

3.3 THE CENTRAL PARTS OF WESTERN BUSHVELD

This section describes the area in the central parts of the Western Bushveld, starting from
the northern fringes of the Pilanesberg Complex to the southwestern parts of the Brits
section covering about 100 km in the distance. The area host the Ruighoek section, the
Boshoek section and the Rustenburg section. The regional stratigraphic strike is NNW-
SSE.

Prominent farms in the area include:Waterval, Waterkloof, Paardekraal, August
Mokgatles, Wildebeestfontein, Town and Townlands, Vaalkop, Kookfontein, Styldrift,
Frischewaagd, Bon Accord stock, Goedgedacht, Vlakfontein, Turffontein, Boschhoek, etc.
The Main Zone thickness varies sporadically in this area. The Middle and Lower Critical
Zones are well developed in the western and southwestern parts of the Pilanesberg
Complex. However, there are several intrusions and faulting but the Upper Zone rocks are
not common in this area. Very few borehole records are available in the Pilanesberg
Complex. The Main Zone is virtually missing in this area, but it is well developed at the
northern parts (towards the southern gap area) and southwards. The area is also very much
intruded by dykes of various compositions while the Marginal Zone is extensively
developed especially at Vlakfontein farm. The Middle Critical Zone is well-developed on
most farms while the Upper and Lower Critical Zones are well-developed at Waterval,
Kroondal, August Mokgatles and Styldrift farms while Pre-Bushveld rocks occurring as

quartzite are common in this area as reported in the borehole logs.

The abrupt termination of some of the stratigraphic units on the southeastern part of the

Pilanesberg Complex was noticed on the model and strip log. The Main Zone is also well
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developed to the immediate south of the Pilanesberg while the Critical Zone started with

Bastard Merensky and consists of mostly anorthosite.

3.4 SOUTHWESTERN BUSHVELD

This area extends from the western fringes of Brits to NNE of Pretoria and covers a distance
of about 90km. The area hosts the Marikana section and the Brits section. Farms in the area
include: Brakspruit, Buffelsfontein, Bokfontein, Roodekopjes, Mamogales, Schaapkraal,
Hartebeestpoort, Uitvalgrond, Zandfontein, Hoekfontein, Klipfontein, Sjambokzijn,
Oudekraal, De Onderstepoort, De Kroon and Krokodildrift.

The regional outcrop trend is east-west. The Main Zone and Middle Critical Zone are well
developed in the west while the Upper Zone rocks are well developed around the Brits
graben. The thickness of the Upper Zone varies from 2m towards the end of the Rustenburg
section to about 14 m around the Brits section. The Upper Zone rocks dominate the Eastern

end of the Brits section.

3.5 THE FAR WESTERN BUSHVELD

The Far Western Bushveld section (also known as the Nietverdiend sector) is located about
45 km away from the Pilanesberg Complex, and covers a horizontal distance of
approximately 50km. The lithologies in the area are basically pyroxenite and chromitite
(these lithologies were grouped as the Lower Critical Zone) surrounded completely by a
thick layer of Marginal unit (aureole). A profile from this sector to Pilanesberg Complex
shows that the two areas are separated by a depression. Outcrop trend is NNW-SSE. Figure
3.10 shows a grid model of the Nietverdiend sector and the main Western Bushveld
Complex. Farms located in the area include: Draalaaigte, Strydfontein, and Rooderand

farms. Few borehole records are available for this area.
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Figure 3.10: Far Western Bushveld and Pilanesberg Complex grid model showing the link between the two areas on
the Main zone structural interval.

3.6 THE EASTERN BUSHVELD

The Eastern Bushveld Complex spans from Lebowakgomo area in the Northeastern
Bushveld through Penge, Burgersfort, Lydenburg to Middelburg in the south. The Main
Zone in the Eastern Bushveld reaches a thickness of approximately 1600m at Belvedere in
Lydenburg. Figure 3.11 shows the geologic map of the Eastern Bushveld with the farm
names. At Voorspoed farm in the northeastern Bushveld, the Main Zone is made up of
mainly gabbronorite, pyroxenites and anorthosites. On Doornvlei farm the composition
changes to an intercalation of norite and anorthosites while at Middelpunt farm the
succession changes to gabbro, anorthosite and norite and continues up to Umkoanesstad

farm where some pyroxenite layers were reported.
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Figure 3.11: Geologic map of the Eastern Bushveld Complex showing some of the major lithostratigraphic units and
farm names mentioned in the text (modified after the Geological map of South Africa (1: 1,000,000 scale) from the
Council for Geosciences (1997).

3.7 THE NORTHEASTERN BUSHVELD

The Northeastern Bushveld extends for 18km west of the Wonderkop fault (Doornvlei
section) in the Lebowakgomo area, and covers an additional length of approximately 45km

east of the Wonderkop fault (Jagdlust-Winterveld section), all occurring at the southeastern
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3.8

3.9

part of TML in the Eastern Bushveld Complex. Some of the farms in the area
are:Voorspoed, Turfpan, Doornvlei, Mphatlele location, Zwarthoek, Eerste Regtees,
Diamond, Middelpunt, Brakfontein and Umkoanesstad.

The Main Zone in this area consists of gabbronorite, anorthosite and pyroxenite while the
pyroxenite marker and mottled anorthosite marker horizon can be correlated from one
borehole to another. The Merensky Reef unit is very close to the surface in this area with

a depth of less than 15m from the surface at Voorspoed.

CENTRAL PART OF THE EASTERN BUSHVELD

This area marks the northern and southern parts of the Steelpoort fault. Along the central
part of this fault the level of Merensky Reef is deep, reaching a depth of approximately
1700m at Belvedere farm. To the south and north of this sector the Merensky Reef occurs
at very shallow depth of less than 100m while at Booysendal farm it occurs at less than 4m
from the surface. The Critical Zone is exposed at the surface in some places with chromitite
layers covered with just a thin layer of norite or pyroxenite for instance at Zeekoegat,
southeast of the Wonderkop fault. The deepest depth recorded for the Merensky Reef is
about 1254m around Middelpunt farm in Lydenburg. The immediate west of the
Wonderkop fault is characterized mainly by rocks of the Upper Zone however, about
8000m from here the Critical Zone reaches a depth of about 2500m. The Upper Zone rocks
occur on the western side of this area. The UG2- Merensky Reef interval varies from 2m
to well over 200m. The Marginal Zone is well developed at Kameeldoorn, southeast of the
Dennilton Dome and around Groblersdal area. Elevation increased from Blaauwbank to

Mapochsgronde.

SOUTHEASTERN BUSHVELD

This area is marked by a gradual increase in ground elevation from the Mapochsgronde
farm to the central part of the southeastern sector with a depression in-between. Figure 3.11
shows the profile across the Far western and western parts of the Southeastern Bushveld, the

centre of the depression marks the location of the Laersdrift fault that separates the two
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sections and represents two NNE-SSW trending isolated hills. Widespread occurrence of

Upper Zone rocks dominates this sector.
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Figure 3.12: Superimposed grid model on geological contact to show the Laersdrift Fault at the southern part of the

Eastern Bushveld. Small dots indicate the borehole locations used for the model.

3.10 THE NORTHERN BUSHVELD

The Northern Bushveld Complex consists of the Potgietersrus limb (see Figure 3.13) and
the Villa Nora sector or Northwestern sector (Van der Merwe, 1978), a subdivision based
on outcrop distribution. The Potgietersrus Limb is divided into a northern sector; central
sector and southern sector. The sequence in the Potgietersrus region shows a conspicuous
north-south trend with an outcrop length of about 120km. It is truncated in the south by the
Zebediela Fault and in the north by the Melinda fault. Prominent RLS rocks in this area
are:the Lower Zone, the Critical Zone, the Main Zone and the Upper Zone. The Lower
Zone is well developed in the southern sector on Jaagbaan, Grasvally and Volspruit farm
south of the Potgietersrus limb with a thickness of over 1400m. The Upper Zone is best
represented in the northern sector where it rests on Archaean granites. The Upper Zone is
also present on Harriets Wish, Aurora, Elandsfontein, Gezond and Witrivier. The Platreef

is overlain by Main and Upper Zones. The Platreef is more concentrated in the central
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sector of the limb. The Main Zone consists of norites, anorthosites and pyroxenites. The
Merensky Reef and The Upper Critical Zone are well developed in the southern parts of
the Potgietersrus limb while the Marginal Zone is not so conspicuous, but is present in the

Grasvally area.
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Figure 3.13: Geological map of the Northern Bushveld Complex with farm names.

A. The Northern Sector of Potgietersrus limb

The Platreef is absent for over a distance of 10 km south of Nonnenwerth, where the Upper
zone is well developed and lies directly on the floor rock. It consists of gabbro, norite and
magnetite. In farm Harriets Wish the Upper Zone lies directly on the Archaean granite floor
rock and extends to Elandsfontein farm. On Aurora, a sequence of pegmatitic gabbro and
magnetite lies on basal hornfels, however at the Drenthe area sequence of pyroxenite,
norites and melanorites together lies on granitic floor rock. The Marginal Zone in the area
consists of norites, hornfels and metasediments. The Platreef lies between the Main Zone
and Archaean granite floor rocks. The floor rock in this sector varies from granite, gneisses
to Archaean granite.

The Platreef rests mostly on the Archaean rocks in this sector as shown on Figure 3.14.
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B.

The Central sector

The Platreef is overlain by the Main Zone and the Upper Zone. The Main Zone is dominated
by gabbronorites, anorthosites, norites and pyroxenites. The Main Zone rests directly on
metadolomite on Dorstland farm. The meta-carbonate floor rock continues to Sandsloot
and Zwartfontein farms. At Overysel farm the Platreef is well developed with Platreef and
its footwall reaching a thickness of over 200 m. Interaction between the lower Platreef and
the Marginal Zone hornfels is very pronounced on Overysel, Tweefontein and Turfspruit
farms. Metasediments occur sporadically towards the base of the Main Zone and Platreef
sequence in the area. Floor rock of granite is also common. The Upper Zone is
characterized by gabbro/norite and magnetitite, this unit is present on Elandsfontein,
Witrivier and Gezond farm. The Platreef rests mostly on Transvaal Supergroup rocks at
the central sector. At the central sector the Platreef is characterized by pyroxenite whiles
serpentinite forms part of the Main Zone at Uitloop, Merensky Reef was reported at
Vaalkop. The Marginal Zone occurring as hornfels is very extensive in this sector reaching

a thickness of more than 100m on some farms.
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C. The Southern sector
The Ysterberg-Planknek fault cuts across the southern sector. The sector is characterized
by the presence of well-developed Lower Zone especially on Grasvally 293KR and
Zoetveld 294KR. The Lower Zone is overlain by the Platreef, and consists of pyroxenite,
serpentinites, harzburgite and chromites, the Main Zone and the Critical Zone overly the
Lower Zone of over 600 m thick. The Lower Zone is common on Volspruit, Grasvally and
Turfspruit farms. The Main Zone consists of gabbro, anorthosites and norites while the
Platreef is made up of pyroxenite with variable proportions of norites, gabbros, serpentinite
and meta-sediments. The Critical Zone consists of chromitites of the Upper and Lower
Groups. The Marginal Zone is made up of hornfels with norites. Quartzite interference that
is common on Uitloop farms is missing in this area. The top of this sequence is made up of
xenoliths. The floor rock in this sector is mostly quartzite. On Grasvally farm a sequence
of norite-pyroxenite-anorthosite with chromitite characterizes the Platreef reef while at
Turfspruit and Rietfontein the Platreef is made up of pyroxenites, melanorites, pegmatitic
pyroxenites with interference of metadolomites and hornfels. The Merensky Reef and the
Upper Critical Zone (similar to the Western and Eastern Bushveld sequence) occur only in
this sector, along with the Platreef that is common to the limb. Figure 3.15 and 3.16
illustrate the geometry of the Northern Bushveld Complex across the different sectors with

fence diagrams and model of the Northern Bushveld Complex.
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is 40).
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3.11 VILLA-NORA SECTOR OR NORTHWESTERN SECTOR

This fragment is located about 56km west of the Potgietersrus limb and covers a distance
of 35 km (see Fig.3.17). The regional strike is east-west and the main lithologies are

gabbro, norites and anorthosite of the Main Zone.
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Figure 3.17: Geological map of the Villa Nora sector of the Northern Bushveld Complex.
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4.1

4.2

CHAPTER 4 STRUCTURE AND ISOPACH MAPS OF
PARTS OF THE RLS

INTRODUCTION

This chapter reports the result of the analysis of borehole log data of the Rustenburg
Layered Suite (RLS) stratigraphic unit within the Bushveld Complex. The RLS is currently
the major source of PGEs and other metals. The purpose of this chapter is to highlight the
geometry as well as the structural features present in the study area with the use of structural
contours, isopach maps and profiles. The result of this study provides both local and
regional perspective of the geometry of the RLS and has implications for constraining the
relative timing and sequence of deformation events. This report will provide information

about the geology of the subsurface and serve as baseline data for subsequent research in

the area.

STRUCTURE CONTOUR MAPS

Structural contour maps were generated for each stratigraphic unit represented in the study

area in the following stratigraphical order:

e Overburden (Sand, coreless, turf, percussion drilled areas without core)

e Post-Bushveld (RLS), (Bushveld granites and granophyres, Pilanesberg lava)
e Upper Zone (gabbro, magnetitite)

e Main Zone (Gabbro, norites, anorthosites, Pyroxenites)

e Bastard Merensky Reef and its footwall,

e Merensky Reef and its footwall,

e Pscudo Reef unit,
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e UG2 and UG units

e Middle Critical Zone,

e Lower Critical Zone,

e Lower Zone

e Marginal Zone

e Pre-Bushveld /Transvaal Supergroup, and

e Archaean granite unit.

The contour pattern from the top of the Post-Bushveld unit through the Upper Zone to the top
of the Main Zone interval is similar to each other. This might suggest a similar emplacement

mechanism explain more.

4.2.1 AMANDELBULT SECTION OF NORTHWESTERN BUSHVELD

This area is divided into two sectors for the purpose of this discussion. The first area is the
extreme southeastern part or the Amandelbult area (Figure 4.1A). The structure contour
intervals of the stratigraphical units reveal similar patterns from the Overburden unit to the
top of the Main Zone. Structure contours in this area trends mostly NW-SE except at the
southwest, that shows some contours trending SW-NE as shown in Figure 4.1B. This
conforms to the general outcrop trend in the area. Structure contours in the NNE part of
the map show a gradual slope with a fairly uniform rise in elevation in the southwest and

slight bend to the NE.
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Figure 4.1A: Diagram showing the Amandelbult area of Western Bushveld (after Viljoen et al.1998).

65



247 45'0.0000" S

24° 48' 45.0000" s\

| 24°52'30.0000" S

27° 11" 150000 E

\

27°15'0.0000"E

9

S.0000%1

//'\QE‘JTW
\ 7

275

A

27°30'0.

L

Figure 4. 1B: Top of the Upper Zone structural contour interval of the Amandelbult section of the Northwestern

Bushveld.

Structural lines at the base of the Main Zone to Lower Zone (as shown in Figure 4.2) reveal

a different pattern entirely. The base of the Main Zone interval, with central SW-NE

trending and closely spaced contours (Figure 4.2) cut across the area, separating the NW-

SE trending contour into two parts i.e., northwest and southeastparts (implying that the

NW-SE structural trend is older than the SW-NE structural trend).The elevation of the

Main Zone rocks in the northwestern part decreases gently from more than 750 m, to almost

-1300 m in the southeast, representing a steeply subsiding section.
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Figure 4. 2: Structural contours at the base of the Main Zone interval in the Amandelbult area of the Northwestern
Bushveld.

The NW-SE trending structure widens southwards from about 4 km at the northwestern
part to over 11 km at the southeastern part.

The two extreme ends of the SW-NE trending contour lines show a slight bend to the south
(from the profiles in Figures 4.2 and 4.3 these represents the position of the bounding
faults).

Profile A-B drawn on the Main Zone base interval shows a gradual vertical slope. Elevation
dropped from 610 m to 448 m on the western part of the structure and a sharp drop in
elevation from 700 m to 409 m in the eastern part and a trough-like structure at the centre
(Figure 4.3). The second profile on the lower end shows a similar structure with the two

sides becoming more pronounced (Figure 4.3). A profile drawn on the Main Zone structure
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contours and isopach map for part of the Amandelbult section shows a similar pattern to

pothole structures as indicated in Figure 4.4.
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Figure 4.3: Profile A-B across the Northwestern part of the trough at Amandelbult and northern section.
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Figure 4.4: Isopach grid model of the Western and far Western Bushveld Complex with Profile C-C1 drawn across
the northern part of the Amandelbult area showing a basin-like structure (pothole).

The Main Zone isopach map of Amandelbult section (see Figure 4.5) shows the thickness
variation in the area. Thickness varies from less than 100 m at the northern part to over
2000 m in the south. There is a close resemblance between the structural map and
theisopach map in this area. Thickness atthe central part varies steeply from 500 m to 2250
m and it is about 20km distance across. The thickness varies steeply from the centre of the
map southeastwards. A similar pattern of thickness variation was observed on the isopach
map of the Main Zone to the Lower Zone interval. The whole of this area dips steeply to
the south, and the complete sequence of RLS rocks (from the Main Zone to Lower Zone)
occurs at different depths of less than 100 m in the north to over 2200 m south. This
continuous southward dipping structure and thickness, pattern might suggest that the
structure in this area is pre-Bushveld and was probably reactivated during the intrusion of
the RLS. The complete magma sequence at different depths and southwards thickening of
the RLS rocks in this area (as illustrated with 3D models and fence diagrams in chapter

two) indicate that the structure in this area is pre-Bushveld.
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Figure 4.5: The Main Zone isopach map of the Amandelbult section, Northwestern Bushveld showing the thickness

distribution.

OVERVIEW OF AMANDELBULT SECTION

1.

The Upper Zone interval at the Amandelbult section indicates a central NW trending
anticlinal structure, with the western limb deflected horizontally (NE)

The structure at the base of the Main Zone interval of the Amandelbult section indicates
the presence of a graben that dips steeply to the south in the centre of the anticlinal
structure, thus dividing the anticlinal feature into two (one part of the northwest and the

other in the southeast).

. As shown in Figures 4.2 and 4.3, the structural pattern for the horizon in the Northwestern

Bushveld persists up to the top of the Main Zone, however the pattern changed abruptly at
the base of the Main Zone and continues with only slight changes down to the Lower Zone
stratigraphic unit. The abruptness of the change in the structural pattern might suggest a
change in deformation pattern.

The Upper Zone structure contours define a NW-SE structural trend pattern

The structural contour pattern from the base of the Main Zone for the Lower Zone interval
is marked by a SW-NE trend.

The northern part of the Amandelbult section reveals a basin like feature on the structural

map.
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4.2.2 OTHER PARTS OF NORTHWESTERN BUSHVELD

4.2.2.1 Structure Contour Maps of The Northwestern Bushveld Complex

The structural contour map from the Main Zone base interval to the Lower Zone interval
shows close resemblance. The Main Zone rocks occur between elevations -651 m to 1700
m. The southwestern part is an uplifted area and the height decreases gradually from this
area towards the centre. The central portion consists of a small depression between two
uplifted areas; one to the north (over 750 m high) and the other to the south (over 900m
high). The northern uplifted area is part of the Union section, adjacent to the Amandelbult
section, and the elevation decreases gradually from 400m to -125m within this area. The
area marked by this slight elevation decrease coincides with the Northern gap area (Figure
4.6). The Southern gap area between the Union section and the northern part of the
Pilanesberg Complex is also marked by a gradual decrease in elevation from about 750 m
to less than 350 m around the Union section. The slope on the eastern side is more
pronounced than the one on the western side. The contour lines at the centre trend SE and
tend to bend slightly westwards at the centre. L-shaped structural contours around the
Southern gap area indicate the presence of strike slip movement (Figure 4.6). Structural
contours at the Amandelbult section regionally, has a lobate shape appearance with slightly
flattened top and broad sides that dip southward in a step like manner as shown in Figure

4.7.
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Figure 4.6: Base of the Main Zone structure interval with profile across the Northern gap area.
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Figure 4.7: Structural contours on the Lower Zone base interval showing the geometry of the Amandelbult section
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4.2.2.2 Isopach Maps of Northwestern Bushveld Complex

The Upper Zone isopach map of the northwestern parts of the Western Bushveld Complex
shows pronounced central thickening as indicated in Figure 4.8. The thickness on the Main
Zone isopach map varies from 17 m at the southwest to about 750 m at the centre and to
over 1600 m at the southeastern part (Figure 4.9). The thickness at the central part shows
a central thickening zone submerged between two thin zones at the Union section. Figure

4.10 and 4.11 shows the Main Zone and Merensky Reef isopach respectively.
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Figure 4.8: The Upper Zone interval isopach map with profile A-A1 showing the thickness variation around the
Northern and Southern gap areas.
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Main Zone rocks) between the Union section and the Amandelbult section, which represents the Northern gap area
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Change in thickness is related more to variation in the elevation of the Main Zone surface.

The more pronounced eastern thickness is due to complete filling of the synclinal structure

at the Amandelbult section with RLS rocks. The Critical Zone thickness increased

progressively from SW to NE.

SUMMARY OF FEATURES OBSERVED AT THE NORTHWESTERN PART OF
THE WESTERN BUSHVELD COMPLEX

1.
2.

Pronounced thickness of the Upper Zone unit is present around Union section
L-shaped isopach lines at Union section are indication of lateral or strike-slip
movement.

The Southern gap and Northern gap areas are marked by gentle and steep slopes
respectively

Depth of occurrence of the Main Zone range from 1100 m on the southwestern edge
(northern fringe of Pilanesberg Complex) to less than -1000 m in the Amandelbult area.
Thickness of all the stratigraphic units increases from SW to NE except for the Upper
Zone of which the thickness is concentrated at the centre (Union section) and reduced

sideways i.e., to the east and west.

4.3 CENTRAL PARTS OF THE WESTERN BUSHVELD

4.3.1 STRUCTURAL CONTOURS OF AREA AROUND PILANESBERG

COMPLEX

Structural contours at the top of the Post Bushveld interval are widely spaced, with the

immediate south of the Pilanesberg Complex showing east-west trending contours,

interrupted by two isolated structures. These east-west trending contours represent a gentle

slope. The immediate north of the Pilanesberg Complex is marked by NW-SE trending

contours. Structural contours at the base of the Main Zone show that the Pilanesberg

Complex forms a major positive structure with radially distributed gentle slope around a

circular shaped complex. However, the available borehole information is not sufficient to
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describe the Complex adequately. The contours surrounding the Complex to the immediate
south are closely spaced with a west plunging nose that turns southwards (trending parallel
to the Rustenburg Fault) and continues with this trend down to the southern edge before
turning east (with more closely spaced contours) on Kroondal farm around the
Spruitfontein upfold. Structural contour pattern from the Main Zone interval to the Pre-
Bushveld interval issimilar and differs slightly from structural contours on Overburden to
the Upper Zone interval, which are similar to each other with low relief of evenly spaced
contours over the entire area. The profile through the area shows a slope from over 900 m
from the periphery of the Pilanesberg Complex southwards to below 600 m (see Figure
4.11).
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Figure 4.11: Central parts of Western Bushveld the Main Zone structural contour interval with profile.

