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Abstract 
 

The general aim of this thesis is to investigate heterogeneity in the structure of the crust 

and uppermost mantle of Archaean and Proterozoic terrains in southern Africa and to 

use the findings to advance our understanding of Precambrian crustal genesis. 

Teleseismic, regional and local seismic recordings by the broadband stations of the 

Southern African Seismic Experiment (SASE), Kimberley array, South African 

National Seismograph Network (SANSN) and the Global Seismic Network (GSN) are 

used in the inversion procedures to address the aim of this thesis.    

 

In the first part of the thesis, the nature of the lower crust across the southern African 

shield is investigated by jointly inverting receiver functions and Rayleigh wave group 

velocities. The resultant Vs models show that much of southern Africa has a lower 

crust that is mafic in composition, whereas the western parts of the Kaapvaal and 

Zimbabwe Cratons have a lower crust that is intermediate-to-felsic in composition 

probably due to rifting. The second part of the thesis evaluates the “dipping-sheet” and 

“continuous-sheet” models of the Bushveld Complex using better-resolved seismic 

models derived in a two-step approach, employing high-frequency Rayleigh wave 

group velocity tomography and the joint inversion of high-frequency receiver functions 

and 2–60 sec Rayleigh wave group velocities. The resultant seismic models favor a 

“continuous-sheet” model of the Bushveld Complex, although detailed modelling near 

the centre of the Complex shows that the subsurface mafic layering could be disrupted. 

 

The third part of the thesis, is focused on jointly inverting high-frequency teleseismic 

receiver functions and 10–60 sec Rayleigh wave group velocities to place shear wave 

velocity constraints on the source of the Beattie Magnetic Anomaly (BMA) at depth 

and to evaluate existing geophysical models of the BMA source. The resultant Vs 

models across the BMA suggest the BMA source to be at upper to middle crustal 

depths (5–20 km) with high velocity layers (≥ 3.5 km/s). Further to this, is a lower 

crust that is highly mafic (Vs ≥ 4.0 km/s) and a crust beneath the BMA that is on 

average thicker than 40 km. Plausible models of the BMA source are massive sulphide 

ore bodies and/or mineralized granulite-facies mid-crustal rocks and/or mineralized 

Proterozoic anorthosites.  



 v 

Overall, the findings in this research project are consistent with the broad features of a 

previous model of Precambrian lithospheric evolution but allows for refinements of 

that model. 
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Chapter 1 

Introduction  

1.1 Overview and motivation 

The overall aim of this thesis is to investigate heterogeneity in the composition and structure of 

the crust and uppermost mantle of Archaean and Proterozoic terrains in southern Africa and to 

use these findings to advance our understanding of the genesis and evolution of the 

lithosphere. In this introductory chapter (Chapter 1) I briefly review the state of knowledge 

prior to this study and the problems to be addressed by this research study. I also give an 

outline of the thesis. 

 

Since this thesis comprises separate chapters/papers that use similar methodologies and study 

the same tectonic region, the description of geodynamic settings and methodology has not 

been repeated in each chapter. Wherever the descriptions are not exactly identical, a full 

description has been provided. For example, the joint inversion method has been implemented 

in different ways and therefore pertinent descriptions have been provided. Chapters 2 and 3 are 

essentially a summary of the two peer-reviewed papers included in this thesis, while chapter 4 

describes research work that has not yet been published.  

 

Chapters 2, 3 and 4 each begin with a review of literature, geology, data sources, and 

modelling methods. The review is followed by a description of the results achieved. 

Subsequent to this, there will be an interpretation and summary of the findings in each of the 

chapters. The thesis concludes with Chapter 5, which provides an overall summary of the 

findings, recommendations for further studies, and the tectonic implications of the findings. 



 2

Each chapter has its own reference list. The content of the Appendices (included at the end of 

the thesis) are described in each of the central chapters. 

 

1.1.1 The southern African shield 

The Precambrian lithosphere making up the southern African shield is primarily comprised of 

the Kaapvaal and Zimbabwe Cratons surrounded by belts of various ages: the Proterozoic 

Namaqua-Natal Belt (NNB) and the Phanerozoic Cape Fold Belt (CFB) to the south; and the 

Proterozoic Kheis and Okwa-Magondi Belts to the west and northwest, respectively (e.g. de 

Wit et al., 1992; Eglington and Armstrong, 2004). Figure 1.1 is a simplified tectonic map of 

southern Africa showing major Precambrian terrains. Terrain names and boundaries shown in 

Figure 1.1 are taken from Eglington and Armstrong (2004) and Jelsma and Dirks (2002). 

Tectonic structures not shown in Figure 1.1 are the Archaean-ProterozoicRehobothProvince 

and the Neoproterozoic Damara Belt (both mainly exposed in Namibia, but also extending 

further into the western parts of Botswana) located further west of both cratons, and the Pan-

African belts on the eastern border of the Zimbabwe Craton (ZC). The RehobothProvince was 

recently geochronologically determined to have Archaean remnants, in addition to its known 

Proterozoic rocks (e.g. Hartnady et al., 1985; Cornell et al., 1998; Van Schijndel, 2013). The 

eastern margin of the Kaapvaal Craton (KC) is characterized by a sequence of N-S striking 

Jurassic Karoo volcanics called the Lebombo Monocline (see Figure 1.2). The cratons have 

been modified by several well-known tectonomagmatic events (e.g. the Ventersdorp, the Great 

Dyke, the Bushveld) and a meteorite impact (e.g. the Vredefort). Figure 1.2 shows a simplified 

geological version of the tectonic map in Figure 1.1.  
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Figure 1.1 Tectonic map of southern Africa showing major Precambrian terrains. 
Political boundaries are shown with thin dashed lines. The box shown with bold dashed 
lines encloses the region affected by the Bushveld magmatic event. TML, Thabazimbi 
Murchison Lineament; PSZ, Palala Shear Zone and HRSZ, Hout River Shear Zone.Figure 
1.1 has been slightly modified from Kgaswane et al. (2009). 
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Figure 1.2 Map showing a simplified surface geology of southern Africa. Map has been modified from the 1:1,000,000 
geology maps of South Africa and SADEC (Southern African Development Community). The legend on the left shows the 
younging of the rocks to be from bottom to top. Positions of the broadband seismic stations used in this research project, are 
superimposed on the map and the square encloses the five of the broadband seismic stations of the Kimberley array. Further 
details on the broadband seismic stations are elaborated in Chapter 2. KC – Kaapvaal Craton; ZC – Zimbabwe Craton; LB – 
Limpopo Belt; NNB – Namaqua-Natal Belt; and CFB – Cape Fold Belt. 
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Figure 1.2 shows that the early formation of both the KC and ZC were characterized by the 

emplacement of greenstones, granites and gneisses [e.g. Tokwe Gneiss (~ 3.6 Ga) in central 

Zimbabwe, Ngwane Gneiss ( > 3.6 Ga) in eastern Kaapvaal, Barberton Supergroup (> 3.1 Ga) 

in eastern Kaapvaal]. The KC stabilized around 2.7 Ga whilst the ZC stabilized around 2.6 Ga. 

