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Abstract

Trend surface analysis (TSA) was used to investigate the structure and thickness variation pattern and to resolve
trend and residual component of the structure contours and isopach maps of the Rustenburg Layered Suite (RLS)
across the Bushveld Igneous Complex (BIC). The TSA technique was also employed in extracting meter scale
structures from the regional structural trends. This enables small-scale structures that could only be picked
through field mapping to be observed and scrupulously investigated. Variation in the structure and thickness was
used in timing the development of some of the delineated structural features. This has helped to unravel the
progressive development of structures within the RLS. The results indicate that present day structures shows
slight changes in both regional and local trends throughout the stratigraphic sequence from the base of the Main
Zone to the top of the Achaean floor. Structures around the gap areas are also highlighted. This paper represents
the third of a three-part article in Trend Surface analysis of the three major limbs of the Bushveld Igneous
Complex (BIC). This first part focused on the Northern Bushveld Complex, while the second part focused on the
Eastern Bushveld Limbs.
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1. Introduction

Mapping the subsurface of the world’s largest layered intrusion (BIC) will not only enhance the understanding of
underlying geology and structure, but will also assist in making better interpretations of some 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.

Different geophysical data have been employed for regional study of the Bushveld Complex (Odgers, Hinds &
Von Gruenewaldt, 1993; Odgers & 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, &
Levitt, 1987; Webb, Cawthorn, Nguuri & James, 2004; Cawthorn & Webb 2001), but needs to be complemented
with other datasets for better interpretation (Chunett & 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, hence, the
need to source for a more readily available data.

However, ample borehole 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 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. These scattered (x,y) borehole data with detail lithostratigraphic information for each
stratographic layer require interpolation to convert them to meaningful geological information.
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Trend surface analysis (TSA) is an interpolation technique for estimating the spatial distribution or trend from
dispersed observation points by fitting a surface through a set of points (x, y, z) (Agterberg 1984; Unwin, 2009).
This technique has been applied widely in geological exploration for recourses that are constrained by structure
and stratigraphy (Krumbein, 1959; Merriam & Harbaugh, 1964; Cook, 1969; Baird, 1971; Wren, 1973; Davis
1973; Wharton, 1993; Davis et al. 2002; Evenick, 2008; Mei, 2006).

The major objective is to analyse and describe the relationship between structural trends, residual structures
(small-scale structures) and thickness of stratigraphic units with the aim of distinguishing between pre, syn and
post emplacement structures. The study also attempts to find out the mechanisms responsible for localization and
the geometry of structures as well as reconstruction of the developmental history of the RLS within the western
lobe of the Bushveld Complex. The relationship between the structure in which magma accumulates and
thickness of the deposit are usually inverse. This is because previously structurally negative areas i.e. lowland
areas such as trough and basins before deposition will receive more influx than structurally positive area, except
if the area has been structurally disturbed by later tectonic activities.

1.1 Local Geology of Western Bushveld Complex

The Bushveld Igneous Complex (BIC) rocks were emplaced just above the Transvaal sequence about 2060 Ma
(Walraven, Armstrong & Kruger, 1990). The BIC is situated in the northeastern part of South Africa (Figure 1). It
consists of mafic to ultra-mafic rocks known as the RLS as well as acid rocks known as Lebowa Granites, which
intrude and overlay the RLS together with Rashoop Granophyre (Barnes & Maier 2002: South African
Committee for Stratigraphy (SACS), 1980; Von Gruenewaldt et al., 1986). The RLS outcrops prominently as
Western, Eastern and Northern, far northern, far western and lastly the southwestern limb that is covered by
recent deposits (Kinnaird et al., 2005).

Repeated magma injection coupled with mineral precipitation and interaction with new magma addition is said
to be responsible for the repetition of layers or cyclic units in the RLS (Cawthorn & Walraven, 1998, Cawthorn
et al., 2006). These formed sequence of layered rocks that are igneous in origin, but exhibit the characteristics of
a sedimentary sequence. The RLS ranges in thickness from a few cm to more than 8000 m (Cawthorn and Web
2001; Manyeruke, 2003; Kinnaird, 2005). However, there is little relief on the upper surface of the RLS. The
layered sequence consists of cycles of magma cumulates that consist of Upper zone, Main zone, Critical zone,
the Lower zone and the Marginal zone. Figure 1 shows the geological map of the Western Bushveld Complex in
South Africa.
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Figure 1. Geological map of the Western Bushveld Complex with some farm names
2. Method