4.3.2 ISOPACH MAP OF AREA AROUND PILANESBERG COMPLEX

The Main Zone isopach map and the structural contour maps have a similar pattern but
show an inverse relationship (Figure 4.11 and 4.12). The Main Zone thickness increases
eastwards from the western edge. The Main Zone thins out around Vaalkop farm in the
west and at the southern edge. From the Pilanesberg Complex the thickness increases

sharply from less than 200 m to over 350 m. The structural feature to the southwest
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probably represents part of the Brits graben. The Styldrift farm area exhibits a positive
structure. Contours in this area trend mostly NNW-SSE.
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Figure 4.12: The Main Zone isopach with profile Q-Q1 across the southern parts of the Pilanesberg Complex in the
Western Bushveld

OVERVIEW OF SOUTHERN PARTS OF PILANESBERG COMPLEX, WESTERN

BUSHVELD

1. Structural contours and isopach interval maps are inverse to each other

2. Archaean rocks are not indicated on borehole log records for this area.

3. The Pilanesberg Complex forms a positive circular structure occurring midway in the
Western Bushveld Complex.

4. The rock units dip to the east.

5. A NW-SE trend (parallel to the Rustenburg Fault trend) is prevalent in the central part
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4.4 SOUTHWESTERN BUSHVELD

4.4.1 STRUCTURAL CONTOURS OF THE SOUTHWESTERN BUSHVELD

COMPLEX

The Upper Zone structure contours show two shallow areas, one around Hartebeestpoort
B (east of Middelkraal farms) and the other around Roodekopje farm both areas located on
the western side of the Brits. The contours at Roodekopjes farm are mostly NNW trending,
while those at Hartebeestpoort B are circular in shape and terminate against NNW trending
contours to the west i.e. around the Kroondal structure. The eastern side of the Brits is
marked by a uniform rise in elevation. Structural contours on the Main Zone base interval
show a complex pattern, on the western side, NNW-SSE closely spaced trending contours
with a central depression as shown in Figure 4.13. The depression is bounded on both sides
by the closely spaced contours, which indicate steeply sloping sides. The southern end of
the depression is slightly curved northwards (might be due to floor rock topography or
presence of Spruitfontein inliers), while the eastern edge exhibits a southeast plunging

structure partly surrounded by a steep slope.

The Lower Zone base interval shows a similar pattern to that of the Main Zone base, except
for the eastern limb of the graben, which has a wide, plunging nose that developed
southeastwards. Figures 4.15 shows the central part consists of an isolated hill and
depression, with the eastern sides of the central isolated hill consisting of east verging and
closely spaced L-shaped contours with the superimposed geological contact from the
geological map on the Main Zone grid model of the Brits graben area. The grid model of

the Lower Zone base structural contour interval is shown in Figure 4.15.
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Figure 4.14: Profile A-A1 on the structural contour model at the base of the Main Zone interval of the Southwestern

Bushveld Complex. Shape of the profile reveals the presence of more than a single graben.
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Figure 4.15: Structural contour model for the base of the Lower Zone interval of Southwestern Bushveld Complex

showing profile x-x1 and the location of Brits graben and other graben-like structures in the area.

4.4.2 ISOPACH MAP OF THE SOUTHWESTERN BUSHVELD COMPLEX

The Upper Zone isopach map reveals an eastward increase in thickness especially around
the Brits area (see Figure 4.16). It also shows a NNW-SSE displacement around the Brits
graben, with contours adjacent to the displacement showing an uphill pointing V-shape.
On the Main Zone isopach map (Figure 4.17), the western part has a negative structure and
positive thickness. The Main Zone thickness varies from over 1100 m on the western side

to less than 50 m in the eastern part. Centrally located NNW-SSE trending contours with
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derivatives (horizontal) may show discontinuities which could be possible faults in the area

(Figure 4.18).
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Figure 4.16: The Upper Zone isopach map of Southwestern Bushveld with profile X-X1.
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Figure 4.17: The Main Zone isopach map of Southwestern Bushveld Complex with profile A-Al.
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4.5

4.4.3 SUMMARY OF FEATURES IN THE SOUTHWESTERN BUSHVELD

The Upper Zone thickness increases eastwards from the west

. Main Zone thickness decreases from west to east.

. More graben-like features apart from the Brits graben can be inferred from the structure

contour and isopach maps.

. An L-shaped thickness, pattern at the central part of Southwestern Bushveld might indicate

lateral movement

. Most of the structures trend NNW.

. Areas with negative structure have positive thickness

Tight isopach lines on successive interval maps might probably represent faults

THE EASTERN BUSHVELD

4.5.1 NORTHEASTERN BUSHVELD

4.5.1.1 Structural Contour of the Northeastern Bushveld Complex

The Eastern Bushveld geological map (Figure 4.18) showing the Northeastern part, the
central sector and the southern sector of the Eastern Bushveld. The structural contour
pattern on the Upper Zone interval of the Northeastern Bushveld reveals the presence of
side-by-side structural high and depression (likely due to faulting), relatively flat and
uniform surfaces. The Upper Zone rocks occur between depths1280 m to -1383 m at the
central part of the Eastern Bushveld Complex. The prominent faults such as the Wonderkop
Fault caused a downthrow along the western side of Northeastern Bushveld Complex. The
centre slopes towards the north. This central depression represents the location of the
Sekhukhune Fault. The western part of the Sekhukhune Fault is marked by a steep slope,
while the eastern side is marked by widely spaced southwest trending contours representing
a uniform rise in elevation.

The structure contour map indicates a downthrow of over 5.3 km on the western side of
Sekhukhune Fault and over 11 km downthrow on the eastern side. Two other faults occur
to the west, each with a downthrow of less than 250 m and a central deep of about 46 km

between the two. A structural high (Fortdraai Anticline) exists adjacent to the Sekhukhune
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Fault. Profile A-A’ and B-B’ drawn across the Northeastern Bushveld reveals the geometry
of the faults and other features (Figure 4.19 and 4.20). The 3D model of the area is shown

in Figure 4.21.
28°%400°E 28%550°E 29°100°E 29°9250°E 29°400°E 29°550°E 30°100°E 30°250°E 30°400°E
1 1 1 1 1 1
24°150"S L) NORTHERSTERN 24°150"S
247200 ~— {E4 Turfp A Ly 24200"S
A Ipunt
247250 = = vdon| = 24250"S
2430054 =% / f 7 SIDi Cfapham 247300'S
24350°54— 1| A e s e ¥ = 1o4350"S
24°400"S y Y S 9 ”\\ ' 24°400"S
24°450"S a : 24°450"S
\\ -
24°500"S Y ke’ 24°600"S
24°550"S 2‘5""' )7 ¢ 24°651"S
250'0"S oS aEy 250'0"S
=7 ]~ ° \
25°5'0"S i rivier 25°5'0"S
s g
25°100"S =i A J enberg 25°100"S
2571505 ZL - h——NKa ol N poseisns
. A A N SECT "
257200"S N-SECTOI 2592003
250250"8 gi? &N }( £ A= as F QI evonde 250250!!8
259300 s Ry STA \ 25300"S
259350 A L_,;z - o LFAST 25°3510"S
25°400"S VT S 25°400"S
i Itylu /'" pvs/cwpcort p
25°450"S =2 25°451"S
25500"S N ! o 25°5010"S
25%510"S ‘; 25°6510"S
2GBTS L 1 I[IP | 1
28°%400°E 28%550°E 29°100°E 29°250°E 29°400°E 29°550°E 30°100°E 30°250°E 30°400°E
LEGEND
[_] Transvaal SPGR (Pretoria)
B Transvaal SPGR (Rooberg)
1 (BIC)RLS Lower Zone
I (BIC) RLS CRITICAL ZONE
[ (BIC) RLS MAIN ZONE
@ (BIC) RLS UPPER ZONE

Figure 4.18: The Eastern Bushveld geological map showing the Northeastern BIC at the
northern part of the map (around Leeuwkop), the central sector and the southern sector

occupying the southern parts of the Steelpoort fault down to Boshchpoort.
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section of the Eastern Bushveld.
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Figure 4.20: Profile C-C1 showing the geometry of a fault adjacent to part of the Sekhukhune Fault in the north
causing a downthrow of about 120 m to the southwest.
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4.6 CENTRAL SECTOR OF THE EASTERN BUSHVELD COMPLEX

4.6.1 STRUCTURE CONTOURS ON UPPER ZONE TOP INTERVAL OF THE

CENTRAL EASTERN BUSHVELD COMPLEX
The centre sector extends from the southern end of the Wonderkop Fault to the northern
parts of the Steelpoort Fault as indicated in Figure 4.22, 4.23 and 4.24. The structural
contours on top of the Upper Zone interval show three sets of contours that merged
southwards and converged on the centre of the Eastern Bushveld Complex (Figure 4.24).
The structural contours to the extreme west of the Wonderkop Fault are represented with
N-S trending contours, with the downthrown side to the west of the Wonderkop Fault.
Structural contours between the Wonderkop Fault and the small arch adjacent to it are
slightly curved to the west and later converge along a southwest trending fault. The
contours on the western side of the Sekhukhune Fault (part of Sekukhune Fault) are also
curved westwards and form a depression southeastwards. Centrally located east-west
trending contours from the west (almost opposite the gentle sloping structural high in the
southeast (maximum elevation 1000 m)) with a downthrow to the north joined the

Wonderkop Fault southwards.

The southern sector consists of N-S trending structures that bend to the west, with a
plunging nose to the Northwest. The southeastern parts consist of east-west trending
contours; also, there are few isolated hills and structural highs at the southeastern part of
the map. The structural high, attained a height of approximately 1800 m at the southeastern
part of the sector, and slope gently to the south and steeply to the west. The southern sector,
‘thus forms the structural high part of the Eastern Bushveld Complex and dips to the
northern part (Figure 4.23). The structural pattern on the Archaean floor rock and
successive upper layers (up to the Main Zone) are similar. This probably indicates that
most of the structures are basement controlled. Figure 4.24 shows the profile across the
southern part of the Wonderkop Fault. The northwest trending contours around the
Laersdrift Fault probably represent the northern extension of the Laersdrift Fault, which
separates the southeastern Bushveld Complex from the rest of the Eastern Bushveld

Complex. The geometry of the Laersdrift Fault on the Upper Zone top intervals is indicated

85



in Figure 4.25, while Figure 4.26 shows the profile across the Southeastern Bushveld

Complex.
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Figure 4.22: Eastern Bushveld structural model with the Lower Zone base.
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Figure 4.23: Eastern Bushveld structural contour model on the Upper Zone unit top.
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Figure 4.24: Structural contours at the base of Archaean rocks with a profile across line Q-Q1, south of the
Wonderkop Fault.

1,798 m

1.500 m

1,000 m

500 m

Om

-500 m

-1.000 m

-1.364m

Figure 4.25: Geometry of the Laersdrift Fault at the top of the Upper Zone interval in the eastern limb of the
Bushveld Complex.
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Figure 4.26: Profile X-X1 at the top of the Upper Zone structural contour interval in the eastern limb of the
Bushveld Complex

4.6.2 ISOPACH MAPS OF THE EASTERN BUSHVELD COMPLEX

The thickness of the Upper Zone unit in the Eastern Bushveld Complex varies from about
2 m in the northern parts to over 40 m in the south (see Figure 4.27). The isolated
(thickness) peaks are arranged in a N-S trending pattern starting from the central part of
the Eastern Bushveld to the southern edges.

The Main Zone thickness attained its peaks in the southeastern part of the Eastern Bushveld
Complex (Figure 4.28 and 4.29). The central peak has a maximum thickness of over 1000
m and the peaks are arranged in an NNW- SSE trending pattern, with a decrease in
thickness towards the west and the northeastern part. Figures 4.30 and 4.31 show the
Merensky Reef and Lower Zone isopach maps respectively, with profiles indicating the
thickness.
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Figure 4.28: The Main Zone isopach map of the Eastern Bushveld limb
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Figure 4.29: Profile on the Main Zone isopach map. Profiles A-A1l, D-D1, E-E1 and F-F1 showing downthrow to
the west.
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Figure 4.30: Merensky Reef isopach map of the Eastern Bushveld limb showing profiles. Profiles A-A1l, B-B1 and
D-D1 show downthrow to the east.
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Figure 4.31: Lower Zone isopach map of the Eastern Bushveld Complex with profiles.

4.6.3 SUMMARY OF FEATURES ON EASTERN BUSHVELD COMPLEX.

1. The southern sector is higher than the northern sector (Figure 4.26)

2. The southern sector shows a downthrow to the north at the centre, and to the west (Figure
4.27)

The northwestern part dips to the east in a step-like manner

A heart-shaped depression (i.e.Kennedy’s Vale) dominates the central part of the area.
The Laersdrift Fault extends to the NW and terminates at the centre

The Lower Zone is more developed in the Groblersdal sector

N AW

Normal dip and strike slip movements dominate

4.7 NORTHERN BUSHVELD

4.7.1 NORTHERN SECTOR STRUCTURAL CONTOUR MAPS

The pattern on the Upper Zone structural interval (Figure 4.32) is similar to that on top of
the Archaean rocks; however, the downthrow to the north is about 150 m. The Main Zone
is not well represented in this sector. Structural contours at the top of Archaean granite

(Figure 4.33), in the north parts of the Northern Bushveld Complex are mostly curved or
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circular in shape and slopes down to the extreme northern edge. The elevation increases
gradually to the south, but is interrupted by east-west trending contours close to the
northern edge. A profile across the area shows a downthrow of about 60 m to the north

(Figure 4.33).
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Figure 4.32: Structures on the Upper Zone interval of the Northern Bushveld Complex. The best is to show it on a
~NS section as for Fig. 4.36
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Figure 4.33: Structure at the top of Archaean rocks, north of the Northern Bushveld Complex.

4.7.2 NORTHERN SECTOR ISOPACH MAPS

The Upper Zone isopach map (Figure 4.34) shows that thickness increases northward and
thins out southwards. The middle area consist of closely spaced contours oriented almost

ecast-west.
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Figure 4.34: The Upper Zone isopach of northern parts of the Northern Bushveld Complex.
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1.
2.

4.7.3 OVERVIEW OF NORTHERN SECTOR OF THE NORTHERN BUSHVELD
COMPLEX

Archaean floor rocks dip to the north.

The Upper Zone rocks thicken northwards from the centre; shallow floor enhanced thick
accumulation of magma, while high floor permitted thin deposits.

This indicates that the Archaean floor rocks must have influenced magma accumulation
and also reflect ancient floor rock topographic pattern of this area, with the deep areas

receiving more magma influx than the structural high areas.

4.8 SOUTHCENTRAL SECTOR OF NORTHERN SECTOR OF THE
NORTHERN BUSHVELD COMPLEX

4.8.1 STRUCTURAL CONTOURS OF THE NORTHERN BUSHVELD SOUTH-
CENTRAL SECTOR

Structural contours of Archaean floor rocks of the central-south sector exhibit a very
complex pattern. The northwestern part is marked by the presence of a structural low area
with steep contours on the southeastern side of the deepening structure and gentle spaced

contours on the northwestern side.

The centre of this sector (between Witrivier and Overysel farm) consists of two isolated
structure highs, each occurring side by side with a depression (forming an anticline-
syncline shaped structure). The sides of each of the structural highs slope steeply towards
the depression. The downthrow from the structural high (i.e high relief area) to the
depression at the northern end is about 250 m while the southern feature exhibits a
downthrow of about 300 m (Figures 4.35 and Figure 4.36). Contours trend along these
features (i.e., the structure high and depression) is approximately east-west. The centre of
this sector dips sideways. The western side of the sector consists of semi-circular contours

representing an undulating surface.
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The southern parts of the sector also contain the structural high and adjacent depression
structural feature; the structural high is the Tweefontein hill (from a geological map and
borehole location correlation) and the adjacent deep structure represents a synformal
structure that dips to the southwest. The structure contours between the hill and the
depression trend NW-SE and turn southeastwards before finally veering southwards.
Contours at the turning plunges southwest and tend to separate the southeastern structure

high from the Tweefontein hill.

I I I I 1
0kem 5 km 10 km 15 km 20 kem 25 km

L /;’%M\Sl el 4
2,250 m @ 7
i
< ({ SDIORSTLAND
i e

2,000 m

1750 m

1,500 m

OVERTYSEL
OVERYSEL

1,250 m

1,000 m

750 m

500 m

359m

T T T T T T 1
05k 10km 15km 20km 25km 325km

Figure 4.35: Structural contours at the top of Archaean floor rocks of the Northern Bushveld south-central sector.
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Figure 4.36: Structural contour map on top of Archaean rocks of the Northern Bushveld southern sector with profile
W-WI1.

While the boundary of the southeastern structure high is marked by closely spaced
contours, the northern border has east-west trending close contours and the western side is
marked by south verging contours.

Structure contours on the Marginal Zone interval exhibit similar patterns to that of the
Archaean rocks interval, however, the structural contours at the base of the Platreef interval
is different especially in the northern parts of this area. The contours trend north-south and
plunges southwards, later deviates to the southeast. While the central part consists mostly
of east-west trending contours interrupted by the presence of an isolated structural high.
The structural contour pattern at the southern part of this sector is similar to that on the
Archaean rocks and Marginal Zone interval, thus indicating that the southern parts of this
section were not affected by significant tectonic activities during the emplacement of the

RLS.
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The structural contours on top of the Main Zone interval is similar in pattern to that on the
Archaean rocks interval in the northern parts, differing slightly in the centre due to the
presence of southwest dipping structure in the centre. The contours trend southeastwards
at the centre, and bend eastwards around the synformal structure (less than 1000 m
deep).The contours maintain a north-south trend in the south adjacent to the southern
structural high (about 1180 m high). The structural high at the centre is truncated by east-
west trending contours that slope steeply NNW.

The structural contours at the base of the Upper Zone interval closely resemble the pattern
on the Main Zone interval. However, the structure contours at the top of the Upper Zone
interval differs slightly. At the northern parts a central depression with steep slopes on the
western side and gradual slope on the eastern side exists. The southern parts consist of a
structural high with downthrow of about 60 m to the north and 40 m to the south. The
central part is marked by multiple curved structural contours likely due to compressional

movement.

4.8.2 ISOPACH MAPS OF SOUTHCENTRAL SECTOR OF THE NORTHERN
BUSHVELD COMPLEX

Archaean rocks are more concentrated at the northern part of this sector based on available
data. The thickness varies from about 2 m in the south to over 55 m in the north. Due to

paucity of data a detail isopach map for the Archaean rocks cannot be constructed.

Transvaal rocks have a maximum thickness and concentration at the centre and at the
southeastern corner of this sector. Marginal Zone rocks are more concentrated at the
southern part of the sector with the maximum thickness occurring with a NW-SE trend as

indicated in Figure 4. 37.
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Figure 4.37: Marginal Zone isopach of the Northern Bushveld south-central section of Northern Bushveld with
profile X-X1.

The Main Zone isopach map of the central part shows the three zones of thickening: the
first is in the northwestern part of the sector with nearly N-S thickening trend represented
by wedge shaped contours (Figure 4.38). From this area, the Main Zone thins out
eastwards. In the north central part (Witrivier farm) the Main Zone thickness increases
gradually towards the south with a thin zone in-between. The second thick zone is located
southwards between Overysel and Zwartfontein farms, a steep slope that trends SE marks
the boundary between the thin zone to the north and the thick zone to the southeast as
shown by profile B-B in Figure 4.38. Tweefontein hill trends NW-SE and defines a narrow
zone of thinning with two closures, while the adjacent synformal area marks the maximum
thickness zone (Figure 4.39).

Pronounced thickness of the Upper Zone dominates the northern and the western part of
this section. The unit thins gradually from the west to east in the south and thins out sharply

from the north.
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Figure 4.38: The Main Zone isopach of the south central part of the Northern Bushveld Complex showing profile A-
A1 with step-like structures Profile B-B1 shows strong thining of the Main Zone around Witrivier area. Profile C-C1
shows graben structure around Zwartfontein farm. The structural high area is about 4 km wide and a height of 1050

m, the shallow area is about 4.4km wide and 250 m deep.

4.8.3 SUMMARY FOR SOUTHCENTRAL SECTOR OF NORTHERN

BUSHVELD

1. The Main Zone contours and isopach lines indicate that the northern and southern parts are

dominated by N-S trending outcrop.

2. Archaean rocks dominate the northern parts

3. Side by side depression and structural high features (similar to anticline-syncline feature)

characterize this sector.

4. The contract between the structural high and depression structures define an east-west

trend.

5. Most of the structure contours are not perfectly straight but step-like features were also

identified.

6. Tweefontein hill and adjacent depression define a downthrow of over 700 m to the

southwest.
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7. Archaean floor rocks are more preserved in the northern part than in the southern part of
this sector

8. The Marginal Zone seems conformable to the Archaean floor rocks.

4.9 SOUTHERN SECTOR OF THE NORTHERN BUSHVELD COMPLEX.

4.9.1 STRUCTURAL CONTOURS OF THE NORTHERN BUSHVELD
SOUTHERN SECTOR

Structural contours of the Archaean rocks in this sector indicate a structural high in the
northern part, while the central part is marked by a gentle decrease in elevation, and the
southern part is marked by a structural low. Adjacent structural low and structural high
features occur on Uitloop (with about 300 m downthrow to the northwest) and Grasvally
farm (with over 900 m downthrow to the north).The contour pattern at the base of the
Marginal Zone indicates a N-S deepening trend. The northern part reflects a structural high
area with circular contours that open to the north and trend NE-SW towards the south. The
centre defines a uniformly rising area, compared to the northern part. This area is marked
by the presence of a depression and an adjacent hill with steep slopes and a downthrow of
about 200 m to the southeast on Uitloop farm (see Figure 4.39). The southern extreme
(Grasvally farm) is marked by pronounced deepening (Grasvally structure) with circular
contours at its centre and east-west trending contours towards the north. Adjacent to this
dipping surface is a structure high that slopes steeply into the deep structure with a down
throw of over1000 m to the north as shown in Figure 4.40. Similar structural features also
occur at the southwest of the Grasvally structure with a downthrow of over 100 m to the
south as indicated in Figure 4.41. The pattern on the Marginal Zone interval is similar to
the Lower Zone and the Main Zone interval where the structural high at the north peaks at

about 1125 m.
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Figure 4.39: Structural contours at the base of the Marginal Zone on the southern sector of the Northern Bushveld

Complex with profile showing downthrow to the west.
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Figure 4.40: Structural contours at the base of the Marginal Zone of the Northern Bushveld southern sector with

profile on the Grasvally structure.
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Figure 4.41: Structural contours at the base of the Marginal Zone with profile showing downthrow to the east on
Volspruit farm, southern sector of the Northern Bushveld Complex.

4.9.2 ISOPACH MAPS OF NORTHERN BUSHVELD SOUTHERN SECTOR

The Lower Zone isopach map shows southwest thickening in the southern part of this
sector, while in the northern parts a SE-thickening trend dominates. Around Uitloop farm
in the north a structural feature with adjacent depression and structural high is present as
indicated on Profile A-A1 in Figure 4.42. This type of structure is also present at Volspruit
farm in the south (profile Z-Z1 in Figure 4.43). Southwest trending contours dominate the
steep slope from the maximum thickness area at Volspruit farm into the Grasvally
structure. The Marginal Zone isopach indicates a NW-SE thickening trend with a central

thin zone between the two thick areas (Figure 4.44).
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Figure 4.43: Lower Zone isopach of southern sector of the Northern Bushveld Complex profile A-A1 shows the
geometry of a fault on Uitloop farm with Profile Z-Z1 across a fault on Volspruit farm
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Figure 4.44: Marginal Zone isopach map of the Northern Bushveld southern sector with profile showing the

thickness trend around Uitloop farm.

The Main Zone isopach map shows two isolated thin zones in the northern part (Figure
4.45). The northern thin zone, however, thickens to the southeast with the contours trending
NE-SW.