The two cratons were subsequently fused circa 2.6 Ga by the collisional orogen called the 

Limpopo Belt (3.5–2.0 Ga) (de Wit et al., 1992; Jelsma and Dirks, 2002; Kramers et al., 2006). 

Both the KC and the ZC, together with the surrounding mobile belts, have attracted many 

geoscientific investigations, of which the Southern African Seismic Experiment (SASE) 

deployment (1997 – 1999) (Carlson et al., 1996) has been the most notable in terms of size and 

multidisciplinary attention. 

 

1.1.2 Crustal structure 

This research project aims to build on the studies (including SASE) of the crustal structure of 

southern Africa (e.g. Green and Durrheim, 1990; Durrheim and Green, 1992; Harvey et al; 

2001; Nguuri et al., 2001; Stankiewicz et al., 2002; Niu and James, 2002; James et al., 2003; 

Kwadiba et al., 2003; Wright et al., 2003; de Wit and Tinker, 2004; Webb et al., 2004, 2010; 

Nair et al., 2006; Gore et al., 2009). The findings from these studies show that the Moho is 

quite variable across the Archaean and Proterozoic terrains in southern Africa, with the 

undisturbed cratonic areas having a Moho depth of 35–40 km, most of the adjacent Proterozoic 

regions with a crustal thickness in the range of 40–50 km and Phanerozoic regions with a 

crustal thickness around 36–45 km. A seismic refraction study of the central parts of the KC 

shows a felsic upper crystalline crust and an intermediate-felsic lower crust (Durrheim and 

Green, 1992). It was further noted by de Wit and Tinker (2004) in a seismic reflection study 

that the lowermost crust in the central parts of the KC is of trondhjemite-tonalite-granodiorite 
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(TTG) composition and was probably partially melted by the Ventersdorp magmatic event 

(~2.7 Ga) resulting in a flat Moho. A seismological study of the Kimberley area (within the 

Kimberley region) in the western part of the KC indicates the prevalence of an intermediate-

felsic lower crust above a flat Moho. A gravity model by Webb et al. (2004, 2010) postulates 

the continuity of the mafic layering at upper crustal depths across the centre of the Bushveld 

Complex (BC) (northern part of the KC), with the mafic layer isostatically compensated by a 

thickened Moho (~50 km) in the centre of the BC. Geophysical studies of the Beattie Magnetic 

Anomaly (BMA) across the Namaqua-Natal Belt (NNB) (south of the KC) constrain it to be 

located at upper to middle crustal depths (~5–20 km) and also show the BMA body to have 

compressional velocities of 6.6–7.0 km/s (i.e., shear wave velocities of ~3.8–4.0 km/s) (e.g. 

Harvey et al., 2001; Lindeque et al., 2007, 2011; Loots, 2012; Quesnel et al., 2009; 

Stankiewicz et al., 2007, 2008; Weckmann et al., 2007a,b).  

 

While previous studies have provided important results and constraints, much remains 

unknown. For example: the variation in the composition of the lower crust and uppermost 

mantle of the southern African shield, the continuity (or otherwise) of the BC, and the origin 

of the Beattie Magnetic Anomaly (BMA). These questions are addressed in this thesis using 

new data acquired by an extensive broadband network of seismic stations spread across 

southern Africa.  

 

1.1.3 Studies of mantle anisotropy 

The geodynamic model derived from mantle studies of southern Africa is that Neo-Archaean 

collisional orogenesis was responsible for generating a mantle fabric that subsequently 

controlled the magmatic history of southern Africa and produced much of the deformation 
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seen on surface (e.g. Fouch et al., 2004; Silver et al., 2001, 2004, 2006; Adam and Lebedev, 

2012). According to Silver et al. (2004, 2006), there were four major magmatic events: the 

Great Dyke (~2.57 Ga) in the ZC, the Ventersdorp tectonomagmatic event (~2.7 Ga) in the 

southwestern part of the Kaapvaal Craton (KC), the Bushveld magmatic event (~2.06 Ga) in 

the northern part of the KC, and the Soutpansberg rifting event (~1.88 Ga) around the northern 

boundary of the KC and the Limpopo Belt (LB). 

 

Shear wave splitting and surface wave observations (e.g. Silver et al., 2001, 2004, 2006; Adam 

and Lebedev, 2012) provide evidence of mantle anisotropy with fast polarization orientations 

that coincide and are sub-parallel to crustal features e.g. the Great Dyke, the Thabazimbi 

Murchison Lineament in the northern part of the KC, the Colesburg Lineament in the western 

part of the KC, and the Palala and Triangle Shear Zones that cross-cut the LB. The SKS 

studies further show strong mantle anisotropy in the western parts of the KC and the ZC, and 

weak anisotropy in the eastern part of the KC and ZC. There is weak anisotropy in the Kheis 

Belt and few localities on the western part of the BC. Figure 1.3 shows the magnitude and 

distribution of mantle anisotropy based on SKS observations. This study seeks to establish the 

correlation if any, between deformation in the crust and uppermost mantle. 

 

1.1.4 Sn velocities 

Based on 1-D surface wave inversions, past seismic studies generally show Sn velocities that 

vary from 4.5–4.7 km/s within the KC between Moho depths of 60–70 km (e.g. Freybourger et 

al., 2001; Larson et al., 2006). Recent surface wave tomographic studies (e.g. Li and Burke, 

2006; Adam and Nyblade, 2011) generally show Sn velocities of 4.5–4.7 km/s between Moho 
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and 60 km depth beneath the KC, and Sn velocities that are slightly > 4.7 km/s beneath the 

adjacent Proterozoic belts at similar depths.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 A and B. Shear wave 
splitting observations showing magnitude 
and orientation of anisotropy in the lower 
lithosphere and asthenosphere. Weak 
anisotropy is represented by the black solid 
dots. Both diagrams were reproduced from 
Adam and Lebedev (2012). C.    Shear 
wave splitting observations at mantle 
depth. The purple dots represent weak 
anisotropy. The diagram was reproduced 
from Silver et al. (2004). TSZ – Triangle 
Shear Zone, PSZ – Palala Shear Zone, 
TML – Thabazimbi Murchison Lineament, 
CL – Colesburg Lineament, KGB – 
Kraaipan Greenstone Belt, ZC – Zimbabwe 
Craton and KC – Kaapvaal Craton. 

C 
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These Sn velocities do not show significant variations across the different terrains. It is 

therefore one of the aims of this research project to reconcile the Vs results of the uppermost 

mantle from this study with the findings of the above-mentioned studies. 

 

1.2 Thesis outline 

The research program that is described in this thesis is divided into three parts. Detailed 

description follows below. 