This study analysed borehole log data on RockWorks 15® software platform to compute both the structure and
isopach maps from the actual data. While the trend surfaces were generated for each stratigraphic units and
subsequently grid maths algorithm was used to calculate the residual values and create residual map for each
layer. These residual maps represent small-scale structures in the area. The identification and interpretation of the
result was enhanced with available field and geophysical data. The residual report for each stratigraphic unit of
the RLS from first through fourth order were produced and correlated. Higher orders (i.e fifth and sixth orders)
were evaded due to edge effect errors, the analysis was limited to the fourth order. Trend surfaces residual maps
were generated by subtracting trend surface data from input (actual) data. Fitness of the trend surface to input
data was determined based on correlation with previous field and geophysical mapping results, and not entirely
on the usual best fit test which only ascertain the reliability of the generated map (Agterberg, 1984; Mei, 2006).
To exercise more geological control, available options such as high fidelity, declusting and power options were
extensively utilized and results were adequately tested by first applying the different options on a test area with
well-known geological and structural information before extending the analysis over the other parts of the study
area. The conceptual model for the study is illustrated in Figure 2.
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3. Trend Surface Analysis Results of Parts of the Rustenburg Layered Suite (Western Bushveld Limb)

For the purpose of this discussion, the RLS rocks in the western Bushveld limb are divided into three sections;
the northwestern part, the central part and the southwestern part. The Upper and Main Zone lithology are more
abundant and forms the core of our discussion.

3.1 The Northwestern Bushveld Upper Zone And Main Zone Residual Structure And Isopach

The Upper Zone structure residual maps show a general decrease in gradient from the SW to the NE. The
structure contours are more regular in the southwestern side (west of the Union section), than in the northeastern.
The NE part of the Union section shows gradual decrease in gradient compared to the southwestern side but the
structure is more complicated. First to fourth order Upper Zone residual structure maps and structural trend in
the Northwestern Bushveld Complex are shown in Figure 3. 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
southern part is marked by wide structural high while the northern part has a depression that extends to the NW
(Figure 5). Isolated structural high exists around the Kamelehoek farm at the centre. The structure of
Amandelbult section shows a structural low domain in the south and structural high in the northern parts as
indicated in Figure 4. This central section is also marked by irregular or rapidly undulating structural surface
compared to the southwestern side.

The residual isopach map of the Upper Zone in the southwestern Bushveld Complex shows a prominent NW-SE
thickening trend as indicated in Figure 4. However, at the centre i.e. around Union section there is an isolated
thickening, which thins out to the NE and SW. This abrupt decrease in thickness trend in the NE coincides with
the northern gap area while the other corresponds with the southern gap area. The isolated thickening also thins
out abruptly to the NW on Spitskop farm and later thickens further northwards on Kameelhoek farm.

On the first order Main Zone isopach residual map in Figure 6, the structural high areas correspond to areas with
thinning while the negative residual domain areas (structural low) correlate with areas with thick deposition.
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Both the trend and residual structure match up with the structural grain. Abrupt thickening around the
Amandelbult section marks the southeastern parts of the maps.
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Figure 3. The residual structural map of the Upper Zone (D) showing the contours lines (black) with the
geological outline indicated with red lines (F) shows the regional structural trend of Northwestern Bushveld
Complex (contour interval 10)
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Figure 5. Main Zone interval residual structure contour maps for third (C) and forth order (D) respectively
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Figure 6. First and fourth order (A and C) Main Zone residual isopach maps of NW Bushveld Complex

3.2 The Northwestern Bushveld Structure and Thickness Relationship

Strong abrupt thinning on both sides of the central section of the Upper Zone residual isopach map corresponds
with the gap areas. Using the residual isopach in Figure 4 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 structure and isopach map (Figure 5 and 6)
the same central portion is marked by a NW thickening trend in the north and southeast thickening trend in the
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south. The NW to NNW dominant structural trend in this area is admitted to have strong control on most of the
prominent faults such as the Rustenburg Fault (Bumby et al., 1998), the Brits and Welgevonden faults (Du

Plessis & Walraven, 1990).
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Figure 7A indicates the independent relation between Upper Zone residual isopach and structure while Figure 7B
reveals a strong inverse correlation between the Main Zone residual isopach and structure. Strong southeast
thickening coincides with a structural negative or a structural low area of the Amandelbult section, the thickness
is maximal in the axial portion of this structure. This area is marked by structure controlled down-dip
accumulation of RLS rocks

3.3 Residual Structure of Central Parts of the Western Bushveld Complex

Upper Zone residual structure in the central part of the Western Bushveld Complex, revealing a strong NW- SE
positive structure to the immediate south of the Pilanesberg Complex. The western parts of the Pilanesberg
Complex also exhibit abrupt changes in structure pattern around Ruighoek farm.