The structure contours between the two isolated thin zones trends SW with curves pointing
to the NW (Figure 4.45 shows the profile across the NW bend around Uitloop farm, profile
X-X1). The southern thin area is adjacent to Grasvally structure and shows a SW thinning.
The Grasvally area indicates southeast thickening on the synformal structure, and this is
truncated by a structure adjacent to the Grasvally synformal structure. From the northern
part of Grasvally, the Main Zone thins out northwards, before being truncated by another
thick zone around Uitloop farm where another adjacent depression and structural high is

present ( Figures 4.45, profile A-Al around the Grasvally structure).
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Figure 4.45: The Main Zone isopach map of the Northern Bushveld southern sector with profile A-A1 around the
northern part. Profile X-X1 showing structure on Uitloop. The low relief area is about 10 km wide and 200 m deep
on the Main Zone structural contour interval, the adjacent structural high is about 1 km wide and 175 m high. Profile
A-A1 across Grasvally structure. This structure is about 7 km wide and 500 m deep at the base of the Main Zone
interval. It is truncated by a structure that is over 1000 m high.

4.9.3 OVERVIEW OF SOUTHERN SECTOR OF NORTHERN BUSHVELD
1. Structural contour pattern indicates a general N-S deepening trend
2. Depression and adjacent structural high features at Uitloop farm, Volspruit and Grasvally

structure show downthrows to the south.

3. Thickness is thin over structurally positive areas, while structural low areas have maximum

thickness.

4. Lower Zone rocks thickness increases southwards
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4.10 FAR WESTERN BUSHVELD SECTION

Structural contours of the Archaean floor rock are only represented at the centre of the
Nietverdiend section appearing circular and open to the west. Structural contours on the
Upper Zone down to the Marginal Zone are all open to the west or continue westward
Figure 4.46 and 4.47 shows the structure contour map for the Main Zone and the Lower

Critical unit respectively.
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Figure 4.46: Structural contours on the Main Zone interval of the Far Western Bushveld.
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Figure 4.47: Structural contours on the Lower Critical Zone interval of the Far Western Bushveld Complex.

The isopach map for the Lower Critical Zone shows increased thickening from the SE to
the NW with a steep thinning between the NW and the SE ends. Figure 4.48 shows the
isopach for the Lower Critical Zone and the profile across the section while Figure 4.48
indicates the Main Zone isopach with thickening from the margins to the centre. Figure 4.49

shows the strip log of some boreholes within the area.
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Figure 4.48: Lower Critical unit isopach of the Far Western Bushveld Complex.
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Figure 4.49: The Main Zone isopach map of the Far Western Bushveld.
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Figure 4.50: 3D borehole strip log in the Far Western Bushveld area.

4.10.1 OVERVIEW OF FAR WESTERN BUSHVELD COMPLEX

1. The opening to the west of most of the structural contours and isopach lines show that this

section might extend to the west.

2. No structural feature that could have disturbed the normal deposition model was identified.

4.11 FAR NORTHERN BUSHVELD COMPLEX

This area is dominated by rocks that belong to the Main Zone stratigraphic unit. The
structural contours at the base of the Upper Zone interval increase from NW to SE (see
Figure 4.51), while the structural lines at the base of the Main Zone interval increase from
SE to NW (see Figure 4.52). Isopach lines on the Main Zone interval trend NE (see Figure
4.53); however, the thickness increases from NW to SE.
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Figure 4.51: Structural contours at the base of the Upper Zone in the Far Northern Bushveld Complex.
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Figure 4.57: Structural contour pattern at the base of the Main Zone interval of Villa- Nora area (Far Northern
Bushveld Complex)
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Figure 4.52: The Main Zone isopach map of the Far Northern Bushveld or Villa-Nora.

GENERAL OVERVIEW
Abrupt termination of thickness may be due to the presence of faults and these are further probed
by drawing a profile across such features to reveal their geometry.
Deposits thicken towards their source: It might be common knowledge that the magma source is
closer where the Main Zone is thickest. However, the concentrations of economic zones are also

controlled by structure.
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CHAPTERS GEOMETRY OF RLS ROCKS ACROSS

THE BUSHVELD COMPLEX

5.1 CHAPTER INTRODUCTION

This chapter presents the results of the borehole data analysis on a regional scale by
examining the geometry of each stratigraphic unit using interval structure contour and
isopach maps. Major structural features were also identified from the study of interval
isopach maps, which also aided in classifying the feature into pre-, syn- and post-Bushveld
ages. The study allows the structural and geometric investigation of large areas and
stratigraphic intervals with relative rapidity and accuracy. Better appreciation of the
Bushveld Complex, especially the Rustenburg Layered Suite (RLS) rocks were gained.
This understanding will assist with a better appreciation of the subsurface geology and
could aid in investigation of special geologic problems in this area.

This discussion will be based on unit-by-unit investigation of the major stratigraphic units

starting with the youngest to the oldest as reported in the borehole log record.

5.2 THE OVERBURDEN

Karoo sediments, sand, clays and overburden rocks were classified together as Overburden
rocks. These rocks are not present in most places where the topmost stratigraphic unit is
exposed. However, percussion drilled sites were not considered. The layer is also very thin
in most places and not geologically important except for the benefit of Mine planning or
exploration. Figure 5.1 reveals the elevation at the top of the overburden which ranges from
1600 m to 200 m. Highest and lowest elevations were recorded in the Eastern Bushveld.
The highest ground elevation occurs in the southern and southeastern part of the Eastern
Bushveld while the lowest ground elevation was recorded in the central part of this
complex. The overburden is very thin or absent in most parts of the Eastern Bushveld. The
ground elevation in the Northern Bushveld ranges between 1000 m and 1100 m. Around

Villa-Nora, the elevation varies from 1000 m at the eastern edge to 850 m at the centre.
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Overburden thickness is less than 10 m in most parts of the Northern Bushveld except
around Tweefontein farm where the thickness increased to over 35 m with a NE-SW trend.
Ground elevation in the Western Bushveld varies from 900 m in the northwestern part to
1200 m in the southwest. However, overburden thickness in the Western Bushveld is

usually less than 1 m except for the northwestern edge where it increased sharply to about
10 m.
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Figure 5.1: BIC Overburden top structure contour interval using the Kriging interpolation method
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Figure 5.2: BIC Overburden isopach map with farm names.

5.3 THE POST-RLS STRATIGRAPHIC UNIT

This unit consists mostly of Pilanesberg Complex rocks which are located at the central
part of the Western Bushveld (Figure 5.3 and 5.4) as a circular shaped outcrop and consist
of tuffs, foyalites and ‘Lava’. At the Bierkraal farm (southeastof the Pilanesberg Complex)
the litho-stratigraphy consist of chromitite, pyroxenites and norites at the top and further
down the lithology changed to granites and granophyres underlain by quartzites, while
towards the end the lithology changed again to ferrogabbro and magnetite-rich gabbro and

extends to the east. On the isopach map in Figure 5.4 the rocks have a NNW orientation.
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Figure 5.4: 2D isopach map of the Post RLS unit of Bushveld Complex using the Kriging method.
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5.4 THE UPPER ZONE STRATIGRAPHIC UNIT

The Upper Zone structural pattern in the Northwestern Bushveld trends mostly SE and dips
to the NE. The depth of occurrence of the Upper Zone unit ranges from about 900 m at the
Haakdoornfontein farm at the southeastern edge to over 1000 m around the Pilanesberg
Complex and about 1200 around the Brits section as indicated in Figures 5.5-5.6.

The thickness of the Upper Zone in Figure 5.6 increased from between 1 m and 20 m at
Amandelbult section to over 30 m around the northern parts of the Union section, but
decreased gradually towards the northern fringe of the Pilanesberg Complex. The unit is
thick between the Amandelbult section and the Union section (i.e. over the Northern Gap
area) forming a closure that extends to the NW and SE. Towards the southeastern part of
Pilanesberg Complex where the area is tilted to the southeast the unit extends
southeastward and thickens towards the centre. It forms a small dome close to the Kroondal
structure and further eastwards the unit thins out completely leaving a gap that extends
eastwards. Further east around the Hartebeestpoort C farm, it slopes steeply over a gap
fault with a NW-SE trend. Adjacent to the fault are two valleys, one on Uitvalgrond farm
and the other at Doornpoort farm, north of Pretoria. The two isolated depressions (probably

a horst and graben structure) are separated by a structural high.

One of the major structural features of the Eastern Bushveld the Upper Zone structural
contour interval is the north plunging arch or anticline that extends from north to south
across the southeastern part of the Complex. Its thickness increases from the northern part
of the structure southwards on the isopach map while on the structural map the same
structure forms two concentric structural highs; one in the southeastern part and the other
to the extreme southern part. They are separated by a shallow area, which coincides with
the position of the Laersdrift Fault. From the southeastern part the structural contours (i.e.
towards the central part of the Complex) decreased in elevation steeply (across a fault zone)

into the central valley (Kennedy’s Vale) where the Upper Zone rocks virtually thins out.
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The central part of the southeastern Bushveld hosts a depression that extends eastwards
and a SW trending anticlinal structure that opens to the NE. separates it from the depression
at Kennedy’s Vale area. The Upper Zone rocks occur between 20 m (in the valley) and
1600 m on the structural high area of the southeastern Bushveld. The thickness of the Upper
Zone unit in the southeastern and central parts of the Eastern Bushveld ranges between 10
m and 200 m.

The Northern Bushveld is marked by prominent thickening of the Upper Zone rocks at the
northern edge of the northern sector and in the western part of the central sector. These two
areas are shallow areas in the structural interval of the Upper Zone. Upper Zone was
reported only on Potgietersrus farm of the Vila-Nora section. However, the pattern and

trend could not be verified due to insufficient information.
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Figure 5.5: The Upper Zone top interval grid model of the Bushveld Complex by using the Kriging interpolation
method.
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Figure 5.6: The Upper Zone 2D isopach map of the Bushveld Igneous Complex using the Kriging interpolation
method.

5.5 MAIN ZONE
The structural pattern at the top of the Main Zone interval is different from the one at the
base for some part of the Complex (see Figure 5.7 and 5.8). These areas include the
Northwestern Bushveld and Far Northern Bushveld, while the former changed to a
synclinal structure with a lobate shape around Amandelbult section, the other area
experienced uplift with an anticlinal structure, which opens to the north and is surrounded
by steep slopes especially on the western side. The Main Zone dips to the southeast from
northern parts of Pilanesberg Complex, while at Amandelbult section the unit dips

southeastwards.

The Far Western Bushveld the Main Zone dips to the east towards the Pilanesberg
Complex, the southeastern side of the Pilanesberg Complex is marked by an east dipping
(fault zone) and southeast trending contours that are parallel to the Rustenburg fault. Sharp
bending of the contours occur around the Kroondal structure to form a southeast plunging

U-shaped structure which is significant and might be related to the presence of the
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Kroondal structure in the area. Adjacent to the U-shaped structure are series of closely
spaced NNW trending contours that coincide with the location of the Brits fault. Further
east are two structural highs with a small depression between them. The isopach map for
the Amandelbult area thickens towards the centre and thins out at the sides defining an
anticline surrounded by steep limbs.

The isopach map and the structural contour map for the Western Bushveld show inverse
correlation. The slope becomes gradual around the Union section and continues
southwestward towards the Pilanesberg Complex. The Main Zone thickens eastwards at

the southern part of the Pilanesberg Complex as revealed on Figures 5.9.

The Main Zone in the southeastern Bushveld indicates a steeply dipping zone between the
northwestern side and the Fortdraai arch with NS trending structure contours in Figure 5.8.
The centre of the Eastern Bushveld is marked by the presence of Kennedy’s Vale while the
southeastern part is incised midway by a NE trending depression. The southeastern part
formed an hourglass shaped structure that extends from the central part to the extreme
southern part. Midway between these structures is a depression which coincides with the
position of the Laersdrift fault. The Groblersdal sector is marked by two NE trending
isolated structural highs (indicated as valleys on the isopach map) incised by a structural
low area (indicated as hills on the isopach map). This sector is separated from the
southeastern sector by a synclinal structure. The southeastern side is made up of another
set of two east trending structural highs with a depression in between. However, around
Lydenburg on the isopach map (Figure 5.9) the synclinal structure (in-between the
southeastern structural highs) area is marked by a NW-SE trending valley with steep slopes

on the sides (probably representing a fault-bounded basin or graben).

The Main Zone is more prominent in the central and southern sector of the Northern
Bushveld. In the central sector where the zone is more prominent it reaches a thickness of
over 450 m on a synformal structure at Rietfontein farm, adjacent to Tweefontein hill in
Figure 5.9. The isopach lines opened to the east on this sector and it is truncated by faults.
On Overysel farm (a SW trending fault with downthrow to the south, i.e. on Zwartfontein

farm); another one is a N-S trending fault with downthrow towards the synclinal structure
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on the Rietfontein farm while the third is on Tweefontein farm and looks like a southeastern
extension of Tweefontein hill. This fault is at a corner around Uitloop farm and trends
partly N-S and E-W.

In the Far Northern Bushveld the Main Zone thickness increases to the southwest, thus
reflecting the presence of a positive structural feature in the southeast.

The Main Zone base interval (Figures 5.7 and 5.8) in the Western Bushveld occurs between
depths of 970 m (in the northwestern Bushveld) to 1170 m (in the southwestern Bushveld),
while the depth of occurrence in the Eastern Bushveld ranges from less than 100 m around
the valleys to 1400 m in the southeastern part. In the Northern Bushveld the Main Zone is
prominent in the central sector and occurs at depths of about 1000 m to 1070 m while in
the far northern Bushveld the Zone occurs between 840 m to 1005 m. However, at
Nietverdiend section the same zone showed up at aboutl070 m at the western edge,

shallowing down to 1000 m at the centre and 1050 m towards the main Western Bushveld.
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Figure 5.7: The Main Zone top 2D grid model using the Kriging interpolation method.
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Figure 5.9: 2D Isopach map of the Main Zone using the Kriging interpolation method
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5.6 BASTARD MERENSKY UNIT

This unit has a pronounced thickness around the Union section and the Northern gap, but

thins towards the Amandelbult section of the Northwestern Bushveld Complex. The unit

formed an L-shaped thickness trend (i.e. N-S and E-W) around this area and has it

maximum thickness around the Northern gap (Figure 5.11).Structural contours on this unit

have a similar pattern to the one at the base of the Main Zone interval. The deepest depth

of occurrence is around the Amandelbult section, while the highest elevation occurs around

the Union section as shown in Figure 5.10 and 5.11.
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Figure 5.10: Bastard Merensky Reef structure contour top using the Kriging interpolation method
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Figure 5.11:2D grid model of Bastard Merensky Reef isopach of Bushveld Complex using the Kriging interpolation
method and showing prominent concentration around the Northwestern Bushveld.

5.7 THE MERENSKY REEF

The Merensky reef is present in most part of the Western Bushveld as indicated in Figure
5.12 to 5.13 but the thickness is almost uniform over the area except for the Northwestern
part (where it formed a NW-SE trend) and around the Brits section (forming an east-west
trend). However, around the Northern gap area, the isopach lines form closely spaced NW-
trending (faults), while on the western part, the unit thins over the Union section and
Southern gap area with a southeast plunging nose at the centre. Around the Brits section,
the thickness increases steeply into a graben to the immediate west of the Kroondal
structure (parallel to the Kroondal fault) and thins out abruptly around Hartebeestpoort
farm. The graben is bounded on the western side by faults that are probably related to the
Kroondal fault and the eastern side by the Brits faults. Further eastwards the unit thins
across the Brits faults; however, the thickness increases abruptly again eastwards across
another synclinal structure or graben (Figure 5.12 and 5.13).

The thickness is also uniform over the Eastern Bushveld. However, there is pronounced

thickness around the southeast, where the contours open to the east (probably indicating a
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continuation in this direction).The Far Northern Bushveld and Northern Bushveld have

minor occurrences of the Merensky unit.

500 000 moooEast.ing 700 000 8§00 000
8 Villa Nora € 8
§ Aurora - §
! ‘ Colr noes
100
100
§ § &0
3 Elandskuil 8o s
£ Nietverdiend DI
2 e~ e
8 '§ oo
g 3
Brakspruit - . cvoung 7w Boschpoort

Figure 5.13: 2D Grid model of The Merensky reef top of Bushveld Complex using the Kriging interpolation method.
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5.8 PLATREEF

The Platreef 2D grid model reveals a structural high at the extreme northern part while the
southern parts indicate widespread structural lows (as indicated in Figure 5.15). The unit
occurs between 800 m and 1280 m. However, the thickness as revealed in Figure 5.16
shows that the central part is irregular probably due to the underlying structures. The
Platreef in the Northern Bushveld limb has a NNW-SSE regional trend (see Figures 5.17
and 5.18) and the thickness steadily reduce northwards; it is highest around the central part
of the Northern Bushveld.
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Figure 5.15: Platreef structure top interval of the Bushveld Complex using the Kriging interpolation method.
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Figure 5.16: Platreef isopach of the Bushveld Complex using the Kriging interpolation method.
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Figure 5.17: 2D model of Platreef isopach showing the regional trend of the Platreef in the Northern Bushveld
Complex using the Trend Polynomial interpolation method.
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Figure 5.18: Platreef isopach map showing the regional Platreef thickness trend and farm locations using the
Polynomial Trend interpolation method

5.9 PSEUDO REEF

The 2D grid models in Figures 5.19 and 5.20 shows the range of occurrence of the Pseudo
reef around the Northwestern Bushveld. This unit occurs at the Northwestern Bushveld

especially around the Northern gap and Amandelbult section. Most part of the structure ¢
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contour is similar to the overlying stratigraphic unit. The thickness varies from 0.25 m to

about 0.8 m as shown in Figure 5.31.
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Figure 5.19:2D Grid model of Pseudo Reef interval of the Bushveld Complex generated with the Kriging

interpolation method.
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Figure 5.20: Grid model of the Pseudo Reef unit isopach in the Western Bushveld, the UG3 isopach in the Eastern
Bushveld and chromitite in the Northern Bushveld isopach using the Kriging method

5.10 UG3 UNIT

The UG3 unit occurs mostly in the central part of the Eastern Bushveld (Figure 5.19 and
5.20 above). On the isopach map, it thickens towards the east on Winterveld farm,
occupying a structure that dips eastwards. However, the structure contour map shows a

similar pattern to the overlying horizons.

5.11 UG2 UNIT

This unit has a widespread occurrence in the Western Bushveld section with more
pronounced thickness around the northwestern Bushveld and around the Brits section of
the Western Bushveld as indicated in Figure 5.21. The unit occupies two shallow areas
with a small uplift in the middle of the northwestern section. The first shallow area occurs
in the Amandelbult section and forms a NW- SE trend, the second shallow area occurs

around the Union section and forms a NW-SE trend, while the small uplifted area occupies
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the Northern gap area. The structural pattern around the Brits section is unaffected, and
remains similar to the pattern on the upper horizons.

The UG2 unit has a prominent thickness in the southeastern part of the Eastern Bushveld
and occupies a structural high at about 1000 m depth around Kliprivier farm. The isopach
lines open to the east, thus indicating that the unit might probably extend to the east. In the

Northern Bushveld this unit occurs in the southern section on Jaagbaan and Grasvally farm.
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Figure 5.21: 2D Isopach map of the UG2 unit of the Bushveld Complex using the Kriging method of interpolation.

5.12 UG1 UNIT

The UG1 unit is present in the Northwestern Bushveld and forms a lobate shape on the
structural contour map (see Figure 5.22). The shape widens to the SW towards the Southern
gap area, but further southwest the structure descends steeply towards the Union section
with a slight bend to the southwest at the centre. The unit occurs between depths of 670 m
and 248 m with a SW-NE trend and slopes steeply over the Northern gap area in the
northwestern Bushveld. The unit thickens towards the NE and dips steeply from the

Northern gap area towards the Amandelbult section.

131



The unit occurs around the southeastern Bushveld, forming a small shallow that opens to
the east. The structural contour pattern is similar to patterns on overlying units. It occurs at

about 1000.4 m depth in this section.
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Figure 5.22: 2D isopach map of the UG1 unit of the Bushveld Complex using Kriging interpolation method.
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5.13

THE MIDDLE GROUP CHROMITITE

The Middle Group Chromitite layers (MG) are widely distributed over the Western
Bushveld, The Northwestern part is marked by a NE-SW trend as shown in Figures 5.23;
however, the trend is incised around the Northern gap by a shallow depression. The unit
thickens southwards from the Pilanesberg Complex and peaks on a steep-sided synclinal
structure that opens to the south around Kroondal farm. Further southeast, the unit thins
out across the southwestern Bushveld from Hartebeestpoort B farm to Doornpoort farm in
the east. The unit occurs between the depth of 250 m and 800 m in this area as shown in
Figure 5.23. The unit also indicates pronounced thickness in the central part of the Eastern
Bushveld Complex, occupying a steep-sided synclinal structure that extends across
Tweefontein, Dwarsrivier and Mareesburg farms, and opens to the east. This unit thins to

the south and west. It occurs between depths of 800 m and 1100 m.
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Figure 5.23: 2D isopach map of the Middle Group Chromitites of the Bushveld Complex using the Kriging

interpolation method.
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5.14 THE LOWER CRITICAL ZONE

This unit occurs in the Far Western Bushveld, Northwestern Bushveld, and west and
southeast parts of the Pilanesberg Complex (Figure 5.24). On the isopach map, the unit
thickness increases from the NW to the centre before decreasing sharply to the SE and SW.
In the Western Bushveld, thickness of the unit is consistent over the entire Western
Bushveld, except beyond Brakspruit farm where it virtually thins out.

The unit occurs in the southeastern part of the Eastern Bushveld where it trends SW with
southward thickening, while the one in the southeastern part, trends eastward with
increasing thickness to the east.

The Lower Critical Zone unit is also present in the southern sector of the Northern

Bushveld where it was classified as having lower seams.
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Figure 5.24: 2D isopach map of Lower Group Chromitites of Bushveld Complex using the Kriging Interpolation
method.

5.15 LOWER ZONE

The Lower Zone occurs conspicuously around the Pilanesberg Complex of the Western
Bushveld as indicated in Figures 5.25 and5.26. Here, there is sharp thickening of the unit

to the south below the Pilanesberg Complex, thus the unit occupies a synclinal structure at
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the lower parts of the Pilanesberg Complex. The synclinal structure dips steeply on all sides
(this probably implies that the structure is fault bounded), extends over a 43 km stretch and
opens to the SW. The unit might extend both to the west towards the Far Western Bushveld
area and southwestwards. Figure 5.26 shows that the area is structurally positive or high
relief and occurs between 750 m and 912 m depth in the area.

In the Eastern Bushveld, this unit occurs in the Groblersdal sector forming a small trough
in an area that is structurally positive. The unit occurs between depths of 900 m and 1027
m.

Lower Zone rocks are prominent in the southern sector of the Northern Bushveld. The unit
trends N-S and is delimited in the northern edge by a SW trending fault (probably the

Ysterberg-Planknek fault) and occupies the positive structure on Grasvally area.
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Figure 5.25: 2D grid model of the Lower Zone interval of the Bushveld Complex using the Kriging method.
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Figure 5.26: 2D isopach map of the Lower Zone of the Bushveld Complex using the Kriging method.

5.16 THE MARGINAL ZONE

The Marginal Zone occurs below the Pilanesberg Complex in the Western Bushveld
Complex where it forms a circular closure that thickens eastwards as indicated in Figures
5.27 and Figure 5.28.The unit extends to the Far Western Bushveld and immediate south
of the Pilanesberg Complex and occupies the steep-sided trough below the Complex. The
unit occurs between depths of 677.4 m and 877.4 m around the Pilanesberg Complex.