 

1.2.1 Vs structure of the southern African lithosphere 

The first part of the thesis (Chapter 2) examines the variability of the lower crust and 

uppermost mantle across southern Africa using 89 broadband seismic stations, including the 

SASE. A joint inversion technique (e.g. Julià et al., 2000, 2003) was used to invert teleseismic 

P-wave receiver functions and the Rayleigh wave group velocity dispersions to obtain 1-D 

shear wave velocity models. Previous studies for southern Africa have focused on the 

independent inversion of either the receiver functions (Midzi and Ottemöller, 2001) or surface 

wave dispersions (e.g. Yang et al., 2008). This investigation jointly inverts both data sets, 

which places new constraints and improves the resolution of the Vs–depth models. This study 

seeks to determine the distribution of mafic lithologies in the lower crust throughout southern 

Africa and deduce the implications of the evolution of Precambrian crust. Past seismological 

studies have either concentrated on a small area of the southern African shield or placed 

insufficient constraints on the lower crust for some of the terrains within the southern Africa 

shield. As a result, they did not produce a systematic description of the presence of mafic 

lithologies in the lower crust of the Archean craton and the adjacent mobile belts (e.g. 
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Durrheim and Green, 1992; Niu and James, 2002; Nguuri et al., 2001; Kwadiba et al., 2003; 

Nair et al., 2006).  

Mafic lithologies have been shown to exist in the lower crust in regions such as the Tanzanian 

craton (Juliá et al., 2005) and in most Proterozoic crustal regions. The joint inversion results in 

this study show evidence of the presence of mafic lithologies in the lower crust in most 

Archaean and Proterozoic terrains in southern Africa. Exceptions include regions in the 

western parts of the KC and ZC. The crustal thicknesses derived from the joint inversion 

further show a good correlation with crustal thickness estimates from other studies. A further 

examination of the joint inversion results show that there is no clear relationship between the 

average Vs in the lowermost crust (below 30 km depth) and crustal thickness throughout 

southern Africa. The joint inversion results show Sn velocities varying from 4.5 to 4.8 km/s in 

the uppermost mantle region (i.e., from Moho to 60 km depth) of southern Africa. The above 

velocity range indicates that Sn variations do not deviate more than 0.3 km/s. This implies that 

there are no significant Sn variations in the uppermost mantle across the Precambrian tectonic 

terrains of southern Africa. These results are also consistent with previous findings. The 

material in this chapter was published in a peer-reviewed article (appended to this thesis) with 

the following citation: Kgaswane, E.M., Nyblade, A.A., Julià, J., Dirks, P.H.G.M., 

Durrheim, R.J., Pasyanos, M.E., 2009. Shear wave velocity structure of the lower crust in 

southern Africa: Evidence for compositional heterogeneity within Archaean and 

Proterozoic terrains. Journal of Geophysical Research, 114, 

B12304.doi:10.1029/2008JB006217. 

 

My contribution in the above-mentioned publication is that I compiled a catalogue of 100 

teleseismic earthquakes that I used to compute receiver functions. I then used the joint 
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inversion code developed by Prof. Jordi Julià (co-author) to obtain Vs profiles for 101 

broadband seismic stations. I assembled a preliminary draft of the text, figures, and tables, 

with the exception of Figure 4, which was contributed by Prof. Michael Pasyanos (co-author). 

The supervision team (Profs. Andy Nyblade, Paul Dirks and Ray Durrheim) including the 

other two co-authors (indicated above) helped in reviewing the publication during its drafting 

phase and conceptually guided the different aspects of the publication. I have also partly 

assisted with the maintenance and removal of the SASE (1997–1999) temporary broadband 

deployment which formed a huge observational component (81%) of the seismic network used 

in this study.  

 

1.2.2 Continuity of the Bushveld Complex 

The second part of the thesis (Chapter 3) aims to evaluate the “dipping-sheet” (Meyer and De 

Beer, 1987) and “continuous-sheet” (e.g. Webb et al., 2004, 2010) models of the Bushveld 

Complex (BC) using seismic models with greater resolution than that used in the first part of 

the thesis. The “dipping-sheet” model of Meyer and De Beer (1987) predicts a BC that is 

discontinuous with no compensation at the Moho. The “continuous-sheet” model of Webb et 

al. (2004) predicts a BC that is connected at depth and compensated by thickening at the 

Moho. I have placed the new constraints on the seismic models by first tomographically 

obtaining Rayleigh wave group velocity maps between periods of 2–15 s. Vs variations with 

depth and distance were not definitive due to lack of resolution and therefore did not yield 

publishable results. Second, I extended the Rayleigh wave group velocities in the 2–15 s 

period range to periods of 60 s using the dispersions from the revised Pasyanos and Nyblade 

(2007) model. I then jointly inverted the composite Rayleigh wave group velocity dispersions 

with high-frequency receiver functions for 16 broadband stations distributed across the BC. 
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The newly constrained seismic models indicate a mafic layering between the BC outcrops that 

is spatially heterogeneous and more complexly distributed than that predicted by the 

“continuous-sheet” model and further show evidence of a thickened crust beneath the centre of 

the BC. The joint inversion results on the uppermost mantle region (Moho–60 km depth) 

beneath the BC show no systematic differences with past studies. The material in this chapter 

was published in a peer-reviewed article (appended to this thesis) with the following citation: 

Kgaswane, E.M., Nyblade, A.A., Durrheim, R.J., Julià, J., Dirks, P.H.G.M., and Webb, S.J., 

2012. Shear wave velocity structure of the Bushveld Complex, South Africa. Tectonophysics 

554–557, 83–104, doi:10.1016/j.tecto.2012.06.003. 

 

My contribution in the publication indicated above is that I used the inversion code developed 

by Prof. Charles Ammon (Department of Geosciences, Penn State University, USA) to obtain 

Rayleigh wave group velocity maps using 197 mining-related and tectonic earthquakes 

recorded by 45 seismic broadband stations (which included SASE seismic stations) located 

across the BC. Part of the mining and tectonic earthquake catalogue was contributed by my 

colleague, Tarzan Kwadiba. I then used the joint inversion code to obtain 16 Vs profiles for 

broadband seismic stations located within an area of best resolution. The receiver functions 

(which I computed) used in the joint inversions came from the catalogue of telesismic 

earthquakes I had already compiled for the work described in Chapter 2. I assembled a 

preliminary draft of the text, figures, and tables, with the exception of Figures 2a and b which 

were contributed by Dr. Sue Webb (co-author). The supervision team (Profs. Andy Nyblade, 

Paul Dirks and Ray Durrheim) including the co-authors helped in reviewing the publication 

during its drafting phase and conceptually guided the different aspects of the paper.  
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1.2.3 The Beattie Magnetic Anomaly 

The third part of the thesis (Chapter 4) aims to place shear wave velocity constraints on the 

source of the Beattie Magnetic Anomaly (BMA) within the Namaqua-Natal Belt (NNB) and to 

evaluate the merits of the existing geophysical models of the BMA source. The crustal source 

of the BMA has been much debated (e.g. Corner, 1989; Pitts et al., 1992; Harvey et al., 2001; 

Weckmann et al., 2007a,b; Quesnel et al., 2009; Lindeque et al., 2011). I jointly inverted the 

high-frequency receiver functions with recently available Rayleigh wave group velocities 

(Raveloson et al., 2012) that are better resolved than the group velocities used in the first part 

of the thesis. The resulting seismic models suggest that the source of the BMA lies at upper to 

middle crustal depths with high Vs (≥ 3.5 km/s) layers. The seismic models further show 

evidence of a crust that is thick (i.e., ≥ 40 km) and a mafic lower crust beneath the area 

occupied by the BMA. Physical parameter estimates of the crustal host of the BMA suggest 

that the BMA source could either be an NNB mid-crust with massive sulphide ore bodies, 

and/or granulite-facies mid-crustal rocks enriched with iron bearing mineralization, and/or 

massif anorthosites enriched with iron bearing mineralization. These are all plausible models 

of the BMA source. The joint inversion results on the uppermost mantle (i.e., Moho–60 km 

depth) are consistent with the findings in Chapter 2 and also consistent with past studies. 