A structural negative domain probably controlled by presence of faults dominate the area occupied by the Upper
Zone around the Pilanesberg Complex. The Main Zone residual isopach surfaces for first to fourth order are
marked by wide positive structure domain with  NE trend around the northern parts of the Pilanesberg Complex.
The southern parts show a predominant eastward thinning from the centre with a steep slope to the west and a
general NNW-SSE trend. Two small, isolated structural negative domains that are separated by a structural
positive domain occur around the Schaapkraal farm at the northern part of Rooikoppies farm in the southwestern
Bushveld Complex.

The Upper Zone residual isopach maps indicate positive thickening towards the central part of the map and
especially at 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 on the residual structure map.

The Main Zone structure of the northern Pilanesberg Complex trends mostly NE while the trend in the southern
parts of the Complex is NNW-SSE, parallel to the trend of Rustenburg Fault (Figure 9A). 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.

3.4 Relationship Between Structure and Isopach of Central Parts of the Western Bushveld Complex

The Upper Zone of this section did not show intervse relation between structure and isopach (see Figure 8, 9 and
10). However, the Main Zone to Lower Zone structure contour interval show strong correlation in structure and
thickness, especially around the Rustenburg Fault (see Figure 11) where the trend is predominantly NW- SE  to
NNW-SSE indicating NW-SE structural grain control on the RLS rocks.
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3.5 Relationship Between Residual Structure Contour and Isopach Maps of the Southwestern Bushveld

The Main Zone and Upper Zone residual structure contour map in the northern part of the Southwestern
Bushveld Complex consist of isolated structural negative areas. The western isolated negative structure (see
Figure 12 and 13) forms an anticlinal shape and opens to the north. The eastern isolated negative structures occur
on the northeastern side and open to the north in Figure 13. Most of the structural negative areas correspond
directly to positive thickness areas.

The Brits Graben Faults are NNW trending in the Southwestern Bushveld (Bumby, Eriksson & Van der Merwe,
1998) as revealed on the structure contour map. There is an inverse correlation between the structural elevation
and thickness in this area (Figures 12 and 13): positive structural trends are associated with negative thickness
trends. A strongly negative structural domain coincides with graben areas, while a strongly positive structural
domain coincides with horst area. 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 coincides with the
regional structural trend within the Kaapvaal Craton and thus signifies that the structures were probably formed
in early Transvaal times and were reactivated during the intrusion of the Bushveld Complex (Hartzer,1989).

The trend pattern the Main Zone and Upper Zone structural map shows that the prominent trend is NE with
northwest dip. This coincides with the outcrop trend in the area.
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Figure 14. Main Zone second order (B) and third order (C) isopach trend of Southwestern the Bushveld Complex

4. Discussion and Conclusion

Most of the isopach maps in some parts of the RLS show thickening and thinning trends that coincides strongly
with variation in structural grain on the geologic 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 domain. The Amandelbult section of the
Northwestern Bushveld shows a relatively flat top masking a terrain of buried graben.

a. 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. Most part of the
Western Bushveld indicates inverse structure and thickness relationship. This inverse relationship indicate
that most of the present day structures are intensifications of structures in place before the RLS were
emplaced and only slight modification has occurred since their emplacement. These findings correspond to
the results of field mapping conducted around the Rustenburg Fault by Bumby et al. (1998); Coertze (1962);
(1970); (1974). Seismic refraction survey by Campbell (2009) also shows the presence of graben structures
above floor anticlines (Trickett, Duweke & Kock, 2004) in this area. Eales and Cawthorn (1996) also
emphasized floor rock control on the RLS.

b. 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.

c.  The northern and southern gaps of the Northwestern Bushveld are associated with a NW-SE trending fault
to the west and east of the gap area. The fault shows up as close contours on the structure contour for Main
Zone base and successive stratigraphic zone structure maps.

d. 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 overburden to the base of 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.
However, the Brits Graben area shows an inverse correlation between structure and thickness on all the
stratigtraphic units indicating that Brits Graben is probably Pre or syn Transvaal.

e. Formation of most of the structures such as normal fault slumping and layer parallel slip movement has
been attributed to structural readjustment of the underlying Transvaal Supergroup rocks (Smith & Bassion,
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2006; Eriksson & Reczko, 1995; Carr & Groves, 1994). Others are said to be syn-magmatic due to density
contrast, intrusion of syn- veins and pegmatites, slumping (Scoon & Mitchell, 1994; Viljoen and Scoon,
1985; Lee, 1981; Viljoen, 1999, Wilson, Cawthorn, Kruger & Grundvig., 1994; Ballhaus, 1988; Reid and
Basson, 2002). These irregular structures might account for the formation of potholes in the area.

This study provides a synoptic view of the western lobe of the Bushveld Complex, allowing continuous trace of
widely distributed terrain features and defines the geometry of the whole of the RLS in the area. 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.

In conclusion, the study has significantly contributed to the knowledge about the regional and small-scale
structural features within the study area. It also shows a new way of mapping structures in more detail.
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