Within the Eastern Bushveld Complex, the Marginal Zone is prominent towards the
southeastern edge and around the Groblersdal sector. In the southeastern edge, the unit
thins westwards. While in the Groblersdal sector the unit thins to the southeast (Figure

5.28). The unit occurs between depths of 927 m and 1002 m.

The Marginal Zone extends across the northern and central sector of the Northern
Bushveld. The unit thickens to the north over a shallow trough (at depths between 827.4 m
and 927.4 m) that opens to the north on Harriet Wish farm at the northern edge. Towards

the south, the unit trends southeastward and forms two isolated shallow areas, separated by
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a small uplifted area, and the unit terminates against an E-W trending fault around the
southern part as it thins out. The structure contour pattern shows two structural high areas
in the north-central part and another structural high in the Grasvally area while a small

shallow area occurs between these two on Sandsloot and Uitloop farms (see Figures 5.27).
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Figure 5.27: Grid model of the Marginal Zone top of the Bushveld Complex using Kriging interpolation method.
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Figure 5.28: Isopach map of the Marginal Zone of the Bushveld Complex using Kriging interpolation method.

5.17 THE PRE-BUSHVELD OR TRANSVAAL GROUP ROCKS

Pre-Bushveld rocks occur below the Pilanesberg Complex and extend to the immediate
southwestern part of the Complex. Below the Pilanesberg Complex, the occurs as
metasediments and extend between depths of 777.4 m and 877.4 m, while in the Far
Western Bushveld, they occur between 777.4 m and 977.4 m as indicated in Figure 5.29.
The rocks thicken westward at the Groblersdal sector of the Eastern Bushveld, but
gradually thin out eastwards from Blaauwbank farm to Welgevonden farm (the thinning
probably defines a fault zone as shown on the isopach map in Figure 5.30). The depth of
occurrence in this sector varies from 1002.4 m to 902.4 m.

Pre-Bushveld or Transvaal Supergroup rocks also occur extensively in the Northern
Bushveld Complex with varying lithologies, which includes dolomite, shale and quartzite.

The thickness is more pronounced in the central sector of the Northern Bushveld.
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Figure 5.30: Pre-Bushveld or Transvaal Supergroup rocks isopach map using the Kriging method

5.18 THE ARCHAEAN FLOOR
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The Archaean floor rocks occur in the Far Western Bushveld at depths of about 352.4 m at
the centre, and -147 m at the fringes. It forms a positive structure at the centre and extends
to the west. These rocks are not reported in the Western Bushveld Complex log either,
because they are not present or might occur at deeper depths in this area.

The Archaean floor rocks of the Northern Bushveld occur between 127 m and 464 m
approximately at the northern edge and form a synformal structure that plunge to the north.
The rocks extend from depths of 352.4 m at the edges to 752.4 m at the centre, trend
southeastwards from the central to the southern sector, dip to the west, and east, except
around the area of Turfspruit farm where there is another synclinal structure, which extends
from west to east and plunges to the west.

Archaean floor rocks structure contours pattern in the Eastern Bushveld Complex show the
presence of a steep-sided valley that extends from the north to the centre. The valley is
surrounded by structural high areas. Their depth of occurrence ranges from 748 m (in the
valley) to 252.4 m at the edge. The valley has a N-S extension of about 77 km. The
southeastern Bushveld is marked by a structural high that extends westwards to the
Groblersdal sector and Bethal area. The depth of Archaean floor rocks in the southeastern
Bushveld Complex range from 1000 m at Uitvlugt farm in the southern section to 760 m
at the southeastern edge and 500 m in the Groblersdal sector. Figure 5.31 and 5.32 shows

the 2D grid models of the Archaean floor rock occurrence around the BIC.
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Figure 5.31: 2D grid model of Archaean granite top of the Bushveld Complex using Kriging interpolation method.
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Figure 5.32: 2D grid model of Archaean granite top in the Bushveld Complex using the Auto Trend Surface
Residual method.
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The Archaean rock thickness is not well defined in most places because most of the
boreholes did not fully penetrate this unit. Hence, in describing the floor rocks the interval
structure contour map of Archaean rocks will be utilized.

At Far Northern the Bushveld area, the floor rocks slope southwest due to the presence of
an anticlinal structure in the southeast. The anticlinal structure plunges southwards and
opens to the north. It slopes gently to the southeast while the slope in the southwest is rather
steep. A profile drawn across this structure in Figure 5.33 shows a downthrow of more than

500 m in the southwest and less than 100 m in the southeast.

1.153m -

1.000m —

km

750m —

Ny

250m — ;
m \/ QQ@

Om

-250m ]

L 1 1 1 1 1 ]
-500 m F 1 T T 1 T 1

-748 m

Figure 5.33: Profile across the Far Northern Bushveld Complex area structural contour intervals. Archaean rocks top
interval respectively shows the structural trend in the Far-Northern Bushveld.
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CHAPTER 6 TREND SURFACE ANALYSIS OF RLS
6.1 CHAPTER INTRODUCTION

In order to enhance the understanding and ability to make better and easier geological
interpretations of the subsurface, especially in economically important regions such as the
BIC, the Trend Surface analysis was utilized. This technique analysed and described the
interaction between trend and residual structure to the thickness of stratigraphic units with
the aim of distinguishing between pre-, syn- and post-emplacement structures. This will
also help to unravel the development and timing of the growth of these structures. The
study also attempts to find out the mechanisms responsible for the location and geometry
of structures as well as to reconstruct the developmental history of the Rustenburg Layered

Suite (RLS).

The relationship between the structure in which magma accumulates and thickness of the
deposit is usually inverse. The reason for this is that previously structurally negative areas
i.e., low land areas such as synclines and basins formed before the deposition will receive
more influx than positive or structural high except if the area has been structurally disturbed
by later tectonic activities. The RLS although igneous in origin exhibits stratigraphic

layering that is very similar to sedimentary layering and is analyzed as such.

An attempt was made to relate stratigraphic unit thickness of the RLS units to positive and
negative structural features by comparing the isopach and structural contour maps
computed with the trend surface analysis technique. This technique has a long history of
application in delineating structural trends and related features which might be difficult to
detect using other interpolation methods due to masking by dominant regional trends. The
effectiveness of this technique in studying subsurface structures was first demonstrated by
Krumbein (1959) but has since been employed in different aspects of geology for
stratigraphic and structural controlled resource exploration (Cook, 1969; Baird et al., 1971;

Davis, 2002; Evenick, 2008; Evenick et al., 2008; Mei, 2009).
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The overall geometry reveals the deposition of the major stratigraphic horizons as well as
the inverse relationship between structure and thickness of pre- and syn-Bushveld
structures, with some few exceptions, which could be classified as post-Bushveld
structures. The general landscape is dominated by low undulating bedrock surface with
little relief.

While most parts of the RLS show some correlation in terms of residual structure and
thickness at the subsurface, the Amandelbult section of the Northwestern Bushveld shows

a relatively flat Upper Zone unit masking a terrain of buried graben.

6.2 VARIATION IN STRUCTURE AND THICKNESS

The Rustenburg Layered Suite (RLS) ranges in thickness from a few cm to more than
8000m (Cawthorn and Web, 2001; Manyeruke 2003; Kinnaird, 2005). However, there is
little relief on the upper surface of the RLS; changes in thickness are related not only to
variations in the depth of the RLS surface, but to some other factors. The thickness is
influenced mainly by (1) subsurface geology, (2) pre, syn- and post-Bushveld structures
that influenced the geometry and distribution of the RLS. The Northwestern sector of the
Bushveld Complex will be discussed in detail with all the relevant diagrams. However,

most of the figures showing identical trends will not be repeated in subsequent sections.

6.3 TREND SURFACE ANALYSIS OF PARTS OF THE RUSTENBURG LAYERED
SUITE

6.3.1 NORTHWESTERN BUSHVELD UPPER ZONE RESIDUAL STRUCTURE

First order Upper Zone structural residual map shows a general decrease in gradient from
the SW to the NE. The structure contours are more regular in the SW (west of the Union
section) than in the northeast. The NE part of the Union section shows gradual decrease in
gradient compared to the southwestern side. A similar pattern is exhibited by higher
residual orders. Figures 6.1-6.4 show the Upper Zone residual structural maps and

structural trends for the northwestern Bushveld Complex
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Figure 6.1: First-order residual structure map of the Upper Zone top in the RLS of the Northwestern Bushveld
Complex with surface geological contacts (contour interval 10).

- — : -
|/ % SKULL
N\ 4 P 7

o ad g 2% |
£A45 0.0000" S L TE

-

ok

| 24° 52130.0000" 3

!

-
|-=
[~
.. 25°0070.0000" 3

\

A
)
AN

25° 07'|30.0000" 3

1003,

RO
%

LARES

\( *

]
"

&

=
o
o
(=3
E{
o ~A

¢ | 1 ] ] ]
I I I I I I
. d > 0 km 10 kim 20 ki 30 km 40km [ ™
Figure 6.2: Second-order residual structure map of the Upper Zone top in the RLS of the Northwestern Bushveld
Complex (contour interval 10).

27° 22}9’0000 E
e
277 30" U.noumv
%
4

o

145



-
o

w5
/
24

Z

30 km 40 km

Figure 6.3:Third-order residual structure map of the Upper Zone top in the RLS of the Northwestern Bushveld
Complex (contour interval 10).
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6.3.2 NORTHWESTERN BUSHVELD MAIN ZONE RESIDUAL STRUCTURE

Patterns and trends on the Upper Zone top is the same with the Main Zone top interval.
However, the first order Main Zone base residual structure shows a major NE decrease in
gradient. The NE extreme exhibits a sharp slope to the southeast from the NW and SW.
The central portion of the map exhibits a contracting structure in the northern and southern
part. The southern part is marked by a wide structural high while the northern part has a
depression that extends to the NW in Figure 6.5-6.8. An isolated structural high exists
around the Kameelhoek farm at the centre. The structure in the Amandelbult section shows
a structural low in the south and structural high in the northern parts as indicated in Figure
6.3. This central section is also marked by an irregular or rapidly undulating structural

surface compared to its southwestern side.

<

e ] NP9, \ 4 N
NN N
A DR\ ’l/,?l 3 v

R — >
T Tsiga =8 <~ HAAKDQORNFONPRINSSS
1 /N \ L SYGER UILM / N
\‘_\:_ { XSCNEI; ST&/HZ_’ 1
k! ¢ Y y =N J = =
¢SV EERR
o2 VZAN & TH N
RU Sp ELSTRUTSNFK "/’.\"\\‘. \. o
J I I I 1 1 I I 1
0 km 10 km 20 km 30 km 40 km

Figure 6.5: First-order (A) the Main Zone residual structure maps of Northwestern Bushveld Complex.
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Figure 6.7: Third- order (C) of the Main Zone residual structure maps of Northwestern Bushveld Complex.
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Figure 6. 8: Fourth order (D) of the Main Zone residual structure maps of Northwestern Bushveld Complex.
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6.3.3 NORTHWESTERN BUSHVELD CRITICAL ZONE STRUCTURE
RESIDUAL

The structure and isopach maps of the Merensky Reef indicate close similarity with the

Main Zone base interval structure and isopach maps. Figures 6.9 to 6.12 reveal the

prominent NE trending structure, negative domain and concomitant SE thickening pattern

from the west. The central thinning domain coincides with the fault zone around the Brits

section. Figures 6.13-6.16 represent the Merensky reef isopach maps with strong

thickening around northeast.
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Figure 6.9: First - order (A) the Main Zone residual isopach map of Northwestern Bushveld Complex.
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Figure 6.10: Second- order (B) the Main Zone residual isopach map of Northwestern Bushveld Complex.
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Figure 6.11: Third - order (C) the Main Zone residual isopach map of Northwestern Bushveld Complex.
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Figure 6.12: Fourth - order (D) the Main Zone residual isopach map of Northwestern Bushveld Complex.
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Figure 6.13: First order (A) Merensky Reef residual isopach map of the Northwestern Bushveld Complex
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Figure 6.14: Second order (B) Merensky Reef residual isopach map of the Northwestern Bushveld Complex
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Figure 6.15:Third- order (C) Merensky Reef residual isopach map of the Northwestern Bushveld Complex
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Figure 6.16: Fourth order (D) Merensky Reef residual isopach map of the Northwestern Bushveld Complex
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Figure 6.17: Second order Merensky Reef structural trend (left) and second order Lower Zone residual isopach map
(right) of Northwestern Bushveld Complex

6.3.4 NORTHWESTERN BUSHVELD UPPER ZONE TREND RESIDUAL
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ISOPACH MAP

The first order residual isopach map of the Upper Zone in the southwestern Bushveld
Complex shows a prominent NW-SE thickening trend as indicated in Figures 6.18- 6.21.
However, at the centre i.e. around Union section there is an isolated thickening that thins
out, first gradually and later abruptly to the NE and SW. This abrupt decrease in thickening
in the NE coincides with the Northern gap area while the other corresponds to the Southern
gap area. A profile drawn across these three farms show a downthrow to the north. The
same pattern is indicated on the residual structure map in Figure 6.22. Higher order Upper
Zone isopach maps show a similar pattern. Figure 6.23 shows the profile across the
northern part of the Amandelbult section with residual amplitude and a synclinal shape
around the Middellaagte farm (see profile in Figure 6.23). The corresponding anticlinal
shape is present on the Upper Zone structure map of the same area, thus indicating an

inverse relation between structure and thickness.
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Figure 6.18: First-order (A) residual isopach for the Upper Zone of the Northwestern Bushveld Complex (contour
interval is 10)
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Figure 6.19: Second-order (B) residual isopach for the Upper Zone of the Northwestern Bushveld Complex (contour
interval is 10)
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Figure 6.20: Third-order (C) residual isopach for the Upper Zone of the Northwestern Bushveld Complex (contour
interval is 10)
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Figure 6.21: Fourth order (D) residual isopach for the Upper Zone of the Northwestern Bushveld Complex (contour
interval is 10)
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the Northwestern Bushveld.
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Figure 6. 23: Profile across Middellaagte showing the graben in the Northwestern Bushveld Complex.

6.3.5 RESIDUAL STRUCTURE MAPS OF NORTHWESTERN BUSHVELD

The contour pattern at the base of the Main Zone, especially around the Northwestern
Bushveld indicates a SW-NE trending ‘basin’/graben (Figure 6.24 shows a close-up of the
NW of the Western Bushveld). The Northwest trending contours correspond to the
Southern gap between the Northwestern section of the Western Bushveld and the
Pilanesberg Complex. The Northern gap between the Amandelbult section and the Union
section is represented by sharply decreasing contours to the east i.e. Amandelbult section
and gradually increasing contours to the west, around the Union section.

The contour pattern also reveals the circular nature of the Pilanesberg Complex with a
gentle plunge to the west. Contour lines are more broadly spaced south of the Pilanesberg
Complex and closely spaced to the north.

The Main Zone is thickest in the Northwestern Bushveld Complex around the Amandelbult

section.
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Figure 6.24: Close-up view of the Amandelbult section of the Northwestern Bushveld.

6.3.6 NORTHWESTERN BUSHVELD MAIN ZONE TREND RESIDUAL
ISOPACH MAP

On the first order the Main Zone isopach residual map in Figures 6.25-6.28, the structural
high areas correspond to areas with thinning while the structural low areas correlate with
areas with thick deposition. Both the trend and residual structures match up with the
structural grain. The southeastern parts of the maps are marked by abrupt thickening to the

east, around the Amandelbult section.
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Figure 6.25: First - order (A) the Main Zone residual isopach maps of the Northwestern Bushveld Complex.
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Figure 6.26: Second- order (B) the Main Zone residual isopach maps of the Northwestern Bushveld Complex.
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Figure 6.27: Third-order (C) the Main Zone residual isopach maps of the Northwestern Bushveld Complex.
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Figure 6.28: Fourth order D) the Main Zone residual isopach maps of the Northwestern Bushveld Complex.

6.3.7 NORTHWESTERN BUSHVELD STRUCTURE AND THICKNESS
RELATIONSHIP

Strong abrupt thinning on both sides of the central section of the Upper Zone isopach
residual map coincides with the gap areas. A profile across the area in Figure 6.29 reveals
that the gap areas coincide with the downthrown sides of a centrally located positive
thickness domain. Using the first order residual isopach for illustration, the central part of
the Northwestern Bushveld on the Upper Zone residual isopach maps show a centrally
located NW thickening trend with abrupt thinning to the east and west. However, on the
Main Zone residual isopach map the same central portion is marked by a NW thickening

trend in the north and Southeast thickening trend in the south. Figures 6.30) indicates the
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independent relation between the Upper Zone residual isopach and structure while Figure
6.31) reveals a strong inverse correlation between theMain Zone residual isopach and
structure. Strong southeast thickening coincides with a structural negative or a structural
low area of the Amandelbult section; thickness is maximal in the axial part of this structure.
This area is marked by structure controlled down-dip accumulation of sequence of RLS

rocks.
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Figure 6.29: : Profile across the gap area on the Main Zone structure contour interval of the Northwestern Bushveld

Formation of most of these structures such as normal faulting and layer parallel slip
movement has been attributed to structural readjustment of the underlying Transvaal
Supergroup rocks (Carr and Groves, 1994; Eriksson and Reczko, 1995;Smith and Basson,
2006). Others are said to be syn-magmatic due to density contract, intrusion of syn-veins
and pegmatites, slumping (Viljoen and Scoon 1985; Lee 1981; Ballhaus 1988; Scoon and
Mitchell, 1994; Wilson et al., 1994; Viljoen, 1999; Reid and Basson 2002). This irregular

structure might account for the formation of potholes in the area.
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Figure 6.30:The Upper Zone structure (blue contours) and isopach (red contours)
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6.4 TREND SURFACE ANALYSIS OF CENTRAL PARTS OF WESTERN BUSHVELD

6.4.1 RESIDUAL STRUCTURE OF CENTRAL PARTS OF WESTERN
BUSHVELD COMPLEX

The western parts of the Pilanesberg Complex (Figure 6.32) also exhibits abrupt changes
in the structural pattern with an abrupt increase in structure around Ruighoek farm. A
structural negative domain probably controlled by the presence of faults dominate the area
occupied by the Upper Zone around the Pilanesberg Complex. In spite of difference in
orders the residual maps still show strong similarities to each other. Figure 6.32 shows the
pattern onthe Upper Zone residual structure in the central part of the Western Bushveld
Complex and reveals a strong NNW-SSE positive structure to the immediate south of the
Pilanesberg Complex. Another positive domain that opens to the west exists to the
immediate north of Pilanesberg Complex.

The Main Zone residual isopach surfaces are marked by a wide positive structural domain
with a NE trend around the northern parts of the Pilanesberg Complex. The southern part
shows a dominant eastward thinning at the centre with a steep slope to the west and a
general SE trend. The extreme southern part shows thinning to the north. Two isolated
structural negative domains (depressions/valleys) that are separated by a structural positive
domain (hill) occur between around the Schaapkraal farm at the northern part of a

Rooikoppies farm in the southwestern Bushveld Complex.
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Figure 6.33: Second order (B) Upper Zone residual structure of central parts of the Western Bushveld Complex

6.4.2 RESIDUAL ISOPACH OF CENTRAL PARTS OF THE WESTERN BUSHVELD
COMPLEX
The Upper Zone residual isopach map in Figure 6.34 indicates positive thickening towards
the centre of the map and especially at the Bierkraal farm. It also reveals a sudden increase
in thickness between Kroondal and Mamogales in the southern parts. This area coincides

with a negative structural domain (a depression) on the residual structure map.
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Figure 6.34: The Upper Zone residual isopach of central parts of the Western Bushveld Complex (contour interval 20 m).

The Main Zone isopach maps in Figure 6.35 show a progressively eastward thickening
trend (with abrupt thinning in the west and south) at the southern parts of the Pilanesberg

Complex. The northern parts indicate a strong NE thickening trend.
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Figure 35: The Main Zone residual isopach of central parts of the Western Bushveld Complex showing the major structural
trends in the area (contour interval 50 m)
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6.4.3 STRUCTURE TREND SURFACE OF CENTRAL PARTS OF THE
WESTERN BUSHVELD COMPLEX

The first order Upper Zone trend surface in the Upper Zone in Figure 6.36 is marked by
NE trending contour lines around the Pilanesberg Complex while the immediate southern
parts are dominated by NNW- SSE trending contours. The extreme southernpart of the
Complex is marked by slightly curved (folded) east-west trending contours around the
Kroondal structure. The whole area is dominated by a progressively negative structure
towards the east. This trend is, however, more prominent around Bierkraal farm. Random
change in structure is prevalent in this section. Second to fourth order trend surfaces show

strong similarities.
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Figure 6.36: The Upper Zone structural trendsin the central parts of the Western Bushveld Complex



The Main Zone structural trend of the northern Pilanesberg Complex is mostly NE while
the trend in the southern parts of the Complex is NNW-SSE (parallel to the trend of
Rustenburg Fault) as indicated in Figure 6.37. A positive structural domain dominates the
western part of the fault and a negative domain is prominent in the eastern part i.e. towards

the centre.

Lev)
.

25° KU 0oop" 5 L

X

Lt

RRV

Ko
25° 15'0.0000] \’Y\\

g
o
P
f
y |
25°18'45.0000" 3 ;

w

N

AKEONTI
25°22'30.0000" 5 -

3]

25° 26 15.0000" S —

25° 3¢ 0.0000" 8

25°33'45.0000" 5

B UJ:I\J:DU}L Ulry]

TOWN AND TOWNLAND!

26°41'15.0000"E
26°45'0.0000"E

26°48'45.0000"E
26°52'30.0000"E

0 km

Figure 6.37: The Main Zone residual structure of central parts of Western Bushveld Complex showing prominent NE
structural trend around Pilanesberg Complex; NNW-SSE trend (in the centre) parallel to Rustenburg Fault and E-W
trend around the Brakspruit farm west of Brits (contour interval 50 m)

6.4.4 ISOPACH TREND SURFACE OF CENTRAL PARTS OF THE WESTERN
BUSHVELD COMPLEX

The northern part of the Pilanesberg Complex is dominated by a NE thickening trend while
the southern part of the Complex is dominated by a SE trend with an anomalously high
thickening trend around the Bierkraal farm. Figures 6.38 shows the isopach trend surface

of the Upper Zone.
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Figure 38:The Upper Zone isopach trend of central parts of the Western Bushveld Complex (contour interval 20 m).

The Main Zone isopach maps in Figure 6.39 represent isopach trend surface for the Main
Zone and show a strong inverse relation to the structural trend surface both in pattern and
trend except for the area around Bierkraal farm and Schaapkraal farm. These two areas
show a negative structural domain on the structural trend surface and coincides with

negative isolated thickening at Bierkraal farm and positive thickening on Schaapkraal farm.
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6.4.5 RELATIONSHIP BETWEEN STRUCTURE AND ISOPACH OF
CENTRAL PARTS OF THE WESTERN BUSHVELD COMPLEX.

The Upper Zone of this section in Figure 6.41 did not show an inverse relation between
structure and isopach as indicated in the Main Zone (see Figure 6.42) of the same area. The
Main Zone to Lower Zone units show strong correlation in structure, especially around the

Rustenburg Fault where the trend is predominantlyNNE-SSW.
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Figure 6.42:The Main Zone residual structure (red) of central parts of the Western Bushveld Complex overlain with the Main
Zone residual isopach (blue) of the same area.