 

My contribution in the chapter described above is that I used the joint inversion code to obtain 

Vs profiles for the three SASE broadband seismic stations distributed along the Beattie 

Magnetic Anomaly. I assembled a preliminary draft on text, figures and tables of this chapter. 

The IGRF versions of the magnetic field shown in Figure 4.9 were contributed by my 

colleague, Stephanie Scheiber. The supervision team (Profs Andy Nyblade and Ray Durrheim) 
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helped in reviewing this chapter during its drafting phase and conceptually guided the different 

aspects of the chapter. 
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Chapter 2  

Structure of the lower crust of southern Africa 

Abstract 

In this study, P-wave teleseismic receiver functions and Rayleigh wave group velocities are 

jointly inverted to investigate the nature of the lower crustal structure across southern Africa. 

The investigation entailed the use of teleseismic recordings by 89 broadband seismic stations 

located in Botswana, South Africa and Zimbabwe. The 1-D shear wave velocity models 

obtained from the joint inversion show that most of the Archaean and Proterozoic terrains in 

southern Africa have a lower crust (below 20–30 km depths) with velocities ≥ 4.0 km/s, 

implying a lower crust that is mafic in composition. This is in contrast to a greater portion of 

the Kimberley terrain (including small portions of the adjacent Kheis Province and 

Witwatersrand terrain) in South Africa and the western part of the Tokwe terrain within the 

Zimbabwe Craton, which show a lower crust (below 20–30 km depths) with velocities that are 

≤ 3.9 km/s, implying a lower crust that is intermediate-to-felsic in composition. The 

intermediate-to-felsic nature of the lower crust in the Kimberley terrain is attributed to rifting 

and crustal thinning due to the Ventersdorp tectonomagmatism (~ 2.7 Ga). Similar type of 

rifting and crustal thinning could have occurred in the western part of the Tokwe terrain. 

 

 

 

 The material in this chapter is fully described in the peer-reviewed paper with the 
following citation: Kgaswane, E. M., A. A. Nyblade, J. Julià, P. H. G. M. Dirks, R. 
J.Durrheim, and M. E. Pasyanos (2009), Shear wave velocity structure of the lower 
crust insouthern Africa: Evidence for compositional heterogeneity within Archaean and 
Proterozoicterrains, J. Geophys. Res., 114, B12304, doi:10.1029/2008JB006217. 
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2.1 Introduction 

This study aims to add onto the existing knowledge of the structure and compositional 

variability of the crust across the southern African shield already gathered by previous seismic 

studies. The lower crust is one part of the southern African shield that still needs further 

elucidation. In fact, the composition of the lower crust is still an active research area of global 

geodynamics (e.g. Christensen and Mooney, 1995; Rudnick and Fountain, 1995; Rudnick and 

Gao, 2003). In this study the nature of both Archaean and Proterozoic crust in southern Africa 

is investigated by using 1-D shear wave velocity models obtained by jointly inverting receiver 

functions and Rayleigh wave group velocities. 

 

Receiver function analysis by Niu and James (2002) found that the lower crust around most 

parts of the Kimberley region in the western part of the Kaapvaal Craton (KC) has an 

intermediate-to-felsic composition. From this result, they suggested that the lower crust 

beneath the KC is dominated by intermediate-to-felsic lithologies. In contrast, receiver 

function analyses by Nguuri (2004) and Nair et al. (2006), yielded crustal Vp/Vs ratios as high 

as 1.78 for parts of the KC and the surrounding Proterozoic mobile belts, suggesting the 

presence of mafic lithologies in the lower crust in certain parts. Crustal velocity models 

developed using seismic reflection and refraction data also suggest significant variability in 

lower crustal composition (e.g. Green and Durrheim, 1990; Durrheim and Green, 1992; de Wit 

and Tinker, 2004). The joint inversion results of data recorded by the array of broadband 

seismographs (see Figure 2.1) covering a considerable area of the southern African shield 

indicate conspicuous differences in the lower crustal composition within and between the 

Archaean and Proterozoic terrains.  
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Figure 2.1 Map showing distribution of broadband seismic stations used in this 
study in relation to the terrain boundaries shown in Figure 1.1. The open square in 
the central part of the Kimberley terrain shows the location of the Kimberley array. 
The area within the box is enlarged in the bottom right corner. AA, AfricaArray 
network; GSN, Global Seismic Network; SANSN, South Africa National Seismic 
Network; SASE, Southern African Seismic Experiment.  
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In this chapter, following a brief review of the geological framework of southern Africa, I 

describe the data sets and technique used for the joint inversions, discuss similarities and 

differences in the lower crustal composition indicated by the resultant velocity models, and 

further examine the implications of the lower crustal heterogeneity in terms of the major 

tectonomagmatic events that affected the Precambrian crustal fabric of the southern African 

shield. 

 

2.2 Tectonic and geological framework of southern Africa 

The Precambrian lithospheric fabric of the southern African shield is mainly comprised of the  

Archaean KC and Zimbabwe Craton (ZC), which are connected by the Archaean and 

Palaeoproterozoic Limpopo Belt (LB) (de Wit et al., 1992) (see Figure 1.1). The Archaean KC 

and ZC together form central piece of the so-called Kalahari Craton, which is rimmed by the 

Palaeoproterozoic Okwa-Magondi Belt to the northwest, the Mesoproterozoic Namaqua-Natal 

Belt (NNB) and the Palaeoproterozoic Kheis Province (KP) to the south and southwest, 

respectively, and the Palaeozoic Cape Fold Belt (CFB) even further to the south (Figure 1.1). 

The KC (~3.7–2.7 Ga) (de Wit et al., 1992; Eglington and Armstrong, 2004) is basically a 

granite-greenstone terrain subdivided into four sub-terrains: the Kimberley (3.0–2.8 Ga), 

Pietersburg (3.0–2.8 Ga), Witwatersrand and Swaziland terrains (both 3.6–3.1 Ga), which are 

separated by the Thabazimbi-Murchison and Colesburg lineaments and the Inyoka Fault (see 

Figure 1.1). Throughout geological time, the KC has been subjected to a series of magmatic 

and deformation events that are responsible for the presence of intracratonic basins including 

the Dominion (3.1 Ga), Witwatersrand (3.0–2.8 Ga), Ventersdorp (2.7 Ga), and Transvaal 

(2.6–2.2 Ga) (Eglington and Armstrong, 2004; Johnson et al., 2006). 
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The ZC (~3.6–2.5 Ga) is also a granite-greenstone terrain that formed in three stages (e.g. 

Dirks and Jelsma, 2002). The Tokwe Gneiss terrain (3.6–3.3 Ga) was formed in the centre of 

the craton. A sequence of clastic sediments and greenstones accreted against the western part 

of this terrain between 3.2 and 2.8 Ga. The Great Dyke was emplaced around 2.58 Ga and 

marks the last major tectonothermal event to affect the craton (Jelsma and Dirks, 2002). The 

LB (Figure 1.1) is an east-west trending zone of high-grade metamorphic rocks that separates 

the KC and ZC (e.g. McCourt and Armstrong, 1998; Kramers et al., 2006) and is subdivided 

into three domains: the Northern Marginal Zone (NMZ), the Central Zone (CZ), and the 

Southern Marginal Zone (SMZ), which are separated by major shear zones (Kramers et al., 

2006). The Bushveld Complex (BC) (2.06 Ga) (Figure 1.1) is the largest known layered mafic 

intrusion, extending > 350 km in both north-south and east-west directions across the northern 

KC. It is divided into the Rustenburg Mafic Layered Suite, the Lebowa Granite Suite, the 

Rashoop Granophyre Suite, and the volcanic Rooiberg Group (e.g. South African Committee 

for Stratigraphy, 1980; Hatton and Schweitzer, 1995; Webb et al., 2004; Cawthorn et al., 

2006).  

 

The Kalahari Craton is surrounded by Proterozoic to Phanerozoic belts.The Magondi Belt 

(2.0–1.8 Ga) to the west and northwest of the ZC is dominated by passive margin, shelf 

sediments of the Magondi Supergroup. These rocks have been correlated with deformed mafic 

and felsic magmatic rocks of the 2.05 Ga Okwa terrain in central Botswana (Figure 1.1) 

(Stowe, 1989; McCourt et al., 2001). The NNB (Figure 1.1) to the south and west of the KC is 

comprised of igneous and supracrustal rocks that accreted against the craton during the 

Namaqua Orogeny (1.2–1.0 Ga). The NNB is exposed to the southwest (the Namaqua Sector) 

and southeast (the Natal Sector) of the craton (e.g. Cornell et al., 2006), but the central part of 
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the belt is covered by younger sediments of the Karoo Supergroup. The Kheis Belt (Figure 

1.1) rims the western part of the KC and is characterized by the passive margin of the 

sequence of siliciclastic rocks of the Olifantshoek Supergroup (2.0–1.7 Ga). The belt was 

formed as a thin-skinned fold-and-thrust belt when the Olifantshoek rocks were thrust 

eastward onto the craton and coincided with the accretion of the Namaqua Sector of the NNB 

(1.2–1.0 Ga) to the far west (e.g. Stowe, 1986; Moen, 1999; Eglington and Armstrong, 2004; 

Cornell et al., 2006). The Palaeozoic to Mesozoic CFB (see Figure 1.1) is located further south 

of the KC and is comprised of the siliciclastic passive sequence of the Cape Supergroup (500–

330 Ma), which deformed in a northeast verging fold-and-thrust belt during the Cape Orogeny 

(~278–245 Ma). There is ongoing debate as to whether the fold belt formed as a result of a 

subduction zone on the southern margin of the Gondwana supercontinent or as a result of a 

south-dipping major crustal shear zone (e.g. Thamm and Newton, 2006 and references therein; 

Newton et al., 2006 and references therein). 

 

2.3 The crustal structure of southern Africa – literature review 

Earthquakes or tremors due to gold mining activities in the Witwatersrand Basin were the 

energy sources used by early seismological studies of the crustal structure of the KC (e.g. 

Gane et al., 1949; Willmore et al., 1952; Gane et al., 1956; Hales and Sacks, 1959). Based on 

their observations, Hales and Sacks (1959) postulated that the crust of the eastern KC had a 

two-layered structure. This study estimated the upper crust to have P and S wave velocities of 

6.0 and 3.6 km/s, respectively, and the rest of the crust to have P- and S-wave velocities that 

reach 7.2 km/s and 4.2 km/s, respectively. The study further estimated a crustal thickness of 

~37 km and P-wave velocity of 8.0 km/s in the uppermost mantle. Pioneering surface wave 

studies (e.g. Bloch et al., 1969) used seismograms produced by regional earthquakes to invert 
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fundamental and higher mode Rayleigh and Love wave group and phase velocities to derive a 

shear wave velocity model of the northern KC. The model shows a Poisson’s ratio of 0.28 for 

the lower crust of the northern KC and a crustal thickness in the range of 40–45 km. 

 

Durrheim and Green (1992) conducted the first refraction study of the central KC using mine 

tremors from the gold mines in the Witwatersrand Basin. The resulting model showed a crustal 

thickness of 35 km and P-wave velocities in the range of 6.4–6.7 km/s for the lower crust. A 

similar approach using explosives as energy sources, was carried out for the NNB by Green 

and Durrheim (1990). Numerous seismological studies in the past decade were based on 

seismic broadband data collected from the SASE network (Carlson et al., 1996). These studies 

(e.g. Harvey et al., 2001; Nguuriet al., 2001; Stankiewicz et al., 2002; Niu and James, 2002, 

James et al., 2003, Kwadiba et al., 2003; Wrightet al., 2003; Webb et al., 2004; Nair et al., 

2006; Gore et al., 2009) show crustal thicknesses of 35–45 km and 34–37 km for the KC and 

ZC, respectively. Thestudies further reported Moho depths for the KP, BC, LB, 

Okwa/Magondi Belt, NNB and CFB to be 40 km, 40–53 km, 37–55 km, 40–45 km, 40–50 km, 

and26–45 km, respectively. A seismic refraction study of the Damara Belt (~ 0.55 Ga) and the 

Archaean-Proterozoic Rehoboth Province  indicated that these two tectonic terrains have lower 

crustal P-wave velocities of ~7.2 km/s (i.e, ~ 4.2 km/s Vs), crustal thicknesses of ~47 km, and 

a crust-mantle transition zone that is approximately 13 km thick (Baier et al., 1983).  

 

Nguuri (2004) and Nair et al. (2006) reported variableVp/Vs ratios for a number of crustal 

terrains acrosssouthern Africa (see Table 1 in the attached paper) and interpreted Vp/Vs ratios 

>1.76 to be indicative of mafic and ultramafic lithologies in the crust. The differences in the 

Vp/Vs ratio for some terrains, as well as the number of stations used to compute the average 
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ratios, reflect different selections of geographicregions and data in the two studies. Gore et al. 

(2009) estimated a Poisson’s ratio greater than 0.26 for the LB, implying a mafic crust, and 

Poisson’s ratio of ≤ 0.26 for the ZC, suggestive of the lack or absence of mafic layers in the 

cratonic crust. 

 

Niu and James (2002) used receiver function analysis to investigate the crustal structure 

beneath a small area in the Kimberley terrain using data from the Kimberley seismic array. 