6.5 TREND SURFACE ANALYSIS OF THE SOUTHWESTERN BUSHVELD
COMPLEX

6.5.1 SOUTHWESTERN BUSHVELD UPPER ZONE STRUCTURE RESIDUAL
MAP

The geological map of southern parts of Western Bushveld Complex (6.43) showing the
Brits graben and some farm names mentioned in text. The Upper Zone residual structure
maps indicated in Figure 6.44 are marked by a NNW structural trend from the western side.
While the eastern end shows east-west trend with a westward dip. The eastern side has a
positive structure while the western side indicates a negative structure. Small-scale

structural features correspond to the synclines or grabens which plunge to the south. The
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residual structure maps show close resemblance with increasing orders of trend surface

thus implying stability with increasing order of trend surface.
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Figure 43: Geological map of the southwestern Bushveld Complex.
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Figure 6.44: The Upper Zone top interval residual structure of the Southwestern Bushveld

6.5.2 SOUTHWESTERN BUSHVELD MAIN ZONE STRUCTURE RESIDUAL

Small scale structures characterize the Main Zone residual maps in Figure 6.45. The area

around the Brits section is marked by a dominant NNW trend while east-west trends
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dominate the eastern side of the Brits section. A small structure with a downthrow to the
north occurs in the north-central part of map i.e. around the Hartebeestpoort C farm.
Another structure occurs in the southeast, with a downthrow to the east. The residual

structure map shows close similarities with the structural grain (style) of the area.
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Figure 6.45: The Main Zone residual isopach maps of the Southwestern Bushveld

6.5.3 SOUTHWESTERN BUSHVELD CRITICAL ZONE RESIDUAL
STRUCTURE AND ISOPACH

The structural trend in the Critical Zone is similar to the Main Zone base structure interval.
All the residual isopach maps for the Merensky Reef of the southwestern Bushveld exhibit
positive thickening in the western part and thins out eastwards except for an isolated
thickening southeast of the Brits section (detail in Figure 6.46 and 6.47). There are also
gaps and repeated contours around the Brits section. The UG2 unit in Figure 6.48 and 6.48
thickens southwestwards in the west, while in the eastern part it thickens to northeastwards

with the isopach lines trending NNW.
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Figure 6.47: The Merensky Reef isopach map of the Southwestern Bushveld (B)
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Figure 6.48: UG2 unit residual structure (A) of the Southwestern Bushveld Complex
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Figure 6.49: UG2 isopach map (B) of the Southwestern Bushveld Complex

6.5.4 SOUTHWESTERN BUSHVELD MAIN ZONE STRUCTURE TREND
SURFACE

The western side of the Main Zone base interval maps shows a prominent NNW-SSE trend,

however, this NNW-SSE trend was disrupted midway upward by a southeast trend.

Repeated structural contours and gaps are present around the Brits section; a profile across

the area indicates the presence of NNW trending faults and sags (Figures 6.50 and 6.51).
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The same pattern is exhibited on the Merensky Reef unit, UG2 unit to the Lower Zone unit

of the RLS.

6.5.5 SOUTHESTERN BUSHVELD UPPER ZONE STRUCTURE TREND
SURFACE

The structural trend surfaces for the top of the Upper Zone are shown in Figure 6.52 and
6.51. First to second degree trend surfaces indicate a dominant NNW trend with a SW trend
becoming more prominent from the east with increasing order. The fourth to sixth order
shows a dominant east-west trend. Repeated contour lines and gaps dominate the western
and central part of the map, i.e. around the Brits section. A profile across the gap shows
two sets of upthrown blocks dipping towards each other with a central drop (gap) in-
between (see Figures 6.52). These two sets of horst and graben structures possess a NE
trend and are very conspicuous on all the trend surfaces. A profile drawn through this
section shows downthrows of an order of over 300 m on the Upper Zone unit and deeper

downthrows on underlying units.

6.5.5.1 The Southwestern Bushveld Upper Zone Residual Isopach Map

The Upper Zone trend surface isopach maps are dominated by a northward thickening
trend. However, this trend was interrupted at the centre by two isolated structures with a
southward thickening trend. These structures were truncated by an abrupt thinning trend
from the west and south. Figures 6.53 shows gap and repeated isopach lines around the

Brits area; this confirms the presence of faults and sags.

The Upper Zone residual isopach maps are marked by a NNW thinning in the west,
northeast thinning in the centre and westward thinning in the southeast with two isolated
structures at the centre (also present on the trend surface isopach maps). Generally the unit

thickens to the north.
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Figure 6.50: Profile A-Al across the Brits grabens on the Main Zone structure interval in the Southwestern Bushveld
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Figure 6.52: The Upper Zone top interval residual structure of the Southwestern Bushveld Complex.

6.5.5.2 Southwestern Bushveld Main Zone Residual Isopach Map

The Main Zone in Figure 6.53 is well developed in the west, but thins towards the
northeastern part and around the Brits graben probably due to faulting. The unit is, however
absent in the southern parts of the Brits graben.

The Main Zone trend surface isopach maps in Figure 6.53 show a prominent NNW

thickening trend except for minor isolated thickening at the centre (around Brits section).
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Figure 6.53: The Main Zone residual isopach maps of the Southwestern Bushveld Complex

6.5.5.3 Trend Surface Analysis of Formation Thickness of the Southwestern
Bushveld

The effect of subsidence due to compaction is minimal on these stratigraphic units because
the lithologies involved are igneous and not sedimentary, original thickness at the time of
emplacement was preserved except for alteration due to syn- or post-emplacement

movement. Due to close similarities between the Upper Zone top interval and the Main
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Zone top interval and lack of significant variation in structure between the Main Zone base
and all the lower stratigraphic units only the Upper Zone and the Main Zone will form the
core of this discussion.

There is little correlation between the structure and thickness trends and residuals for the
Upper Zone in the Southwestern Bushveld Complex; this might be due to poor structural
control. Conversely, the Main Zone structure and thickness exhibit inverse correlation both
in trend and with the small scale structures. The western part of the Brits section is
structurally low and received more influx than the eastern part. However, most of the units
thin out around the structurally high areas while the structurally low areas (graben or sag)
show isolated thickening. This is responsible for the alternating or random thickening and
thinning around the central part of the map. The northeastern part seems to be more
structurally stable in comparison with the southwestern section. This same pattern was

observed on the Merensky Reef and UG2 trend and residual structure and thickness.

6.5.5.4 Relationship between Residual Structure Contour Maps of the

Southwestern Bushveld

At the northern part of the residual structure contour map of the Southwestern Bushveld
Complex, there are isolated structural negative areas, the western isolated negative
structure forms an anticlinal shape and opens to the north. The eastern isolated negative
structures occur on the northeastern side and open to the north. Most of the structural
negative areas correspond directly to thickness positive areas.

The Brits Graben faults are NNW trending faults in the Southwestern Bushveld (Bumby
et al., 1998). Prominent faults around the Brits Graben include the Bokfontein Fault,
Kommandonek Fault, Hartebeestpoort Fault and De Kroon Fault (Judeel and Hartmann,
2008). The faults strike in the same direction, but dip in opposite directions and are located
about 200 m away from each other. There is an inverse correlation between the structural
elevation and thickness in this area (Figures 6.52 to 6.53). A positive structural trend is
associated with a negative thickness trend. A strongly negative structural domain coincides
with graben areas, while a strongly positive structural domain coincides with horst areas.
The central part of the Western Bushveld i.e. south of the Pilanesberg Complex also shows

inverse correlation between structure and thickness. The trend of the Brits Graben
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coincides with the regional structural trend within the Kaapvaal Craton and thus signifies
that the structures were probably formed in early Transvaal times and reactivated during

the intrusion of the Bushveld Complex according to Hartzer (1989).

6.5.2.5 The Southwestern Bushveld Upper Zone and Main Zone Structure Trend

Surface

The Main Zone trend surface pattern in Figure 6.54 shows that the prominent trend is NE
with northeast regional strike and northwest dip. This coincides with the outcrop trend in

the area. Figure 6.54 and 6.55 shows the Main Zone second and third isopach trend maps.
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Figure 6.54: The second order Main Zone structural trend of the Southwestern Bushveld Complex
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Figure 6.55: The third-order Main Zone structural trend of the Southwestern Bushveld Complex
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6.5.4 TREND SURFACE ANALYSIS OF THE NORTHEASTERN BUSHVELD

6.5.4.1 Northeastern Bushveld Residual Structure

The geological map of northeastern part of the Eastern Bushveld (Figure 6.56) showing the
farm names mentioned in test. The residual structural map in Figures 6.31 and 6.32 shows
several positive and negative structural domains. Around the Voorspoed farm in the
northwest, there is a small negative structural domain. Further eastwards i.e. east of
Wonderkop Fault are two positive domains trending southwest and parallel to the
WonderkopFault. The positive domain in the northeastern part of the Wonderkop Fault is
an anticline plunging NNW (the structure is probably part of the Katkloof structure) and
adjacent to a small negative structure while the other one coincides with the Fortdraai
Anticline when overlain with the geological map. There is, however, an anomalously
strong structural negative domain (this particular data was re-verified before inclusion)
adjacent to the Fortdraai Anticline; this might be due to the level at which the RLS occurs
in the area, thus the structure revealed occurs only in the subsurface since there is no
corresponding surface signature on the surface. The Upper Zone residual structures in
Figures 6.58 trend NE, with positive structures in the north and negative structures in the
south. The central portion, however, shows plunges to the south. In the northern part the
trend extends from west to east and separates the negative structure in the extreme

northeastern part from the extensive southeast negative structure.
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Figure 6.56: The geological map of northestern part of Eastern Bushveld Complex.
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Figure 6.57: The Northeastern Bushveld Upper Zone residual structure contour map
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Figure 6.58: The Main Zone second-order (B) and fourth-order (D) residual structure with contour interval of 50 m

The Main Zone residual structures in Figure 6.58 is marked by a steep sided synclinal structure of
about 2 km in the north, around Middelpunt farm. Adjacent to this structure on the western side is
a small structural high. Another steep sided synclinal structure occurs in the southwest, around

Fortdraai Anticline.

6.5.4.2 Northeastern Bushveld Residual Isopach

The Upper Zone residual isopachs for the Northeastern Bushveld Complex indicate isolated
positive thickness around Mphatlele location in the north and negative thickness towards the
southeast (Figure 6.59).

The Main Zone residual isopach maps in Figure 6.60 show a similar residual domain with a central
NNW oriented positive thickening. The northern part is dominated by an anticline structure that

slopes eastwards into an adjacent structural low domain.

The Merensky residual isopachs are marked by negative thickness residuals in the west and
positive residual isopachs in the east. The negative residual potion is also bounded on both sides
by fault zones with centrally located thinning. In the northern part, the presence of positive

thickness domain between two isolated positive thickenings residual structures oriented southeast
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was observed. There are steep isopach lines on the western side while the eastern part is marked
by more gentle slope. These two residual structures coincide with two small adjacent positive and
negative structures in the northern parts. Areas around the Fortdraai Anticline show up as a
syncline on the residual structural map and as an anticline on the residual isopach map. A small
residual negative structure also exists on Voorspoed farm; this structure shows up as small positive
thickness on the thickness residual map thus supporting inverse structure and thickness correlation

of both trend and residual structures.

5km 15 km 25km 35km

Figure 6.59: Upper Zone residual isopach map showing NNW-SSE trend.
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Figure 6.60: The Main Zone isopach residual with a contour interval of 50 m

6.5.4.3 Southeastern Bushveld structural trend

The Upper Zone structural map in Figure 6.61 trend NE with a centrally located structural
low area that dips towards the centre. The residual map shows a NNW trending structural
low area at the centre.

Figure 6.62 indicates that the Main Zone structural trend maps reveal a NE trend with a

centrally located steep sided synclinal closure trending northwestward and plunging

southwards.

The Merensky Reef in the Southeastern Bushveld trends NE on structure trend map and
plunges southwards at the centre of the map. A positive structure on the northern side and
wide negative structure in the south. The northern part also exhibits an east-west trend. The
third order structure exhibits a strong structural negative with an east-west trend in the

north-central part. This shows strong correlation with existing geology.
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Figure 6.62: The Main Zone structural trend of the Southeastern Bushveld Complex

194



6.5.4.4 Southeastern Bushveld Isopach Trend

The east-west thickening trend dominates the northern part of the Southeastern Bushveld
(Figure 6.63). Isopach contour trends NNW at the centre.

The Merensky Reef isopach exhibits a weak NW thinning trend. The third order isopach
trend exhibits an east-west thickening trend, which geographically coincides with the east-

west structural negative domain on the structural map.
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Figure 6.63: The Upper Zone isopach trend of Northeastern Bushveld.

6.5.4.5 Relationship between Structure and Isopach of the Southeastern Bushveld

There are few similarities between the structure on the Upper Zone and the Main Zone
units. However, the Main Zone and the Archaean floor rock structures have more
similarities as indicated in Figure 6.64. In addition, the thickening trends between the
Upper Zone and the Main Zone vary strongly. While the structures indicate more of a NNW
trend, the thickness shows more of an east-west trend. The thickness of each of the
stratigraphic units in the Southeastern Bushveld Complex indicates that individual unit
developed independently and did not show close similarities with the present day
structures. Structure and thickness trends of each unit in the Southeastern Bushveld
Complex did not exhibit much correlation. Despite this, Figure 6.65 to 6.66 with profiles

drawn across both the thickness and structure map of some parts of the area indicate a very
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strong inverse relationship. This indicate that most of the structures are probably syn-

Bushveld or post-Bushveld.
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Figure 64: Draped Archaean floor structure on the Main Zone base interval structure showing close correlation
between the two units (contour interval is 50 m).
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Figure 6.65: Profiles showing inverse correlation between the Main Zone residual structures (up) and isopach (down).
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Figure 6.66: Profiles showing inverse correlation between the Main Zone residual structure (left) and isopach (right).
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6.5.5 TREND SURFACE ANALYSIS OF CENTRAL PARTS OF THE
EASTERN BUSHVELD COMPLEX

6.5.5.1 RESIDUAL STRUCTURE AND ISOPACH OF CENTRAL PART OF THE
EASTERN BUSHVELD COMPLEX

Small-scale structures include the depression (central dipping) at Kennedy’s Vale in the

east and the adjacent structural high at Spitskop.

6.5.5.2 STRUCTURE TREND OF CENTRAL PART OF EASTERN BUSHVELD
COMPLEX

The central part of the Eastern Bushveld as indicated in Figures 6.67 and 6.68 dips centrally
from the surrounding structural positive areas forming a triangle like basin in the centre.
The western side dips inward with a NS trend, while the southern part dips inward with an
east-west trend. The southeastern part dips inward following the Sekhukhune Fault outline
and a southeast trending structural high in the southeast. However, the Lebowa Granite

Suite overlies most part of this area.

6.5.5.3 ISOPACH TREND OF CENTRAL PART OF THE EASTERN
BUSHVELD COMPLEX

The Upper Zone and the Main Zone as shown in Figures 6.69, to 6.70 show a positive

thickening in the centre and thin out to the northwest.
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Figure 6.67: The residual isopach contour map for the Upper Zone unit of the central Eastern Bushveld Complex
(contour interval 1 m).
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Figure 6.68: The residual isopach contour map for the Main Zone unit of the central Eastern Bushveld Complex
(contour interval 50 m).
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Residual structure contours for the Upper Zone and the Main Zone reveal a structural low

domain in the centre of the Eastern Bushveld Complex.
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Figure 6.69: The second-order residual structure contour map for the Upper Zone unit of the central Eastern Bushveld
Complex
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Figure 6.70: The third- order residual structure contour map for the Upper Zone unit of the Central Eastern Bushveld
Complex

200



RAOTBOOM

— » O D
( y A{ﬁ( o — ,
N\ ARTRIgE D GRAHOEK

I I I I I 1 I I
5 km 15 km 25 km 35 km 124751'19.7305" S, 29° 48' 2.1670" E

Figure 6.71: The residual structure contour maps for the Main Zone unit of the central Eastern Bushveld Complex

6.5.5.4 STRUCTURE AND ISOPACH RELATIONSHIP OF CENTRAL PARTS
OF EASTERN BUSHVELD COMPLEX

The Upper Zone and the Main Zone residual isopach and structural maps shown in Figure
6.72 and re 6.73 reveals an inverse correlation at the centre although, they both trends
differently. While the Upper Zone isopach trend is SE that of the Main Zone is more of N-
S with widespread thinning at the centre this is clearly indicated in Figure 6.73. However,

the other stratigraphic units show random correlation structure and thickness correlation.
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Bushveld Complex.
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Figure 6.73: Structural trend for the Upper Zone (up) and the Main Zone (down) of the central parts of Eastern
Bushveld Complex

6.5.6. TREND SURFACE ANALYSIS OF SOUTHEASTERN BUSHVELD
COMPLEX

6.5.6.1 SOUTHEASTERN BUSHVELD RESIDUAL STRUCTURE

A few numbers of positive and negative structures are evident on contoured the Upper

Zone stratigraphic unit of Southeastern Bushveld Complex as shown in Figures 6.74. The
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Groblersdal sector consists of a syncline, which is about 100 m deep at the centre, while
the immediate east of this structure consists of gradually increasing northwest elongate
positive domain. Further eastwards in Figures 6.74 are extensive positive domain that
opens to the east implying possible continuous positive domain to the east. Within this
extensive positive domain are three isolated strong positive residuals, one occurs at the
centre around Mineral range i.e., north of Welgevonden. The other two residual structures
occur in the extreme eastern part. The southern parts of Stoftberg in Southeastern Bushveld
are marked by strong positive domain separated from the Mineral range positive domain
by a negative domain.

The Main Zone residual structure contour in Figure 6.75 exhibits a few small-scale
structure negative domains that slope to the west around Buffelshoek and Der Brochen
farm south of Steelpoort. Area around Groblersdal sector on Loskop suid farm also exhibits
negative domain.

Pattern on residual structure map for the Main Zone up to the Archaean granite surface are

the same while the residual isopach varies randomly.
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Figure 6.74: The second-order Upper Zone residual structure map and superimposed geological contact of central part
of Eastern Bushveld Complex geologic map.
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Figure 6.75: : The first-order (A) Main Zone residual structure and geologic map of central part of Eastern Bushveld
Complex.

6.5.6.2 Southeastern Bushveld Residual Isopach

Small scale isolated positive thickness domains can be identified on the Upper Zone
residual isopach map. As revealed in Figure 6.76, the structures are aligned NS and
dominate almost the central part of the Southeastern Bushveld Complex. The structures are
also surrounded by steep slopes of the east and more gradual slope in the western part. The
eastern parts around Kliprivier farm is marked by negative thickness while the Groblersdal
section is marked by an eastward thickening trend. Two adjacent anticlines are present in
the extreme southern section of the map. The one on the western side represent the down
thrown block to the uplifted section in the immediate east.

The Main Zone first order residual isopach map in Figure 6.77 reveals a prominent
thickening in the eastern part of Mineral range and around Groblersdal section which
geographically coincides with areas with negative domain on the residual structural maps.
The Merensky Reef is prominent around the southern parts of Steelpoort especially around
Richmond and Mareesburg farms (as indicated in Figure 6.78). The thicknesses however,

terminate abruptly to the north (around Steelpoort fault).
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Figure 6.76: First order Upper Zone residual isopach for part of Southeastern Bushveld Complex.
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Figure 6.77: The Main Zone thickness in the central parts of the Southeastern Bushveld Complex indicating the
residual isopach.
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Figure 6.78: Merensky reef isopach trend map of parts of Southeastern Bushveld Complex.

6.5.6.3 Southeastern Bushveld Structure Trend

The Upper Zone first order structural trend of the Southeastern Bushveld area in Figure
6.79 can be separated into four broad trends: the Groblersdal synclinal area, the Stoftberg
area dominated by an anticline structure, the Kliprivier area with anticlinal closures that
open to the east and the central i.e. east of the Groblersdal area with an increasing structural
high that trends east-west.

First order Main Zone structure trend in Figure 6.80 is marked by a NNW thickening trend
around the southern parts of Steelpoort. The area also coincides with the shallow dipping

part of the Eastern Bushveld Complex.

6.5.6.4 Southeastern Bushveld Isopach Trend

The Upper Zone isopach trend map in Figure 6.79 exhibit prominent N-S and NNW-SSE
trend with inward bend around Welgenonden and open outward in the southern extreme.
However, on the Main Zone residual isopach, the former north-south structural positive
domain in the centre now coincides with the absence of the zone in the centre. First to third
order Main Zone trend shows strong inverse correlation between structure and isopach

while higher orders show very random correlation. The second-order Main Zone trend
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surface in Figure 6.80 reveals dominant ENE thickening trend that slopes to the NW. On
the other hand the isopach lines run mostly N-S and NNW-SSE, the Critical zone displayed

prominent NE trend in this section of the Eastern Bushveld Complex.
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Figure 6.79: First and second order Upper Zone isopach trend of Southeastern Bushveld Complex
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Figure 6.80: The second-order Main Zone isopach trend of Southeastern Bushveld Complex

6.5.6.5 Relationship between Trend Residual Structure and Isopach of

Southeastern Bushveld Complex

First to fourth order (A-D) residual structure and isopach exhibit inverse correlation in the
eastern extreme section, while the other parts show a similar relationship in terms of
residual structure. However, the trend on both structure and isopach maps are similar. On

the trend surface maps the general trend is increasing east verging positive structure and

dips eastwards.

There is an inverse correlation between the structure and isopach residual of the Upper and

the Main Zone. First and second structure and isopach trend also exhibit similar inverse

correlation.

Inverse correlation between the Main Zone residual thickness and structure for the most

part of southeastern Bushveld especially the shallow dipping portion of the Eastern
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Bushveld Complex shows that the inward shallowing geometry is probably pre- or syn-
Bushveld. Correlation of structure and isopach of higher orders is however, random.

The residual structure and thickness for the Merensky Reef in Southeastern Bushveld
Complex varies randomly from first order to sixth order.

The Main Zone base and Archaean floor rock structure interval shows close similarities as
indicated in Figure 6.54A, this indicates strong floor rock influence on most parts of RLS
layers. However, Figure 6.54B indicates that the Upper Zone structure interval only shows

close similarities with the Archaean floor in the southern and western parts.
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Figure 6.81: Draped structure contour map of the Upper Zone (A) on Archaean floor rock. (B) indicates close pattern
correlation between the Archaean floor and the Main Zone base interval structure contour of the Southwestern
Bushveld Complex define red and blue contours

211



6.5.7 TREND SURFACE ANALYSIS OF NORTHERN BUSHVELD

6.5.7.1 Northern Bushveld Residual Structure

Upper Zone residual structure map in Figures 6.82- 6.86 reveals isolated structure, high
domain among a dominant low structural trend in the extreme northern parts of the
Northern Bushveld Complex on farms Aurora, Harriet’s wish and Nonnenwerth. The
isolated structural high trends NNW-SSE to each other while the northern structural high
domain extend northwards, the one on Nonnenwerth farm forms a closure. Southwards
towards Elandsfontein farm (located as indicated in Figure 6.83 is a fault with downthrow
of about 20 m to the north. Isolated structure negative domains occur on farm Dorstland
776 and Rietfontein in the central part of the Northern Bushveld. Another east-west
trending fault with downthrow to the north occurs south of the Dorstland farm. However,
the northern parts of Drenthe farm, is marked by strong isolate structural high domain
especially around the Witrivier farm. This structure is elongated east-west and shortens
along the N-S direction. Between Drenthe and Overysel farm there is a significant change
in orientation, from the east-west trend in the western side to north-south in the centre and
back to east-west trend on the eastern side (as indicated in Figure 6.84 and 6.85).

The central part of the northern Bushveld as indicated in Figure 6.86 hosts most of the
small-scale isopach positive and negative domains for Upper Zone unit. These small-scale
domains coincide geographically with that of Upper Zone unit isopach residual maps.