They obtained P and S velocities for the lowermost crust of 6.75 and 3.90 km/s, respectively, 

and a Poisson’s ratio of 0.25, indicating an intermediate-to-felsic composition for the 

lowermost crust.They also found a sharp (i.e., less than 0.5 km wide) and flat (i.e., topographic 

relief less than 1 km) Moho. Petrologic studies of the Kimberley area by Schmitz and Bowring 

(2003a, b) show that mafic granulites are absent from lower crustal xenolith suites, consistent 

with the findings of Niu and James (2002). 

 

2.4 Data sources, data processing and methodology 

2.4.1 Data sources 

Originally, 101 broadband seismic stations were used to compute receiver functions but after 

quality control only 89 stations (see Results section) were used for further interpretation. The 

101 seismic stations belong to the SASE network (82 stations), the AfricaArray network (10 

stations), the South African National Seismograph Network (1 station), the Global Seismic 

Network (3 stations) and the Kimberley array (5 stations) which was deployed in 1999 as a 

high resolution extension of the SASE network (Niu and James, 2002). The AfricaArray 

network (consisting of seismic stations covering a substantial portion of the African continent) 

began operation in 2006 and only more than 1 year of data from the AfricaArray stations in 
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southern Africa were used for this study (see Figure 2.1). A total of 89 teleseismic earthquakes 

with epicentral distances between 30° and 99° recorded by the stations were selected for 

computing receiver functions (Figure 2.2a). The earthquakes have moment magnitudes 

ranging from 5.8 to 9.0.  

 

Appendix A describes the full details of the earthquakes. Rayleigh wave group velocities used 

in this study for periods of 10–90 s were taken from a revised version of the model presented 

by Pasyanos and Nyblade (2007). In the revised Pasyanos and Nyblade (2007) model, group 

velocity measurements from 39 broadband seismic stations spread across southern Africa were 

combined with the measurements used to construct the original Pasyanos and Nyblade (2007) 

model (Figure 2.2b). The group velocity measurements were made using single station 

measurements (event to station) and the inversion method used to obtain group velocity maps 

is based on ray approximation. For periods of 100–175 s, group velocities were taken from the 

Harvard model (Larson and Ekström, 2001). A single dispersion curve for each station was 

obtained by first joining the group velocities from 10–90 s and 100–175 s and then smoothing 

the composite curve using a 3-point running average. The group velocity measurements from 

the Harvard model were included in the composite curve so that the 1-D models obtained from 

the inversions would show mantle structure that is regionally representative of southern Africa. 



 30

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 (a). Distribution of teleseismic 
earthquakes used for this study (small solid circles). 
The triangle shows the center of the SASE network. 
Concentric circles show distance in 20° increments 
from the center of the network. (b). Map showing 
raypath coverage for 20 s Rayleigh waves used in the 
revised Pasyanos and Nyblade (2007) group velocity 
model. Station locations are shown with solid 
triangles, and event locations are shown with white 
circles. Most of the events are located outside of the 
area shown in the map. 

a 

b 
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2.4.2 Data processing and methodology 

2.4.2.1 Receiver functions 

A receiver function is a time series waveform computed from three-component seismograms 

and shows the relative response of Earth structure beneath or near the receiver site (Ammon et 

al, 1990; Ammon, 1997). Receiver functions in this study were computed using the iterative 

deconvolution method of Ligorría and Ammon (1999). In computing a receiver function 

response, the deconvolution procedure removes effects associated with near-source structure, 

source time function, and instrumental effects from the time series waveforms (Langston, 

1979). Only the radial receiver functions were used in the joint inversion with the Rayleigh 

wave group velocity curves. The transverse receiver functions are identically zero for isotropic 

and laterally homogeneous media, and were computed to verify that this is the case for crust 

and upper mantle structure under each station.  

 

To properly account for the phase move out due to varying incidence angles (Cassidy, 1992; 

Gurrola and Minster, 1998), receiver functions are grouped according to ray parameter. For 

each station, receiver functions were binned in ray parameter groups from 0.04 to 0.049 s/km, 

0.05 to 0.059 s/km, and 0.06 to 0.069 s/km. Receiver function averages were then computed 

for each ray parameter bin. For each teleseismic event, receiver functions were computed at 

two overlapping frequency bands: a low frequency band of f ≤ 0.5 Hz (Gaussian bandwidth of 

1.0 s), and a high frequency band of f ≤ 1.25 Hz (Gaussian bandwidth of 2.5 s). The low 

frequency bandwidth provides a better constraint on longer wavelength features in the 

subsurface, while the high frequency bandwidth provides a better constraint on shorter 

wavelength features. The combination of low and high frequency receiver functions helps in 
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discriminating sharp versus gradational transitions in the subsurface (Owens and Zandt, 1985; 

Julià, 2007). 

 

2.4.2.2 Joint inversion method 

The joint inversion of receiver functions and fundamental-mode surface wave dispersions 

makes use of a linearized inversion procedure and provides 1-D shear wave depth-velocity 

profiles for each recording station (Julià et al., 2000, 2003). The application of the joint 

inversion method assumes that both the receiver functions and surface wave dispersions 

sample the same portion of the Earth structure and the medium is plane-layered, isotropic, and 

laterally homogeneous. The advantage of jointly inverting receiver functions and surface wave 

dispersion measurements is that better resolution of the subsurface shear wave velocity 

structure can be obtained compared to when either data set  is inverted independently (Julià et 

al., 2000, 2003). The linearized inversion procedure minimizes an objective function 

consisting of a weighted combination of the L2 norm of the vector residuals corresponding to 

each data set and a model vector difference norm (smoothness constraint) of the second order 

differences between adjacent layers (Ammon et al., 1990; Julià et al., 2000). The weights 

consist of a normalization constant that accounts for the different number of data points and 

different physical units in each data set, as well as an influence factor that controls the relative 

influence of each data set on the inverted model (Julià et al., 2000). The model vector 

difference norm helps in stabilizing the inversion procedure by placing smoothness constraint 

on the resulting 1-D depth-velocity profiles.  

 

The resulting Vs models are, therefore, a compromise between fitting observations, model 

simplicity, and a priori constraints (Julià et al., 2005). Appendix B provides a theoretical basis 



 33

for the linearized form of the joint inversion scheme as developed by Julià et al. (2000, 2003). 

The joint inversion technique has been widely used to investigate crustal and upper mantle 

structure in other continental regions, the Arabian shield (Julià et al., 2003), the Tanzania 

Craton (Julià et al., 2005), and the Ethiopian Plateau (Dugda et al., 2007). Influence factors 

and smoothing parameters (in this study) were selected for each tectonic domain in order to 

obtain smooth depth-velocity profiles that match the observations. For most of the stations, a 

good fit to the data was obtained for an influence factor of 0.5 and a smoothness parameter 

from zero to 0.2. The smoothness parameter had to be raised as high as 0.3 for some of the 

stations within the mobile belts, suggesting a greater degree of small-scale heterogeneity.  

 

The parameterization of the starting model consisted of 74 layers extending to a depth of 532 

km. Layer thicknesses of 1 and 2 km were used for the first and second layer, 2.5 km for layers 

between 3 and 60.5 km depth, 5 km for layers between 60.5 and 255.5 km depth, and 17 to 40 

km for layers below 255.5 km depth. The increase in layer thicknesses with depth corresponds 

to a decrease in the resolving power of the dispersion velocities with increasing period. The 

starting model used for the inversions is the PREM model (Dziewonski and Anderson, 1981) 

modified for continental structure above 60.5 km depth (see Figure 5 of attached paper). 

Poisson’s ratio in the starting model was set at 0.25 in the crust and mantle to a depth of 86 

km, 0.28 between depths of 86–230 km, 0.29 between depths of 230 and 374 km, 0.30 

between depths of 374–430 km, and 0.29 between depths of 430–532 km. Densities were 

obtained from P-wave velocities using the empirical relationship of Berteussen (1977). 
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2.4.2.3 Starting model dependence and trade-offs 

The sensitivity of the inversion results towards the starting model can be tested using a range 

of regional models as starting models for the inversion (Qiu et al., 1996; Zhao et al., 1999; 

Simon et al., 2002; Li and Burke, 2006). P-wave velocities were computed using the same 

Vp/Vs ratio as for the starting model. The results of this test (see Figure 5 of attached paper) 

indicate inversion results in the 0–60 km depth range that produce the same or similar 

inversion results and this confirms the inversion results of the joint inversion algorithm are not 

sensitive to the starting models. 

 

Since long-period group velocities constrain average velocity structure within relatively large 

depth ranges in the upper mantle, a trade-off exists between shallow and deep structure (e.g. 

Julià et al., 2005). This trade-off can be constrained by forward modelling structure below 200 

km depth using a trial-and-error process to find models that best fit the 140–175 s period group 

velocities. This was done by fixing velocities below 200 km between a range of –5 and +5% of 

the PREM velocities and then inverting for the velocity structure above 200 km depth. The 

best fitting model for each station was selected when the predicted group velocities in the 140–

175 s period range matched the observed group velocities. As an example, station SA55 with 

velocities of PREM and –2, –3, –5% of PREM below 200 km depth was forward modelled and 

the best fitting model for this station is –3% PREM (see Figure 6 of attached paper). For most 

of the stations, it was found that a –2% PREM model tends to fit the 140–175 s period group 

velocities best. However, a –3% PREM model was used for the stations in the KP, LB, Okwa 

terrain, and ZC, and a –5% PREM model was used for both the NNB and CFB. 
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2.4.2.4 Model Uncertainties 

The uncertainties in the Vs models at crustal depths were determined by a selection of model 

parameters for the inversions, as well as by the group velocities taken from the revised 

Pasyanos and Nyblade (2007) model. Following the approach by Julià et al. (2005), the 

uncertainties in the inversion results from parameter selection were estimated by repeating 

inversions for each station using a range of weighting parameters, constraints, and Poisson’s 

ratio. The uncertainties in the shear wave velocities for the crust obtained from this procedure 

are around 0.1 km/s. Resolution tests of the revised Pasyanos and Nyblade (2007) group 

velocity model indicate that the spatial resolution at periods most sensitive to crustal structure 

(10–50 s) is 3 to 4 degrees, and thus the revised Pasyanos and Nyblade (2007) group velocity 

model has sufficient resolution to image differences in group velocities between regions that 

are 300 to 400 km wide.  

 

Uncertainties in crustal velocities introduced by the group velocity measurements were 

assessed by selecting two dispersion curves from the revised Pasyanos and Nyblade (2007) 

model showing ‘‘end-member’’ high and low group velocities. The high group velocities from 

one station were replaced with the low ones from another station (and vice versa) and 

subsequently the joint inversions were performed for each station with the newly acquired 

group velocities. This approach was repeated for many stations using the approach indicated 

above. The results are illustrated for two stations, BOSA and SA81 (shown in Figure 2.3). For 

station BOSA in the middle of the KC, group velocities in the 10–50 s range are lower than for 

station SA81 in the NNB, and the 1-D inversions for these stations show a very different lower 

crustal structure (Figures 2.3a and 2.3c).  
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When the 1-D inversion is performed for station BOSA using the higher group velocities for 

SA81, the shear wave velocities increase by 0.1 to 0.2 km/s (Figure 2.3b). When the 1D 

inversion is performed for SA81 using the lower group velocities for BOSA, the shear wave 

velocities decrease by 0.1 to 0.2 km/s (Figure 2.3d). In all four models, the dispersion curves 

and receiver functions are fit equally well (Figure 2.3). This exercise indicates that even for 

regions less than 300 to 400 km wide, at most an uncertainty of 0.1 to 0.2 km/s in shear wave 

velocity is introduced by using the group velocities from the revised Pasyanos and Nyblade 

(2007) model. According to these assessments, the overall uncertainty in the shear wave 

velocities is no more than 0.2 km/s for any given crustal layer in the model. This uncertainty in 

the shear wave velocity translates into an uncertainty of no more than 2 to 3 km in Moho depth 

for most stations where a velocity discontinuity can be seen between the crust and mantle, and 

no more than 5 km where a smoothly varying shear wave velocity profile is found, indicating a 

gradational Moho. 
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Figure 2.3 Assessment of uncertainties in the joint inversion results using two stations, BOSA and SA81, with different 
group velocity curves. (a). Normal inversion results for BOSA using the group velocities for the location of BOSA from the 
revised Pasyanos and Nyblade (2007) model. (b). Inversion results similar to Figure 2.3a but obtained with the group velocities 
replaced with those of SA81. (c). Normal inversion results for SA81 using the group velocities for the location of SA81 from 
the revised Pasyanos and Nyblade (2007) model. (d). Inversion results similar to Figure 2.3c but obtained with the group 
velocities replaced with those of BOSA.The top plots show 1-D Vs models from the joint inversion using the receiver 
functions shown in the middle plots and the group velocities are shown in the bottom plots. For the receiver functions, 1s error 
bounds are shown with gray shading around the average observed receiver functions (black line) and the predicted receiver 
functions (light gray line). The high (hf1, hf2) and low (lf1, lf2) frequency receiver functions are grouped in different ray-
parameter bins. 

BOSA    SA81     “SA81”    “BOSA” 
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2.5 Results 

The inversion yielded poor results for twelve of the 101 stations and therefore interpretations 

were not made for these stations. The inversion results for these twelve stations either showed 

a poor signal-to-noise ratio, leading either to poor waveform fits (e.g. stations SA01, SA02, 

SA03, SA58, SA69,SA82, SA139, SA155, CNG), or the Moho Ps conversion was indistinct 

(e.g. stations SA07, SA08, SA12). The results for the remaining 89 stations are summarized in 

Figure 2.4a–d. The velocity profiles for 10 stations (SA10, SA22, SA43, SA44, SA66, SA73, 

SA169, GRM, MOPA, POGA) show two depths where there is an increase in shear wave 

velocity above 4.3 km/s with a region of velocity less than 4.3 km/s in between. 