The Main Zone residual structure surfaces in Figure 6.87 shows close similarities with the
Upper Zone residual structure surfaces and are marked by small-scale positive and negative
domain in the central parts.

Platreef residual structures in Figure 6.88 and 6.89 indicate a structural high at the extreme
north of the Northern Bushveld Complex. This structural high forms a closure that opens
to the north. This section descends gradually to the south with a small gap between it and
the central section. The central section shows an irregular residual structural pattern with

many small-scale structures almost forming a NNW trend.
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Figure 6.82: The Upper Zone top interval structure contour map for the northern part of Northern Bushveld
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Figure 6.83: The Upper Zone top interval structure contour map for central part of Northern Bushveld.
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Figure 6.84: The Upper Zone top interval structure contour map for central part of Northern Bushveld.
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Figure 6.85: The Upper Zone top interval structure contour map for southern part of Northern Bushveld.
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Figure 6.86: The Upper Zone interval residual structure map showing second order (B) surfaces
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Figure 6.87: The Main Zone interval residual structure map of Northern Bushveld southern sector showing second
order (B) surface (with a contour interval of 25 m).
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Figure 6.88: First order Platreef residual structure map of the Northern Bushveld
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Figure 6.89: Third order Platreef residual structure maps of the Northern Bushveld.

6.5.72 Northern Bushveld Residual Isopach

The second- order isopach trend surface in Figure 6.90 reveals that the extreme northern
part of the Northern Bushveld Complex shows northward thickening of the Upper Zone
stratigraphic unit. Immediate south of this area is marked by an east-west trending fault
with a down throw to the south around Nonnenwerth farm. Southwest of Nonnenwerth
farm, the Upper Zone thickens southwards and terminates abruptly around Dorstland farm.
This is followed by NNW-SSE oriented alternating thickening and thinning in the western

part and widespread southeast thinning to the east.

The Main Zone residual isopach maps in Figure 6.91 and 6.92 indicate prominent central
thickening of the Main Zone unit with thinning to the north and south. This central
thickening is rather irregular. For example, on Overysel farm there is a prominent adjacent

thickening and thinning with southeast plunging. Another similar structure occurs around
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Tweefontein farm with thinning on the Tweefontein Hill and thickening on the adjacent
southwest plunging Syncline. Also in Uitloop farm south of the Turfspruit same type of
structure is replicated with thickening on the downward side that is oriented to the NNW
and adjacent thinning occurring across an isolated structural high. This central thickening
trend terminates southwards with east-west oriented steep sloping downthrow to the south.
However, an isolated positive thickening is present on Grasvally farm.

Platreef residual isopach maps in Figure 6.93 and 6.94 show gradual thinning northward
towards the extreme north. While southwards, it formed an anticlinal closure around
Dorstland farm. However, the Grasvally area did not indicate any structure on the residual
isopach map as indicated on the Main Zone residual isopach map probably due to the

absence of sufficient borehole data on Platreef in the area.
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Figure 6.90: The Upper Zone interval residual isopach maps showing second order (B) surface
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Figure 6.91: The Main Zone interval residual isopach maps of the Northern Bushveld southern sector showing second
order surface (with a contour interval of 25 m)
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Figure 6.92: The Main Zone interval residue structure map of the southern sector in the Northern Bushveld showing
third order (contour interval of 25 m)
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Figure 6.93: : Second order Platreef residual isopach map of Northern Bushveld Complex.
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Figure 6.94: The fourth order Platreef residual isopach map of the Northern Bushveld complex.

6.5.7.3 Relationship between Residual Isopach and Structure of Northern Bushveld

The structures revealed on the Upper Zone, Main Zone, the Lower Zone down to the

Archaean floor, and the thickness of each of these units for most part of the Northern

Bushveld Complex show strong inverse correlation.

6.5.7.4 Northern Bushveld Structure Trend

On first order structural trend surface in the Upper Zone, the extreme northern part forms

the structural negative portion with a regional dip to the north in Figure 6.95. The southern
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and southwestern parts reveal depression or trough . However, the central part forms a
structural positive area with NW-SE trend. Regionally, the western part of the central
portion is dominated by structural high while the southwestern side is made up of sharply
descending structural low area. There is another significant change in orientation.
Northwest of Sandsloot farm, the unit trends NNW and dips to the southwest. However,
on Sandsloot farm and south of Zwartfontein farm, the trend changed to approximately
ESE and dips southwards. The western part of Tweefontein slopes steeply Southeastwards
thus demarcating the structural low trend in the west from the western structural high trend.

Further south between Jaagbaan and Volspruit, there is a structural high domain that

separates these two farms.
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Figure 6.95: Platreef first (A) and second (B) order structural trend of Northern Bushveld Complex
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6.5.7.5 Northern Bushveld Isopach Trend

First and second order isopach surface ofthe Upper Zone unit in Figure 6.96 has a
prominent NE thickening trend in the north between Nonnenwerth and Elandsfontein the
trend changed to NNW thickening in the west and thins out towards the east. This trend
continued in the centre except for the presence of isolated thickening and thinning in the
western part in the extreme southern part the trend is almost N-S with thickening to the
west. Higher orders display similar trends with slight variation.

The Main Zone unit exhibit eastward thickening trend as indicated in Figure 6.97. This
trend is, however, irregular and wider at the centre due to the presence of isolated
thickening and thinning domains which are oriented almost NNW-SSE except for the
Tweefontein area where the trend changed to NE-SW. Around Overysel farm the
thickening trend extends eastwards and thins out in the west. While in the Rietfontein area
(adjacent to Tweefontein) the thickening trend is southwest.

First order Platreef isopach trend in Figure 6.98 reveals strong N-S trend while the second
order indicates a NW-SE trend in the northern part and NNW-SSE trend in the southern

part with the central part showing some irregularities.

224



60 m

29°00'0,0000" |,

‘—_‘ . ..
@ % TURFSPRUIT

.
%, UITLOOP
¥

OORLOGSFONT

,’g}’ OLSPRUIT

VAALKOP
]

I
30 km

50 km 70 km

10 km

Figure 6.96: The Upper Zone isopach first order trend surface of the Northern Bushveld Complex
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Figure 6.97 The Main Zone isopach (left) and structural (right) second order trend surface of the Northern Bushveld
Complex
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Figure 6.98: Platreef isopach first and second order trend surface of Northern Bushveld Complex

6.5.7.6 Relationship between Northern Bushveld Isopach and Structure Trend

Both the residual and trend structure, and isopach indicate inverse correlation for most parts
of the Northern Bushveld Complex from the Upper Zone unit to the Archaean floor rock
unit. This implies that most of the present day structures are either pre- or syn-Bushveld.

A major horst structure is indicated in the centre of the northern limb on the residual
structure map for first to sixth- order. Figure 6.99 and 6.100 reveal the centrally located
horst structure with the northern parts slightly higher than the southern part. This is
particularly obvious on the Upper Zone and the Main Zone residual structure maps. It is
however, not pronounced on Platreef residual structure map. The horst structure is very
irregular and multi-peaked on the Archaean floor residual structure map (see Figure 6.100).
On corresponding isopach maps in Figure 6.101 the horst structure geographically
coincides with a depression or graben structure at the centre of the Northern Bushveld

Complex. Since the same signature is observed on most of the intervals down to the
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Archaean floor, the centrally located graben structure may probably signify a post-
Bushveld structure or reactivated Archaean structure. Change in regional dip direction
from eastward in the northern parts of the Elandsfontein farm to westward in the southern
parts of Witrivier farm is also noteworthy. An isolated small-scale positive domain exists
on Grasvally farm, the structure slopes down northwards toward Jaagbaan and southwards
toward Volspruit farm forming a horst-like structure.

A similar structure exists on Archaean floor rock residual structure between Uitloop and
Turfspruit farm, this structure shows a structural high that slopes steeply to northwest and
gently in the southwest. Same structure seems to be modified on the Main Zone structure
map to a fault with down slope to the northwest. Southward on Volspruit farm is a negative
structure bounded by positive structures on both east and west. However, most of the faults
in this area strike NE to ENE parallel to Ysterberg fault. More explanation about faults and
other structures will be discussed in the next chapter. The structural pattern from the Upper

Zone unit down to the Archaean floor rock did not indicate any major difference.
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Figure 6.99: Profile A-A1 on the Upper Zone (A) and B-B1 on the Main Zone (B) residual structure of Northern
Bushveld Complex showing a horst structure in the central part (Contour interval 50 m for (A) 25 m for (B).
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Figure 6.100: Profile C-C’ on Platreef (A) and D-D’ on Archaean floor rock (B) residual structure of Northern
Bushveld Complex showing a horst structure in the central part (Contour interval 25 m).
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Figure 6.101: Profile A-A1l on the Upper Zone residual isopach (A), B-B1 on the Main Zone (B) and C-C1 on
Platreef (C) residual isopach of the Northern Bushveld Complex showing a graben structure in the central part.

231



6.5.8 Discussion on Stratigraphic Top Structure Contour

The structural pattern from the top of the Upper Zone and the Main Zone top for
most part of Western Bushveld Complex bear close similarities to one another. This
suggests that there was no differential structural movement during deposition. However,
the structure on top of the Main Zone differs from the structure at the base thus confirming
some structural movements during the magmatic intrusion of the Main Zone and
succeeding stratigraphic zones shows structural resemblance with the base of the Main

Zone, indicating similar structural movement.

6.5.9 Summary

Patterns formed by structure contours at the base of the Archaean basement floor rock also
reveal the influence of the floor rock on the morphology of the layered rocks. The geometry
and thickness of RLS are also controlled by the presence of valleys and positive
physiographic elements during its emplacement and can be attributed to alternating tension
and compression (Uken, 1998; Holzer et al., 1999: Bumby et al., 1998 missing in the
reference list). Faulting and up doming are more prominent in lower units of RLS (i.e. from
the base of the Main Zone downwards) than reflected in the upper units such as the Upper
Zone unit (Uken, 1998). The RLS is thick along deep-rooted valley systems that were
scoured into pre-Bushveld rocks or the Transvaal sequence in which it is emplaced. The
sill-like geometry of the RLS confirms the predominance of tensional stresses during early
Bushveld times. Most parts of the RLS show inverse correlations between the structure in
which it was emplace and thickness of the intrusion, this imply that most of the structures
are pre or syn-Bushveld.

Most of the isopach maps in some parts of the RLS show thickening and thinning trends
which coincides strongly with variation in structural grain (faulting) on the structure maps.
Areas with positive thickening coincide with negative structural residual (structural lows,
sags, troughs or synclines) areas. While positive structural residuals such as structural highs
or anticline correspond to negative thickness residual.

Inverse relationship between structure elevation and thickness was used to discriminate
between pre- and syn-Bushveld structures and relate the time sequence pattern of each

stratigraphic unit). This signifies an inverse correlation between structure and isopach
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trend surfaces. Hence indicating that most of the present day structures are intensification
of structures in place before the RLS were emplaced and only slight modification has
occurred since their emplacement.

Prominent tectonic features have been highlighted from the residual mapping of each of
the stratigraphic units of RLS. Also by overlaying adjacent horizons and determining if the
positive and negative areas coincide, relation between adjacent horizons was established.
The use of 3D path profile with trend surface interpolation methods for structural analysis
has facilitated the detection of regional features and their subsurface geometry.

The Northern and Southern gaps of Northwestern Bushveld are associated with NW- SE
trending fault along the gap area. The fault shows up as close contours on the structure
contour for the Main Zone base and successive stratigraphic zone structure maps.

Two distinct structural domains were identified based on difference in structural features
observed, the overlying stratigraphic zones down to the top of the Main Zone differs from
the underlying stratigraphic zones. Structures at the surface from the Post Bushveld unit to
the Upper Zone are very similar and differ from structural features at the base of the Main
Zone through the critical zone to the Lower Zone. Except for the Brits graben area, that
shows inverse correlation between structure and thickness on Post Bushveld unit indicating

that Brits graben is probably Pre- or syn-Transvaal.
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CHAPTER 7 FAULT IDENTIFICATION

7.1INTRODUCTION

Numerous faults were identified within the Rustenburg Layered Suite (RLS) of the
Bushveld Complex. This is primarily due to extensive exploration for PGM and chrome
within this economic suite, which has contributed immensely to knowledge about major
and minor surface structures within the area. Information from mine plans has also
permitted more detail mapping of some of these faults at a local scale. However, this
chapter further revises some of the inferred faults that are inherent from previous
interpretation of structure and isopach maps, strip log, 3D modelling and other analysis of
borehole log data in the area. The purpose is for a credible interpretation of subsurface
features to determine the nature and age relationship of faults and other features that might
not be apparent at the surface, through the correlation of stratigraphic horizons and detail
structural interpretation.

Structural investigations are restricted to the RLS units because of the paucity of borehole
data that fully infiltrate beyond these units. Many of the borehole logs used provide
lithostratigraphic information of horizons that can be correlated continuously across limbs

of the Bushveld Complex.

7.2 FAULTS DETERMINED FROM PROFILES, STRUCTURE AND ISOPACH MAPS

Structural mapping was based on interpretation of structure contour maps, thickness
variation, shaded relief, structural profiles (used to identify and measure offset in interval
structure and isopach maps) and information about existing structural styles in the area.
Attention was given to trends of closely spaced contours and undulations along structural
contour surfaces. Integration of existing fault surfaces with interval structural contours and
isopach maps at different horizons was carried out in order to better constrain the geometry
of the underlying structure. Structural profiles drawn across stratigraphic interval structure

contours were used to accurately depict the location of fault planes and to infer the
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underlying geometry. 3D models were used to relate the displacement of stratigraphic units
to its down-dipping direction along fault planes.
For the purpose of this study and to enhance detail investigation, each of the limbs will be

subdivided into sections.

7.3 WESTERN BUSHVELD STRUCTURES

The structure at Amandelbult section trends NNW and shows many characteristics: The
central part descends in a step-like manner with complete lithostratigraphic cycle (i.e. from
the Main Zone layer to Lower Zone unit) on each of the steps as illustrated in Figure 3.6.
The Upper Zone and the Main Zone structural contours show the same NNW trend in the
northern part and the southern part. However, it only shows close similarity in the western
side of the central region where the trend is NE, while the eastern part shows contrasting
trend as illustrated in Figures 4.1 and 4.2. This indicates that the NNW structural trend
might be younger than the NE trend since the latter is more prominent on the lower unit
(from the Main Zone base to the Lower Zone unit). This structure coincides with the
Roodedam Graben and it is located at the NE part in the northwestern Bushveld Complex.
Figure 3.7 shows the section with selected borehole logs of the area.The strip log shows
selected borehole sections of the area; the deep penetrating boreholes coinciding with the
central depression (graben) while the short boreholes at the sides represent the horst. The
bounding fault seems to be closer at the north and widens southward. This graben structure
is probably pre-Bushveld since the structural contours and the isopach maps indicate an
inverse relationship showing that the structure was already in place before the influx of the
magma, but might have been reactivated or modified by the magma addition.

Maximum displacement (from the Main Zone interval) on the eastern side of the graben is
about 500 m and is slightly more than the 400 m displacement on the western side. The
structure extends horizontally over a distance of approximately 22 km. The present day
uplifted section is the southern part of the Amandelbult section where the Main Zone is
more preserved with a thickness of over 2200 m based on available borehole record.

Undulations around this area are typically aligned NE. Figure 7.1 shows the upthrow and

235



downthrow side of inferred faults around the Amandelbult area using the isopach map (note

that on the structural map the downthrow sides coincide with upthrows and vice versa).
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Figure 7.1: Inferred fault planes extracted from the Main Zone isopach map of the Amandelbult section of the
Northwestern Bushveld Complex showing the upthrow side indicated as U, and downthrown side indicated as D
along the major fault zones.
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Two NNW trending faults were inferred in the central part of the Northwestern Bushveld
Complex. The first one coincides with the Northern gap area while the second coincides
with the Southern gap area. Centrally located L-shaped isoclines on the Main Zone isopach
map may also represent strike slip faulting (Paulson and Peascatore, 1979). A profile across
the Upper Zone isopach map indicates a central upthrow and a gradual downthrow to the
east around the Northern gap area, while the Southern gap area shows a sharp downthrow
to the west on the Main Zone isopach map (see Figure 4.12). This central part is marked
by central thickening with thinning to the east and west on the Upper Zone isopach map.
However, the thickening trend is eastward on the Main Zone isopach map and underlying
stratigraphic units, with a possible fault plane (indicated by closely spaced parallel isoclines
which represent a rapid decrease in thickening trend with steepening in structural gradient)
separating the Amandelbult section from the Union section of the Northwestern Bushveld
Complex. These closely spaced isoclines coincide with the Northern gap area and shows
up distinctly on all the isopach maps from the Upper Zone down to the Lower Zone. The
Southern gap also coincides with closely spaced parallel contours on the Upper Zone and

the Main Zone isopach maps, but it is less pronounced in underlying units.
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Figure 7.2: Map showing the NNW trending faults along northern and Southern gap areas of the Northwestern
Bushveld Complex, the NE trending fault around the Union section and the E-W trending fault in the northern part
of the Union section same remarks as previously

The Pilanesberg Complex is located almost midway between the Western Bushveld
Complex where it forms a circular shape as indicated in Figure 7.3. The southern part of
the Pilanesberg Complex is marked by NNW-SSE trending isopach lines which are parallel
to the trend of the Rustenburg Fault. The western part of the fault is made up of a NNW
trending narrow structural high that dips towards the centre. The Complex is fault bounded
thus displacing the other units sideways. The NNW trending fault is located between the
Profile B-B1 in Figure 7.4. On the Upper Zone isopach map the eastern part of the NNW

trending forms a structural high that descends to the centre.
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Figure 7.3: Illustrating the circular shape of the Pilanesberg Complex in relation with other parts of the Western
Bushveld Complex at depth (I suppose depths are the same as in Fig. 7.4).
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Figure 7.4: Profile B-B1 drawn across the NNW-SSE trending isoclines parallel to the trend of the Rustenburg Fault
showing the central dipping from the west.

NNW trending faults around the Brits area on both the structural and isopach maps
dominate the southwestern part of the Bushveld Complex. Most of these structures are
aligned in a NE trend relative to each other (as indicated in Figure 6.29). The Main Zone
base residual structure reveals the presence of two graben-like structures in the western
part of the Southwestern Bushveld around Schaapkraal farm. These two structures are

separated by an anticlinal structure or structural high of over 1000 m higher than

240



downthrown sides which coincides with the graben structures. Another graben-like
structure occurs in the southeast around the Krokodildrift farm with a downthrow of about
400 m at the centre of the graben and flanked by two opposite dipping faults, a NNW
trending fault on the western part and a NE trending fault at the eastern part. A smaller
graben-like structure is located in the southeastern section of this area.

A NNW trending fault can be inferred on the Hartebeestpoort C farm. This fault shows a
downthrow of more than 1200 m in the southeast. The residual isopach and structural maps
indicate an inverse relationship indicating that the present day structure grew from an
already existing structure. The Lower Zone structure contour shows more NNW trending
structures than the Main Zone, also more graben-like structures other than the Brits graben
occur in this sector. There is thickening on the downthrown side and thinning on the
upthrow side. Figure 7.5 illustrates the spatial distribution of some boreholes in the
Southwestern Bushveld, with boreholes on the western side much deeper than those in the
eastern side. The borehole logs on the western side show stratigraphic thickening and

gradual thinning eastwards. Figure 7.6 shows the upthrow and downthrow sides of inferred

faults extracted from structural contour and residual maps of the Southwestern Bushveld.

Figure 7.5: Multi-strip log from west to east of the Southwestern Bushveld.
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Figure 7.6: Diagram showing all the inferred faults with the upthrow and downthrow sides extracted from the
structure and residual maps of the Southwestern Bushveld

7.4 THE EASTERN BUSHVELD STRUCTURES

The Eastern Bushveld Complex is marked by complex undulation caused primarily by
faulting and doming in the floor rock. Major faults such as the Wonderkop Fault, Stoffpoort
Fault, the Sekhukhune Fault Zone, Laersdrift Fault and the Steelpoort Fault are all indicated

in varying degrees on the isopach and structural contour maps as well as the strip log.
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A couple of faults were inferred from closely spaced structure contours, variation in
thickness across the inferred faults at different stratigraphic horizons and sharp slope on
profiles drawn across the inferred fault plane. The extreme western side of the Northeastern
Bushveld Complex hosts a number of faults. The western side and south of Zebediela, a
NNE-SSW striking fault parallel to the Wonderkop Fault can be inferred, another fault
which coincides with the Stoffpoort Fault occurs at the eastern side of the Wonderkop
Fault. An additional fault can be inferred at the eastern end of the Fortdraai Anticline; this
fault separates the anticline from the eastward downthrown side. On the structure contour
map, the eastern part of the Fortdraai Anticline in the northeastern Bushveld is flanked by
a synclinal structure or depression of about 2000 m deep. The eastern boundary of the

depression coincides with Sekhukhune Fault zone.

A profile across the eastern edge of the Fortdraai Anticline and the Eeste Regt structural
low area also suggests a fault with displacement to the east as indicated in Figure 7.7.
Further northeastward around Kalkloof Dome, a fault is proposed based on a combination
of structure, isopach and profile interpretation (see in Figure 7.7). This fault also indicates
a downthrow to the east. The extreme eastern fault coincides with the Sekhukhune Fault
Zone. The location of these faults coincides with known faults in the area and most of the
faults have NNE-SSW trend with downthrow to the east except for the Sekhukhune Fault
with downthrow to the west. The throw on each fault varies from 150m to 2 km across the
stratigraphic units. The Sekhukhune Faults trends almost N-S and has a maximum throw
of about 2 km, east of the Fortdraai Anticline. The fault around Kalkloof Dome and the

one at the eastern edge of Fortdraai Anticline are not indicated on the geological map.
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Figure 7.7: Structural contour map of the Northeastern Bushveld Complex showing Profile (C-C1) along Kalkloof Dome and adjacent structural low area and
profile (D-D1) across the Fortdraai Anticline and adjacent depression at Eerste Regt.
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Both Kalkloof Dome and the Fortdraai Anticline show inverse structures and thickness
relationship while the Eerste Regt area exhibits similar relationships between structure and

thickness on both the Main Zone and the Upper Zone.

The central part of the Eastern Bushveld Complex is marked by east-west trending faults
in the centre and around the western side. The eastern side is made up of a pair of slightly
curved faults with downthrow to the west (i.e. to the centre). Two sets of E-W striking
parallel faults could be inferred in the central part of Eastern Bushveld section; the northern
E-W parallel fault dips to the south while the one at the south dips to the north thus creating
a synclinal structure or depression in the central part of the limb. Thickness of stratigraphic
units across the fault changed from northward thinning to thickening towards the
southwest. The Main Zone thickness variation across the northern and southern part of the
Steelpoort Fault indicate (dextral) lateral movement of the southern unit to the west and
the northern portion to the east thus indicating about 3.3 km right-lateral movement of the
unit and a gap around the Kennedy’s Vale as indicated in Figure 7.8. This provides an
evidence for a syn-Bushveld Complex movement along the Steelpoort Fault and possibly

a reactivation of this fault from an earlier fault, contrary to Uken (1998).

A NNW trending fault could be inferred around the southeastern portion of the Eastern
Bushveld (Figure 7.9); it extends from Kalkfontein farm southwards to the Klip River
valley area. The thickness of the Main Zone varies across the fault as indicated by closely
spaced structural contours with a downthrow to the west. The Main Zone rocks exhibit a
westward thickening trend around the valley area while the same unit thins out eastwards
towards the structural high. The Upper Zone unit in the area also exhibits an inverse
thickening and thinning trend thus indicating an inverse relationship between the structure

and thickness, i.e. the structure was already in-place before the influx of the RLS rocks.
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across the Steelpoort Fault.
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247



An additional NNW trending fault occurs around the northwestern part of Laersdrift Fault
and seems to be a northwestern extension of the Laersdrift Fault. The fault extends
northwards and terminates against an east-west trending fault at the centre of the limb. The
map in Figure 7.10 shows the trend of the inferred faults with the upthrow and downthrow
sides. Most of the faults in the Northeastern Bushveld trend NE with downthrow to the east

while a few trend NNW.
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Figure 7.10: Diagram showing some of the inferred faults in the Eastern Bushveld Complex extracted from both the
structure contour maps and the isopach maps.

7.5 NORTHERN BUSHVELD STRUCTURES

The far northern part of Potgietersrus limb or the Northern Bushveld slopes down sharply

with a downthrow to the north, suggesting a NE trending fault between Aurora farm and
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Nonnenwerth farm. Further northward toward the terminal edge of the limb, a NW striking
fault can be inferred between Harriet farm and Aurora farm. This fault has a downthrow of

approximately 120 m to the SW.

Around Elandsfontein farm in the north central part of the Northern Bushveld Complex a
series of NE to ENE striking faults were inferred at different horizons. On the Archaean
floor contour map the inferred faults trend ENE while on the Marginal Zone and the Main
Zone interval it strikes NE with downthrow to the NW. Further southeast, similar faults
occur between Dorstland and Witrivier farms with downthrow to the north on Drenthe
farm. At the southern parts of Overysel two sets of faults can be inferred: the first set is E-
W trending faults while the other exhibits NE trend with downthrow to the south. NNW
striking faults with downthrow to the SW can be inferred at the separation point between
the Tweefontein Hill and the adjacent valley on Rietfontein farm. This valley is present on
the Archaean floor structural interval and shows thick deposits of RLS rocks, suggesting
that the structure was already in place before the RLS rocks were deposited on it. Other N-
S trending faults were inferred at the northwestern part of the Turfspruit farm with upthrow

to the east of Tweefontein farm.

Uitloop farm in the southeastern extreme of the Northern Bushveld hosts a slightly curved
NE striking fault which appears on all the stratigraphic unit interval maps with the upthrow
side in the southeast. A different E-W striking fault that separates the central part of the
Complex from the southern part can be inferred at the southern part of Uitloop farm. This
fault is joined to another fault elongated to the NE and parallel to the Ysterberg-Planknek
Fault. This NE-trending fault displays an upthrow to the east at its northern edge and west
at the southern edge.

The western part of the central northern Bushveld displays a SE trending rolling surface
while the central part defines an irregular horst structure. The eastern part of Grasvally
structure is marked by NNW-SSE trending structures contours while the Upper Zone and
the Main Zone isopach maps exhibit a northward thickening truncated southwards by an
E-W striking fault with a downthrow to the north. However, the Lower Zone isopach map

exhibits southwards thickening modified around Volspruit farm by a fault which trends
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NW with downthrow to the NE. The trend of this fault coincides with that of the
Potgietersrus and Pruizen Faults. The Archaean floor also exhibits downthrow to the SE

around Grasvally structure with an ENE trending fault.

This aspect of the thesis has been able to highlight faults constrained from an interval
structure and isopach maps that bear credence to the existence of some previously
identified faults and their geometry at the subsurface. Figures 7.11 to 7.14 indicate the strip
log and sections while Figure 7.15 shows the inferred faults around the Northern Bushveld

Complex.
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CHAPTER 8 THREE-DIMENSIONAL GEOMETRY
OF RUSTENBURG LAYERED SUITE

8.1 INTRODUCTION

The Rustenburg Layered Suite (RLS) occurs as a sill between the overlying volcanic mass
of Rooiberg felsites and Rashoop GranophyreSuite and the underlying Transvaal
Supergroup rocks at shallow depths (Kinnaird, 2005). Three-dimensional models at each
stratigraphic interval is presented here to enhance the understanding of the geometry of the
Rustenburg Layered Suite (RLS) and to constrain the mode of emplacement on a large-
scale. It has been discovered from recent studies that the 3-dimensional geometry of rocks
can be used to explain the shape and contact relationship of rocks (Bayer and Dooley, 1990;
Rosenberg and Handy, 2005; Hogan et. al., 1998; Ameglio and Vigneresse, 1999). Field
observation alone might not be adequate to delineate an accurate 3Dmodel (Ameglio and
Vigneresse, 1999 ). 3D models of sheet-like intrusion have been found to be significant in
the study of volcanology and hazard management (Auger et al., 2001), underground water
monitoring (Zhou et al,2007; Kresic, 2006), climate change (Sheppard, 2005; Koca et
al.,2006; Svensen et al., 2007), resource evaluation (Groves et al., 2000; Aarnes et al.,
2011), magma emplacement and geometry (Gudmundsson et al.,2009; Galindo and

Gudmundsson, 2012; Skytta et al., 2013).

The geometry of the BIC was first described as a lopolith by Hall (1932). Further probe
into the geometry revealed funnel-shaped intrusions (Wilson, 1956;Willemse, 1964;
Wager and Brown, 1967). Roberts et al. (2007) proposed sills of horizontal to sub-
horizontal geometry that transgresses into underlying floor rocks. Both geophysical
investigation and other studies were corporated to describe the actual geometry of the BIC

(Kruger,2005b and references therein). Major hindrance to this has been the small piece
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nature of the investigation. This chapter provides a synoptic evidence of the shape of the
BIC with special reference to the RLS.

Subsurface features are most accurately illustrated with 3D models, however, strip log
sections and fence diagrams are also used to illustrate the disposition of borehole cores for
easy understanding of subsurface lithologic and stratigraphic layout. A 3D model is created
from borehole log, orientation data and depth information of each stratigraphic top and
base. Different interpolation methods such as - Kriging, Trend Surface Analysis (TSA)
and Inverse Distance Weighing (IDW) were employed to create a continuous surface from

space borehole data.

8.2 3D MODELS OF WESTERN BUSHVELD COMPLEX

Figure 8.1 reveals the surface geometry of the RLS in the Western Bushveld Complex.
The figure shows the elevated rim and the general central dipping nature of the RLS rocks.
It also indicates shallowing toward the Amandelbult section and the central dipping at this
section. The surface geometry is rather smoother than the floor. The floor to the RLS
probably reveals the nature of the underlying floor rock with pipe-like features, irregular
undulations, step-like down dipping and doming in some parts while some parts are sill-
like. Step-like and down-diping geometry is prominent at Amandelbult section and this
enhanced the volume of magma deposit in the area (the step-like geometry could have acted
as “trap” for the magma). Huge deposit of magma in this area might also signify closeness
to the magma source. It is assumed that towards the end of magma expulsion, most of the
magma would be deposited close to the magma chamber. Southward dipping of this area
might have influenced the magma transport direction. Tectonic changes such as sinking
and/or rotations about inclined axes might have also influenced the formation. This
structure is most probably pre-Bushveld since the structure and thickness of RLS are
inverse. If the down dip circular features shown in Figure 4.6 can be attributed to the
presence of potholes in this area, then pothole structures can be described as structural
features.The area around the Pilanesberg Complex shows subsidence and faulting of the
RLS rocks especially at the subsurface while at the surface it reveals a circular geometry.

Figures 8.2 and 8.3 show the geometry of the Western Bushveld compartment as
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continuous layers with overburden.Figure 8.4 reveals the geometry of the same area

without the thin zones.

Figure 8.1: The Main Zone of Western Bushveld display uplifted rim dipping to the centre. The extreme

northeastern edge is very shallow while the southwestern edge is uplifted.
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Figure 8.2: 3D model showing the sill nature of RLS rocks at the surface and the varied nature of the floor geometry of the Rustenburg Layered Suite (VE-16).
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8.3 3D MODELS OF THE EASTERN BUSHVELD COMPLEX

The Eastern Bushveld geometry in Figures 8.5, 8.6 and 8.7 reveals rugged surface
undulations especially along the edges. Most of the layers dip in the same way. This
doming in the area might be responsible for the exposure of some of the RLS units at the
surface (Uken and Watkeys, 1997a).

3D models of the RLS rocks in the area reveal that the doming influenced the entire
stratigraphic units. The RLS at eastern Bushveld is dominated by floor rock domes
believed to have formed by diapirc processes (Uken and Watkeys, 1997b) Most of the
faults such as the Wonderkop and the Stoffspoort at Southeastern Bushveld dip to the east.
The Kalkloof and Schwerin domes coincide with a structural high area and steep down
eastward towards an adjacent structural low. Inverse correlation exists between the dome
(structural high) area and thickness, i.e. there is thinning of the RLS over the dome and
thickening over the adjacent structural low area. The southeast verging synclinal structure
developed adjacent to Fortdraai Anticline in the Southeastern Bushveld. The Central part
of the Eastern Bushveld is marked by the presence of valleys that separate the northern part
from the southern parts. Not all parts of the Eastern Bushveld show inverse correlation in
terms of structure and thickness and this might be due to syn- or post-depositional activities
in the area. The southern part of the Eastern Bushveld in particular did not exhibit inverse
correlation in structure and thickness and might have developed during the emplacement

of the RLS or after.
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8.4 3D MODELS OF THE NORTHERN BUSHVELD COMPLEX

The Northern Bushveld or Potgietersrus sector is marked by northward dipping of the
stratigraphic unit in the northern sector. The Upper Zone lithologies thicken northward in
this sector, this was enhanced by structural dipping in the same direction. The unit also
transgresses northwards down to the Archaean granite floor rock. More stratigraphic units
and structural features (such as horst and graben structures, normal faults, folds as indicated
in Figures 8.8 and 8.9) are exposed in the central section. The central sector exhibits a
graben structure at the centre. Alternating downthrow and upthrows are also very common
in this sector. Lower Zone rocks dominate the southern sector; a structural high or upwarp
is prominent in this sector and this might be related to the presence of the Pretoria-

Zebediela anticline.
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Figure 8.9: Southwest view of the Northern Bushveld 3D model with borehole logs showing the geometry and the rugged nature of the central part.
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8.53D MODELS OF THE RUSTENBURG LAYERED SUITE ACROSS THE
BUSHVELD COMPLEX

A look at the whole of the BIC shows that the southeastern part, the northern limb and the
far western section were structural high areas before the emplacement of the RLS

with the Southeastern Bushveld floor sloping to the northwards. Consequently, the
southeastern part must have been the highest part while the extreme edge of Northwestern
BIC and central part of the Eastern Bushveld occurred at the lowest points before the

emplacement of the RLS rocks as indicated in Figure 8.10 below.
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Figure 8.10: Diagram showing the base of the Main Zone interval for the whole of RLS rocks in the BIC. The main Western compartment is approximately at the
same elevation with the Southeastern part while the NE edge of the Main Western compartment slope to the southeast.

Most of these models reveal strong tectonic control, resulting in elongations that are parallel to the trend of regional structures.
A good example of this is the NNW-SSE outcrop elongation parallel to the Rustenburg Fault. Horizontal magma emplacement

is favoured by vertical compression. Figures 8.11 and 8.12 indicate the strip log and the 3D model for the Bushveld Complex.
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Figure 8.11: Multi-striplog image of some of the boreholes across the BIC.
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rburden to the floor of the Rustenburg Layered Suite (VE-46).

Figure 8.12: 3D model from the ove
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CHAPTER 9 CONCLUSION

9.1 INTRODUCTION

The aim of this chapter is to integrate the entire concept from previous chapters in order to
adequately define the geometry of the Rustenburg Layered Suite in the Bushveld Igneous
Complex based on available borehole log data. This will include; the description of the
geometry of stratigraphic top and base contact through interpolation of sparse borehole
data; using interval structure contour lines and isopach maps; structural interpretation from
variation on thickness and attitude across infer structures; and systematic development of
structures using trend surface analysis.

The interpolated subsurface geometry and faulting pattern allowed better understanding of

regional stress pattern that produced the constrained models and geometry.

9.2 SUMMARY AND DISCUSSION ON DIFFERENT PARTS OF THE BUSHVELD
COMPLEX

The Rustenburg Layered Suite (RLS) of the northwestern Bushveld is marked by a NE
outcrop trend. The extreme NE end around Amandelbult and the Northam section dips and
thickens toward the southeast in a step-like manner as revealed by the 3D models and fence
diagrams. The step-like geometry in the northwestern Bushveld section (further confirmed
by recent mining activities) is probably a series of south-trending half grabens initiated by
extensional-fault reactivation due to the increasing magma influx and extension of the crust
due to tectonic pull-apart. This might have led to differential offset of different stratigraphic
levels by different amount with the bounding faults growing down-dip and forming horst
and grabens structures, which indicate prevalent extensional system at such times. Either
the dip parallel synformal geometry of this section is a primary feature, or as a result of
incremental subsidence which might be due to magma cooling or isostatic adjustment to
the increasing weight of additional magma influx (Einsele, 2000).

The Amandelbult and Northam section outcrop with step-like layering pattern probably

shows evidence for multiple magma injection. The structural trend in this area is NNW as
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defined by the centrally located downthrown section bounded by opposite dipping faults
to form the Roodedem/Middellaagte graben. The NE-SW outcrop trend cuts across the
NNW structural trend, and probably defines the magma influx direction. This area is also
marked by the presence of folding to form a basin shape that is related to pothole structures.
In the profile the length of the fold is mostly less than 1km and the height is not more than
500 m. L-shaped isopach contours around the central part of the Northwestern Bushveld
Complex signify strike-slip movement. The Northern and Southern Gap area coincides
with inferred fault planes. The Northern gap area slopes down towards the Amandelbult
section while the Southern gap area slopes toward the Union section as indicated in Figure
4.6. The Upper Zone is also better developed around the gap areas, while the Upper Zone
thickness exhibits a central NNW trend with sharp slopes along the gap area. There is an
inverse relationship between structure and thickness of both regional and residual
structures in the area, implying that the structures were already in place before the magma
emplacement, although some of these structures were probably reactivated or modified
during the emplacement. The widespread difference in structural pattern between the top
of the Upper Zone and the base of the Main Zone unit in most parts of the western Bushveld

might be due to slight changes in tectonic movement.

Several faults dominate the area around the Pilanesberg Complex as indicated on the
geological map. Lower and Marginal Zone rocks are prominent in this area and appear
folded and faulted around the Complex. The Lower Critical Zone is well-developed at the
western part of the Complex. The southeastern part of the Pilanesberg Complex trends
NNW-SSE and dips towards the centre. The structural trend and the outcrop trend are
parallel to the trend of Rustenburg fault indicating that the NNW-SSE trend might have a
strong influence on the magma migration path in the area.

The Southwestern Bushveld Complex indicates NNW trending structures while the outcrop
trends E-W. The interval structural and isopach maps show more graben-shaped structures
at the subsurface than indicated on the geological map of the area, has illustrated in chapter
four —Figure 8A and 8B. This indicates the presence of blind faults and extensional regime

at depth. Upper Zone rocks are more prominent in the eastern part of this section than on
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the western side. The central part of this section exhibits very rugged morphology with

presence of faults and grabens.

The Far western Bushveld or Nietverdiend sector dips slightly towards the main Western
Bushveld, and the only identified structures in this area trends ENE. The central part of this
section is slightly depressed (on the structure contour map) however; the depression is
filled with thick deposits of Lower Critical Zone rocks (as indicated on the isopach map),
surrounded by Marginal Zone rocks. The isopach map shows continuation to the west.
There is an inverse relationship between structure and thickness in the area evident by the

central depression filled with thick deposits of Lower Critical Zone rocks.

Regionally the Eastern Bushveld Complex compartment shows a prominent dip to the
north, while the southern part is uplifted at depth. However, at the surface, the outcrop dips
to the centre at the edges. The outcrop trends N-S (especially in the eastern parts) while the
structure is rather irregular and includes N-S, NNW, E-W, and NE trends. A southward
thickening trend is prominent in the Upper and Main Zone units. The widespread domain
of all the RLS stratigraphic units and underlying units was observed on the 3D models.
Similarities between the Main Zone interval structure contour patterns and the Archaean
floor structure contours pattern indicate that structures here are probably floor rock
controlled. However, not all parts of this compartment show the same inverse structure and
thickness relation. Variations in the thickening trend in different parts of this limbis
probably due to faulting and floor rock topography in the area. The outcrop trend of the
Northeastern Bushveld Complex section indicates more of N-S and NNW. The
Southeastern Bushveld Complex reveals inverse correlation in structure and thickness only
in the Upper and the Main Zone units, while the other units exhibit similar structure and
thickness. These heterogeneities in structure, thickness relationship and thickness trends
are widespread in the Eastern Bushveld Complex. Structures in the northeastern Bushveld
trend N-S and NNW while in the central section of the limb, the structural trend varies
from E-W to ENE.

General gentle dipping and thickening toward the centre, especially in the Western

Bushveld and Eastern Bushveld was related to subsidence after deposition according to
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Gough and Van Niekerk (1959) and Hattingh (1995). However, thickening toward the
centre as observed on the 3D models and from inverse correlation of structure and thickness
in most parts of the Bushveld Complex probably suggest a pre-Bushveld emplacement
feature. Otherwise, the edges of the Complex should be thicker than the subsided central

section.

The Northern Bushveld compartment model exhibits northward dipping in the northern
part, while the central part of the limb is dominated by prominent horst and graben
structures together with several strike slip movement. The models also reveal that the RLS
in this limb rests progressively on older rocks from south to north where it directly lies on
the Archaean floor confirming the earlier observation by Ashwal et al. (2005) and Kinnaird
et al. (2005). This progressive transgression of the RLS rocks reveals increasing northward
dipping of underlying Archean floor rocks and corresponding northward thickening of the
overlying Upper Zone rocks. This geometry probably resulted from the southward sliding
of overlying Upper Zone rocks over the floor rocks. Further, southwards, the Upper Zone
transgressed underlying RLS rocks to form a horst and graben structure tn the central
sector. Presence of folds and step-like features in the floor of the central sector probably
indicate imbricate staking due to thrusting which Friese (2004) had reported earlier in the
area. However, the Lower Zone unit in the southern sector of the Northern Bushveld
transgressed the overlying RLS rocks and rest directly on the Transvaal rocks. The regional
outcrop trend is N-S to NNW while most of the structures trend E-W, ENE-WSW, NE and
N-S. A number of folds, mostly NW dipping with ENE trend are also present, especially
in the central and southern parts. A strong inverse correlation exists between the structures
and thickness of RLS rocks and the Archaean floor, thus implying that most of the
structures are probably pre-Bushveld and basement controlled. However, it was observed
that faulting and folding within this compartment affected both the Archaean floor rocks
and the RLS rock and might indicate that intense tectonic movement occurred after the
emplacement of the Bushveld Complex. The horst and graben structure at the centre of the
northern Bushveld, however, indicates an inversion, implying a formally uplifted area (as
observed on the structure contour map) now shows pronounced thickening and graben

shape on the thickness map. This shows that earlier structural high area that ought to have
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received less magma influx probably experienced subsidence and faulting to form a graben
and received more magma influx. The NE-ENE trending faults dominate the central section
of the northern limb. Few N-S trending faults (with down-throw to the west); NNW-SSE,
NE trending faults (parallel to Ysterberg-Planknek Fault) with a down-throw to the south;
E-W trending faults (parallel to the Zebediela Fault) were identified in the southern part.
The Far Northern Bushveld sector is dominated by the Main Zone lithologies dipping to
the southeast and a structural high that trends NNW in the southeast. Thickening in the SW
(indicates low land area before magma influx) while there is thinning over the structural
high or high land area at the southeast. This structure is not revealed on the surface of the
Upper Zone unit but it is prominent in other stratigraphic units.

Most of the structures identified can be grouped as the product of reactivation spanning
over 2 Ga. The regional stress conditions at the time of emplacement of the RLS supported
the emplacement along existing NNW and ENE regional trends. The two trends can be
correlated with tectonic events in the Kaapvaal Craton and also coincide with trend of
weakness during the formation of the Kaapvaal Craton (de Wit et al., 1992).The ENE trend
coincides with the depositional axis of the Transvaal basin and it is also oriented parallel
to Thabazimbi-Murchison Lineament (Hunter, 1975). The NE-SW trend was described as
a major compressional trend (which resulted from the collision of the Kaapvaal Craton
with the Zimbabwe Craton) during Bushveld emplacement (Holzer et al., 1999). The
surface geometry of the RLS is almost flat except for the inward dipping of the rims
coupled with some doming which clearly shows up conspicuously on the models. This flat
morphology might be parallel to the layering of the original sub-horizontal nature of the
roof area while pre- and syn-Bushveld folding of the floor rock modified the basal portion

of the layered suite (Sharpe, 1981).

The geometry of the RLS can be described as layers of multiple sills with roof and floor
morphology modified by pre-, syn- and post-depositional structures (Cawthorn, 2012). Pre-
Bushveld structures modified the emplacement of the intrusions; examples are: structures
such as upfolds, domes, uplifts and downwarp of underlying floor rock; pre-Bushveld
faulting (Du Plessis and Walraven, 1990), the Rustenburg fault (Coertze, 1962; Bumby et
al., 1998), host and graben structures (Teigler et al., 1992). Syn-Bushveld structures
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include cyclic lateral layering of RLS rocks. While post-Bushveld structures include
faulting (thrusting and normal faulting) due to extensional and compressional movement
and tilting of strata due to isostatic readjustment. Sharpe and Snyman (1980) proposed a
NNE trend deposition for RLS at the basal section of the Transvaal Supergroup rocks.

Magma preferential migration pathway and geometry is influenced by crustal compression
and extension as well as presence of pre-existing structures (Sibson, 2003; Hodge et al.,
2012 and references therein). While extension in the crust will allow lateral migration of
magma and create an obstruction to its upward migration, compression permits upward
migration and acts as a barrier to lateral migration. Pre-existing structures act as weak zones

and pathways through which magma can flow.

The geometric pattern interpretation of the stratigraphic intervals of the RLS in this study
suggests continuous east-west horizontal to sub-horizontal emplacement of the Bushveld
Complex, which was first distinguished as a northern and southern mass by Truter (1955)
who, based on observation of transgressive contact. He made a distinction between an east-
west oriented southern mass and an elongate north-south oriented northern mass. The
geometry of the Bushveld Igneous Complex BIC was first described as a lopolith by Hall
(1932). Further probe into the geometry revealed funnel-shaped intrusions (Willemse,
1964; Wager and Brown, 1967) while separate inward dipping sheet model was proposed
by De Beer et al. (1987); Du Plessis and Kleywegt(1987). Gravity modelling by Webb et
al. (2004), interpreted the Eastern and Western mafic units as connected sheets that were
subsequently deformed. Campbell (2006, 2009) using seismic surveys identified
widespread graben structures, floor domes, syn-Bushveld diapirs, and graben collapse
structures within the RLS. Kgaswane et al. (2012) and Cole et al. (2012: 2014) reconfirmed
continuous sheet model earlier proposed by Cawthorn et al. (1998), Cawthorn and Webb
(2001), and Webb et al. (2004, 2011). The east-west orientation of the southern mass was
attributed to tension in the east-west direction, contrary to the elongate northern mass,
which was due to compression in the east-west direction. Evidence for the east-west
elongation is supported by the location of the far western Bushveld Complex compartment

to the west of the Western and Eastern Bushveld Complex compartments (;Eales and
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Cawthorn, 1996: Mapeo et al., 2004) as well as variation in magma composition from north

to south.

Formation of layered igneous suites such as the RLS might likely conform to rotation of
maximum principal compressive stress 61 from vertical to horizontal according to Roberts
et al. (2007), the principal stress at this point is vertical while the other two stress tensors
will be horizontal and the magnitude of differential stress is minimal. Sills or sheet
intrusion was thus formed when the magma pressure exceeds the vertical stress during
upward migration of magma towards the surface. Horizontal to subhorizontal layering
occurs along lithologic boundaries and surface of unconformity. Example of this is the
Bushveld Complex, which was emplaced at the boundary between the Pretoria Group of
the Transvaal Supergroup and overlying monzonitic residual roof rock (and the Rooiberg
Group) as described by Cawthorn et al. (2006) and Cawthorn (2012). Another example is
the Karoo Basin (Chevallier and Woodford, 1999; Burchardt, 2009) with references
therein). Sill emplacement can also occur when the upper layer or the roof layer is more

rigid according to Kavanagh et al. (2006).

Magma from magma chambers are transported upwards through conduits such as dykes
and plugs. Attempts have been made through geophysical investigation by Van der Merwe
(1976), Sharpe et al. (1980), Kinloch (1982), and du Plessis and Kleywegt, (1987) to
identify magma feeders within the Bushveld Complex by relating anomalously high and
positive gravity signature of thick mafic rock zones as feeder sites. In this study, a few of
such anomalously thick zones were identified in some areas. These areas include the
extreme NE part of the Western Bushveld (along Amandelbult and Northam section) where
the down-dip or step-like deposit of over 2500 m (based on available borehole records),
but described as more than 10 km by Maier et al. (2013) (based on recent mining activity
in the area) was identified. The southeastern part of the Rustenburg fault on Schaapkraal
farm; southeast part of the Steelpoort Fault on a Pietersburg farm in Eastern Bushveld limb;
the eastern part of the central sector of the northern Bushveld and around Grasvally
synformal structure in the southern sector are some of the areas that can be interpreted as

feeder sites due to the anomalous thickness of the RLS units.
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9.3 ECONOMIC IMPORTANCE OF STUDY

This study provides a synoptic view of the Rustenburg Layered Suite of the Bushveld
Complex, allowing continuous trace of widely distributed terrain features and defines the
geometry of the whole of the RLS. It also gives details of the geometry of contact zones
revealing the subsurface structural features and emplacement models which are essential
for future mineral exploration. Identification of thickening trends of each unit of the RLS
proves to be significant for future exploration. Most of the synformal structures identified
in our models coincide with the site of thick mineralization especially at Tweefontein
where the synformal structure dips strongly to the SW,this was also reported by Nex
(2005), the Grasvally structure that dips to the NW, also reported by Armitage (2011). Nex
(2005) reported structural control on the distribution of sulphide in pre-Bushveld fold
structures. The geometry and position of economic deposits are mostly controlled by ENE
and NNW inherent structural trends in the Kaapvaal Craton during its development (von
Gruenewaldt1979; Hunter1975, 1976). The ENE trend coincides with the Transvaal Basin
depositional trend while the NNW trend is associated with the Vryburg arch depression.
Intrusion exploited weak zones and fractures in the earth as pathways, while economic
minerals are mostly deposited along fractures, such as veins and joints, fold axes and fault
planes. The three-dimensional models produced in this study provide detail regional
mapping and kinematic analysis of structures.

Major advantages of this study include the quality of data used (based on directly
observation of borehole core log) and the perfect conformity of the results with previous
field studies and geophysical investigation. Unsubstantiated inferences or assumption
about the RLS subsurface features and geometry were conclusively evidenced, while very
important additional information was added to the existing detail.

Visualisation of 3D models, grid models, fence diagrams and isopachs maps coupled with
regional scale of study afforded good insight into the RLS geometry providing better
understanding and enhanced thorough interpretation of geological relationships and

associated structural features.
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APPENDIX 1

1.1 Introduction

One major problem in geological mapping is the sparse distribution of outcrops and the need to
draw accurate and reliable geological boundary across outcrop locations. Mapping becomes more
difficult, especially in areas where most of the rocks are concealed below the surface. The key
challenge here is how to unravel the subsurface structure and geometry of geological terrain where
field based mapping might not adequately describe the geometry of geological boundaries. When
available, borehole data and reports becomes an alternative. A large volume of these borehole data
and reports are readily available. To produce a complete and consistent three-dimensional
representation of the subsurface from sparsely distributed borehole data a lot of inferences
(interpolations) between borehole logs has to be made. However, due to the large volume and
distribution of the borehole data the selection of best interpolation method that will give a
geological reasonable solution that is closest to already known geology becomes imperative.
Borehole data are primary data obtained by direct observation and are highly accurate (Wu et al.,
2004). ]. Borehole log data are particularly useful in interpreting geologic structures from structure
contour maps (three dimensional representation of the subsurface), isopach maps profiles, fence
diagrams and cross-sections (Mei, 2009). Computer models usually have a variety of parameters
that can be utilized so that the model will better reflect reality. This write-up attempt to find a
particular set of parameter which result in a maximal value of a likelihood function, usually by

using an optimization method.

Geostatistics involves continuity modeling of spatial data. The main reason for modeling spatial
continuity is to assess spatial uncertainty and interpret the spatial distribution (Journel, 1989).
Spatial analysis is the use of statistical assumption and techniques to improve the interpretation of
spatially referenced data using interpolation methods. Spatial interpolation corresponds to
measuring the same parameter at different locations and using these to estimate for the data at
unsampled points. Eight different interpolation techniques were compared to estimate variations
in depth of the Rustenburg Layered Suite (RLS) stratigraphic units around the Northeastern parts
of the Eastern Bushveld Complex. This has helped to determine spatial pattern, trends, distribution,

and the relationship between the depth of occurrence and thickness of each stratigraphic unit.
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It enhances the visualization of pattern, continuity, and a variability of spatial data. This is due to
the ability of interpolation methods to create continuous surfaces from scattered observations by
estimating the depth of occurrence of lithology and structures at unsampled (in-between borehole)
points based on the premises that close observations are likely to have similar values than those
that are far apart (Tobler, 1970). The surface here represents a continuous representation of data

with x,y and z values. Flow chart of spatial analysis process.
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Figure 1A: Geospatial process flowchart
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1.2 SELECTION OF APPROPRIATE INTERPOLATION METHOD

Selection of an appropriate spatial interpolation method it is a difficult task. The performance of
the spatial interpolators according to (2008) depends on many factors including:

e the variable under study,

e the spatial configuration of the data,

e and the underlying assumptions of the spatial interpolation methods.
For this study, the best interpolation methods were selected based on closeness to know geology.
It seems there is no simple answer regarding the choice of an appropriate spatial interpolator. The
selection of best interpolation method for this study started with a collection of data over a
subregion area (Northeastern parts of BIC) with known geology. Several search strategies were
run over the sub region while trying to determine the best interpolation method. The best
parameters that gives a result closest to known geology with the assumption that the difference in
depth between two points on a surface is a function of distance and orientation.
A major factor in determining continuity among available data is the use of variogram. Variogram
is used to display the variability between data points as a function of distance or direction. It can
simply be defined as the direction along continuity (Journel, 1989). Variability increases and
becomes stabilized at a given variability level called the sill. The range (zone of influence) is the
distance at which the variogram reaches the sill value (Bourges et al., 2012).1t is also useful in
constructing three dimensional models that gives full interpretation of geologic continuity. This is
based on the premises that close dataset are more related than distance dataset. Consequently,
closely spaced data points show a low degree of variability while distant points show a higher
degree of variability. This allows data, which were sampled at discreet units, to be modeled as a
continuous function, and the value for any unknown point at any distance can be interpolated. This
is also useful in determining the goodness of fit. This goodness of fit is determined by the
correlation coefficient which could be positive or negative. Variogram determined from the
measured or observed data were carefully fitted into available variogram models in rockworks.
The result obtained using each of the eight variogram is presented below. The result shows that

the model with Gaussian without nugget gave the highest correlation. This means that the nugget
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effect is not allowed in a variogram, the resulting data grid may ultimately generate contours which
honor the control points. It also shows the variability of the Z values for point pairs as a function
of the distance between the points. RockWorks creates observed variograms of input data, and
then finds the variogram model that offers the best fit - thus defining the distance and directional

relationships in the input data.

Yariogram Type Correlation Anisotropy— Spoke Spacing. - Spoke Tolerance  Lag Spacing . Lag Tolerance . Max Distance
Limear With Nugget] 3 0.83 0.53 o0.0 45,0 1,100.6 5503 17,606.5
Elipse Semi-Variogram X

Major Auds Minor s Direction - MNugget Sil

Direction  Range Range

LJ
L]
L
(-
o 12131 54587 Ml g 708gs: - 1041499

Figure 102: Variogram editor showing Linear with Nugget variogram with the directionality

eclipse to the left, the observed variogram in blue and the calculated variogram in red (to the right).

306



Wariogram Type Correlation  Anisotropy Spoke Spacing - Spoke Tolerance  Lag Spacing  Lag Tolerance  Max.Distance

inez 0.86 0.75 90.0 45.0 1,100.6 550.3 17,608.8
Ellipse: Semi-Variogram
Maior Axis TMinor Axis Direction - Mugget Sil
Direction Range Range
L
L
(-
= (.
3 9,156.6 6,867.4 [al 0.0 1715965

Figure 103: Variogram editor showing linear without Nugget option with directional eclipse to the

left, the observed variogram in blue and the calculated variogram in red (to the right).

Wariogram Type Correlation  Anisotropy Spoke Spacing - Spoke Tolerance  Lag Spacing  Lag Tolerance  Max. Distance
e 0.96 0.69 0.0 45.0 1,100.6 550.3 17,608.8

Elipse Semi-Variogram

Maior Axis TMinor Axis Direction - Mugget Sil

Direction Range Range

L
L
L
(-]
1495 950EE 65153 HA g qess 160.0144

Figure 104: Variogram editor showing Gaussian with Nugget option with directional eclipse to the

left, the observed variogram in blue and the calculated variogram in red (to the right).
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“Wariogram Type

Correlation  Anisotropy Spoke Spacing - Spoke Tolerance Lag Spacing  Lag Tolerance  Max Distance
Gaussian vithout Mugget |+ 0,99 0 90.0 45.0 1,100.6 550.3 17,6088
Elipse
Major Axis

Semi-Variogram

TinorAxis Direction. -~ Mugget Sl
Direction Range Range
L]
L1
L L]
L
152 11,092.6 11,093.6 [7]an 0.0

323.6311

Figure 105: Variogram editor showing Gaussian without Nugget option with directional eclipse to

the left, the observed variogram in blue and the calculated variogram in red (to the right).

Wariogram Type Correlation  Anisotropy

Spoke Spacing - Spoke Tolerance  Lag Spacing  Lag Tolerance  Max. Distance
0.96 0.63 0.0 45.0 1,100.6 550.3 17,608.8

Elipse Semi-Variogram

Maior Axis TMinor Axis Direction - Mugget Sil

Direction Range Range

LJ
LJ
L1

L
50 11,797.9 7,395.7 a 5.70833

331.377¢

Figure 106: Variogram editor showing Spherical with Nugget option with directional eclipse to

the left, the observed variogram in blue and the calculated variogram in red (to the right).
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Wariogram Type Correlation  Anisotropy Spoke Spacing - Spoke Tolerance  Lag Spacing  Lag Tolerance  Max.Distance
fnonential Without Mugge 0.97 10 o0.0 45.0 1,100.6 550.3 17,608.8

Ellipse: Semi-Variogram
Maior Axis TMinor Axis Direction - Mugget Sil
Direction - Range Range

L]

34 10,917.5 10,917.5 [ an 0.0 23,6311

Figure 107: Variogram editor showing Spherical without Nugget option with directional eclipse

to the left, the observed variogram in blue and the calculated variogram in red (to the right).

The most obvious factor on which to make this decision is the correlation shown between a
particular variogram and observed data. The higher the correlation, the better the fit, the more
accurate the model, and the more accurate the grid. The correlation coefficient is a representation
of the correlation between the variogram and the lags, improperly selected lag dimensions (Manual
kriging) won't necessarily be reflected by the correlation coefficient. In fact, very bad lag

dimensions can produce high correlation coefficients.

Nugget means that the variogram does not go through the origin, i.e it did not go through the Y-

axis. This signifies that the data varies at very close distance.

One other factor one might consider is the effect of the nugget is the resulting grids and contour
maps. When the nugget effect is allowed in a variogram, the resulting data grid might generate
contours, which do not honor the control points, thus showing you the error in data. However, with
the advances in software engineering it is now possible to ensure that the contours honor the control
points for better output. If the resultant contour map is objectionable, then re-kriging the data grid

using a variogram with a suppressed nugget becomes a reasonable option.
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1.3 INTERPOLATION METHODS

1.3.1 Inverse Distant Weighing (IDW)

1}‘ — i=1 % v " =value to be estimated
N 1 vi=known value
E —_— d..., d.=distances from the n data points to the point estimated n

1.3.2 Trangulation equation

V =P(;,1).°2 + P(:,2)./2;

P= point

1.3.3 Kriging interpolation method

» Kriging types

Simple kriging requires that the mean of the variable over the field being estimated be constant
and known (Wackernagel, 2003). Ordinary kriging does not require knowledge of the mean, as
long as it remains constant over a specified field (Clark and Harper, 2001; Goovaerts, 1997). (Colin
Childs, ArcUser,Jul-September,2004, ESRI educational services). The main advantage of Kriging
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is that it is excellent at defining directional trends. The bull's-eye pattern of Inverse-Distance and

the angularity of Triangulation are prevented with Kriging option.

Kriging with a trend model considers a variable mean, function of the coordinates values. That
function is everywhere unknown but is of known functional form and could represent a local
feature, while Universal Kriging assumes a trend component in the data Matheron (1969).

Block kriging estimates mean of variables over a block (Wackernagel, 2003). Cokriging entails

the use of secondary variable in estimating the for the unsampled points (Goovaerts, 1997).

» Kriging equation

Where n represent the number of data Z is the parameter being measured at different locations. Z,
relate to the same attribute Z but at different locations

Xa F Xo.

In this case, the depth of occurrence of a stratigraphic unit in the study area, is taken as Z(xg) at

unsampled location x, which is estimated from n data Z(x,) taken at n surrounding locations x,.

n
Z¥(x0)-m = 5 da[Z (xa)-m] (1)
o=l
with m being the common expected value of the (n + 1)
RV's (random variables) Z(xg) , Z(x4) ,a=1, ¢ ¢+ n. In practice, m would
be the mean of all Z data available within the same layer or stractigraphic unit
Defining the covariance function C(h) as the covariance
between any two layer RV's Z{x), Z(x + h), distant

of vector / but still within the same unit;

C(h) = Cov {Z(x), Z(x + h)}

The simple kriging system (12) is:
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n
Z‘/lﬁC(X(x'X()):C(Xa'XO), o= 1, n (2)

p=l
1.3.4 TREND SURFACE ANALYSIS (TSA)

Trend surface analysis involves fitting a simplified surface to the structure contour data using a
regression matrix. The resultant (fitted) surfaces ultimately imitate the observed data as much as
possible.

The principle of a TSA is a regression function that estimates the value Z, at any location based on the
Xq, Yo coordinate of the location.

Zo =f (Xq, Yo)

Zy is property value at location 4

Xa, Y o are coordinate values at point 4

F is regression function.

First order trend surface is described by

Z(X,Y)=a +bY +cX

Second order surface is a parabola described by equation
Z(X.Y)=a+bY +cX2 +dX +eX2 +fxy

Third order surface is defined by S shaped curve with equation
Z(X,Y)=a+bY +cY2 +dY3 +eX + XY +gXY2+ hX2 + jX2VY + kX3

Not all the plot of the predicted or estimated versus the measured data will pass through the regression
line. The vertical amount by which the line let-pass a datum is called the residual. It may be described as
the measured data minus the predicted data. Random pattern of residual may not support a linear

pattern. Non-linear data relationships are better observed in a residual plot than in a scatter plot (Stark,

Philip B, 1997). Residuals with nonlinear association will plot around the X-axis, some will plot below the
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X-axis as negative while some will plot above the X-axis as positives. This accounts for the negative

values in some structure maps. Figure seven shows the plot of residual

y

Positive residuals

NIV AN
/\\L/ X

U\

Negative residuals

Figure 108: Example of a plot of predicted against original data and the calculated residuals

Beyond looking at the relationship between the measured and predicted data, goodness of fit and the
use of global polynomial method to predict trend, Trend analysis can be used to geostatistically seperate
the observed data into regional (trend or large scale component) and local (residual or small scale
component) Mei, (). This method is employed in detecting subsurface structures. The method allows
data manipulation and interpretation that reflect the geological input and expertise instead of the
formal method that is primarily computer controlled (Mei, 2009). The regional component (trend
surface) is defined by a global function that fits appropriately the entire map. In which case distant
measured data are incorporated and given equal weight as close data in the analysis. The local
component (residual map) only considers near data and attributes less weight to distant data.

Further characterization of the original data was carried out by plotting Scattergram of
observed/measured Z values of the Merensky reef versus computed node Z values for corresponding
locations in an existing grid model. Different interpolation methods were plotted with the original data
to determine the correlation between the original measured data and the calculated/ estimated
data.The regression line/best fit line estimates the relationship between X and Y variables, it is used in
characterizing the spread of the variables on a scattergram. High fidelity option was utilized to control

the interpolation methods to honour the observed points as much as possible.
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Figure 109: Scattergram of observed/measured Z values of the Merensky reef versus the estimated Z

using krig interpolation.

The X,Y values define the location while the z values represent the elevation (in this study z represent
the downhole depth at which each stratigraphic unit is encountered). Grids were constructed from
these irregularly distributed data to provide values at regular rectangular nodes based on the degree of
relationship or autocorrelation that exists between the data points. Contour lines were used to connect
points of same elevation at the boundary of each stratigraphic unit. The isopach values were calculated
by subtracting the stratigraphic top elevation from the elvation at the base.

TSA was applied to a small area within the RLS in order to demonstrate its usefulness in identifying
subsurface structures; the result was compared with other interpolation methods and known geology.
Before plotting, the stratigraphic intervals, all data were corrected to start form the mean sea level
(MSL) thus eliminating topographical influence. First to sixth order trend and residuals were first

determined from the available data. The first order is a linear regression function. Higher orders
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(polynormial funcction) are used when the spatial distribution is more complex. The first and second
order highlighted the residual structures more, while third and higher orders showed the trend. Lower
orders were found to give good result even where the available data is sparse. The forth order in few
cases showed very good trend that correlate well with the available records but most often the forth
and higher order give erroneous result though they have higher correlation coefficient value. This
further proves that statistical tests are not reliable guides in selecting appropriate TSA order. Rockworks
15 was used for most of the calculations.

Interpretation and choice of the order is therefore dependent on correlation with available surface
mapping reports and geophysical records in the area. The TRA is fast, simple, and very useful in
delineating small structures. The isopach maps were used in identifying pre, syn and post Bushveld

structures.

Disadvantages of TSA method:

- when data points are few, anomalous values can seriously distort the surface;

- the surfaces are susceptible to edge effects.

- trend surfaces are inexact interpolators. extreme values of distant data points can exert an unduly

large influence, resulting in poor local estimates of variable.

1.4  DATA ASSESSMENT AND CONTROL MEASURES

» HISTOGRAMS

Frequency diagrams were generated in-order to assess the distribution of observed data before
contouring the data. This helps to determine the frequency or percentage of the total number
of measurements for a particular variable e.g distribution of elevation at the contact of a
stratigraphic unit. It also helps to determine the homogeneity of the statistical distribution and
shows the dispersion of the values around the mean. Below is a plot of elevation (x) against

frequency of occurrence for the Upper Zone, Main Zone and Merensky reef.
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Figure 110: Histogram for 86 elevation data on Upper Zone stratigraphic contact at Amandelbult

section of the Western Bushveld. This shows a single anomalous data, which was carefully

crosschecked.
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Slightly Anomalous Population 9

Moderately Anomalous Population 6

Strongly Anomalous Population 0

Extremely Anomalous Population 0

Figure 111: Histogram for 86 elevation data on Main Zone stratigraphic contact at Amandelbult

section of the Western Bushveld. The plot shows that the Main Zone unit occur more between 600

m and 800 m.
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Statistical Summary

HISthram Population 86
Linear Scaling Minimum Value -1,393.2
M280 M1SD Mean M+1SD .
Maximum Value 929.43494
(-830) (-235) @10 (906) Range 2,286.0

Mean 310.72893
Li2.5 Standard Deviation 595.54742
Standard Error 64.21953
Median 531.245
Sum 26,727.88
Lio.o Sum of Squares 38,4564,261.1178
Variance 354,676.72871
Skewness -1.46889
Kurtosis 1.0321
L7 5 Coefficient of Variation 1.91624
Mean - 1 Standard Deviations -284.75812

Mean - 2 Standard Deviations -880.30554

Mean - 3 Standard Deviations -1,475.85296
5.0 Mean - 4 Standard Deviations -2,071.40038

Mean + 1 Standard Deviations 906.33672

Mean + 2 Standard Deviations 1,501.88414

Mean + 3 Standard Deviations 2,097 43156

k2.5 Mean + 4 Standard Deviations 2,692.97898

Bacdkground Population 71

Slightly Anomalous Population 9

Moderately Anomalous Population &

0.0 Strongly Anomalous Population 0

Extremely Anomalous Population 0

Figure 112: Histogram for 86 elevation data on Merensky reef contact at Amandelbult section of
the Western Bushveld. The diagram illustrates the range and variability of elevations at the Main

Zone contact. The average elevation is around -400.

Since no estimator (interpolation) is devoid of potential error, it becomes imperative to
approximation (model) of the uncertainty underlying each estimate.

Deterministic interpolation techniques, including triangulation and inverse distance-weighting,
which do not consider the possibility of a distribution of potential values for the unknown, they do

not provide any measure of the reliability of the estimates.

1.5 COMPARISON OF RESULTS
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Grid models of the northerneastern part of Eastern Bushveld Complex was compared with the
result obtained and published by Lesego Platinum Mining, estimated the Merensky reef top to be
approximately 2700 m. The grid models below show profiles drown from Phosiri Dome across the
Phosiri ground (each showing the lowest level of the Phosiri ground on the Merensky reef top).
All the interpolation method (Figures 12 to 20) applied gave estimates close to 2200 m except the
Cummulative and Distance to point methods. Figure 21shows the depth to the top of the Upper
Zonea around the BIC.
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Figurel2: Merensky reef isopach map of Northeastern Bushveld using Directional Weighing

interpolation method in Rockworks
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Figurel3: Merensky reef isopach map of Northeastern Bushveld using trend surface interpolation

method in Rockworks
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Figurel4: Merensky reef isopach map of Northeastern Bushveld using Distance to point

interpolation method in Rockworks
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Figure 15: Merensky reef isopach map of Northeastern Bushveld using Kriging interpolation

method in Rockworks
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Figure 16: Merensky reef isopach map of Northeastern Bushveld using Inverse-distance weighing

interpolation method in Rockworks
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Figure 17: Merensky reef isopach map of Northeastern Bushveld using closest point distance

interpolation method in Rockworks
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Figure 18: Merensky reef isopach map of Northeastern Bushveld using Trianglation interpolation

method in Rockworks
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Figure 19:Merensky reef isopach map of Northeastern Bushveld using Cummulative interpolation

method in Rockworks.
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Figure 20: Diagram showing approximate depth of the Merensky reef and UG2 units from the

investigation carried out by Lesego property in 2011.
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Figure 21: Depth to Bedrock around the BIC, obtained by subtracting the thickness of the
overburden from the Digital Elevation Model (DEM)
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