 

Detailed modelling of the receiver functions and Rayleigh wave group velocities associated 

with the joint inversion results in Figure 2.4 are shown in Appendix C. Figure 2.4 shows the 

shear wave velocity profilesgrouped by tectonic terrain, and Table 2.1 provides a summaryof 

key crustal parameters derived from these profiles. The crustal thickness beneath each station 

was determined by picking the Moho at the depth where Vs exceeds 4.3 km/s (e.g. Christensen 

and Mooney, 1995; Christensen, 1996). Shear wave velocity ranges fortypical lower crustal 

lithologies obtained by using experimentallydetermined P-wave velocities and Vp/Vs ratios 

(e.g. Christensen and Mooney, 1995; Christensen, 1996) show that shear wave velocities in the 

lower crust cannot be higher than 4.3km/s. Shear wave velocities above 4.3 km/s have 

therefore been assumed to indicate the presence of lithologies with mantle compositions, and 

therefore the Moho has been picked where the shear wave velocities exceed that value. Many 

of the stations show a clear Moho discontinuity where Vs increases from < 4.3 km/s to > 4.3 

km/s, but for other stations the change in shear wave velocity is gradational. 
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Figure 2.4 (a–d) Shear wave velocity profiles grouped by tectonic terrain. Moho depths are 
indicated with horizontal lines and numbers in km. Lower crustal layers with Vs ≥ 4.0 km/s are 
shaded, and reference lines at 4.0 km/s (solid), 4.3 km/s (dotted), and 4.5 km/s (dashed) are shown in 
each profile. See text for explanation of profiles where two horizontal lines (one dotted and one 
solid) are shown. 
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 Figure 2.4 (Continued) 
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Table 2.1 Summary of crustal structure by geological terrains shown in Figures 2.4 and 2.5 
Regime Terrain Average 

Moho 
depth ± 

standard 
deviation 

(km)  

Num-
ber of 

stations 

Sn 
(km/s) 

Average 
Vs of the 
crust ± 

standard 
deviation 

(km) 

Average 
Vs below 

20 km 
depth 
(km/s) 

Average 
Vs below 

30 km 
depth 
(km/s) 

Average 
thickness 
of layers 

in the 
lower 
crust 

with Vs  ≥ 
4.0 km/s 

(km) 
KC Witwatersrand 37 ± 3  11 4.6 3.7 ± 0.1 3.9 4.0 11 

Swaziland    39 ± 2  4 4.7 3.7 ± 0.1 4.1 4.2 22 
Pietersburg 39 ± 2    4 4.6 3.7 ± 0.1 4.0 4.0 14 
Kimberley        
Kimberley 
(central) 

36 ± 1    17 4.6 3.6 ± 0.1 3.8 3.8 2 

Kimberley (N-S 
margins) 

 39 ± 1      4 4.6 3.7 ± 0.1 3.9 4.0 6 

ZC Western part of 
the Tokwe 

terrain 

36 ± 1 3 4.5 3.7 ± 0.0 3.9 3.9 4 

Eastern part of 
the Tokwe 

terrain 

41 ± 3 4 4.5 3.8 ± 0.0 4.0 4.0 15 

BC  42 ± 5 13 4.6 3.7 ± 0.1 4.0 4.1 15 

NNB  45 ± 4 8 4.7 3.9 ± 0.1 4.2 4.3 22 
LB SMZ 40 ± 0  1 4.5 3.7 ± 0.0 4.0 4.0 17 

CZ 47 ± 5 10 4.6 3.8 ± 0.0 4.0 4.1 21 
NMZ 38± 0 1 4.6 3.7 ± 0.0 4.1 4.1 23 

KP   39 ± 3 6 4.5 3.8 ± 0.1 4.0 4.2 15 
Okwa 
terrain 

 43± 0 2 4.5 3.7 ± 0.0 3.9 4.0 11 

CFB   26 ± 2 1 4.7 3.8 ± 0.1 4.2 4.4 19 

N.B. KC – Kaapvaal Craton; ZC – Zimbabwe Craton; BC – Bushveld Complex; NNB – Namaqua-Natal 

Belt; LB – Limpopo Belt; KP – Kheis Province; CFB – Cape Fold Belt; Sn – shear wave refracted by 

the uppermost mantle layer. 

 

The velocity profiles for 10 stations (SA10, SA22, SA43, SA44, SA66, SA73, SA169, GRM, 

MOPA, POGA) show two depths where there is an increase in shear wave velocity above 4.3 

km/s with a region of velocity less than 4.3 km/s in between. This high-low-high velocity 

structure is indicated in Figure 2.4 for these 10 stations by showing the first increase in 
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velocity above 4.3 km/s with a dotted line and the second increase with a solid line. These 10 

stations have been excluded from further interpretation of Moho. 

 

There is a 1-to-1 correlation within the reported uncertainties between Moho estimates 

obtained in this study and estimates by Nguuri et al. (2001), Nguuri (2004) and Nair et al. 

(2006), except for a handful of stations, shown in Figure 2.5 (Figure 9 in the attached paper) 

with solid symbols. Moho estimates for five stations (SA05, SA09, SA49, SA81, SUR) lie 

more than 5 km above the 1-to-1 correlation line (Figure 2.5), and are less than those reported 

by Nguuri et al. (2001), Nguuri (2004), and Nair et al. (2006). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Comparison of crustal thickness estimates from this 
study with crustal thickness estimates from previous studies. The 
dashed line shows the 1-to-1 correlation, and the solid symbols show 
stations that do not fall close (≥ 5 km) to the 1-to-1 line. 
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Moho estimates for four stations (SA16, SA47, SA48, SA70) lie more than 5 km below the 1-

to-1 correlation line, and are greater than those reported by Nguuri et al. (2001), Nguuri (2004) 

and Nair et al. (2006). The velocity profiles for these stations show a complicated lowermost 

crustal structure commonly associated with a gradational Moho. These differences in Moho 

estimates could therefore either be attributed to difficulty in identifying the crust-mantle 

boundary when the velocity structure across this boundary is gradational or the criterion by 

which the Moho was identified is different from that adopted by other studies.  

 

A further examination done on the results was to verify if there was any relationship between 

the average velocities in the lowermost crust (below 30 km depth) and crustal thickness. The 

outcome of this investigation is shown in Figure 2.6. Figure 2.6 shows two differing linear 

trends suggesting a high gradient for the thin crust (< 41 km) (presumably related to Archaean 

crust) and low gradient for the thick crust (≥ 41 km) (presumably related to Proterozoic crust). 

The two linear trends in Figure 2.6 suggest a bimodal distribution for the Precambrian crust. 

Figure 2.6 assumes 41 km to be the crustal thickness threshold distinguishing thinner 

Archaean from thicker Proterozoic (above it) crust. However, Figure 2.4 suggest that there are 

localities within the Archaean craton that have a thick crust (i.e., ≥ 41 km) e.g. Pietersburg 

terrain with average Vs of ≥ 4.0 km/s in the lowermost crust. On the other hand, there are 

localities within Proterozoic terrains (e.g. SA16, SA17, SA23, SA29, and UPI in the 

KheisProvince, SA77 in the LB) that are < 41 km. 

 

Incorporating these type of localities in the trends shown in Figure 2.6 would mean that there 

is no clear correlation between crustal thickness and the average Vs in the lowermost crust 

relating to both Archaean and Proterozoic crust. Therefore the linear trends illustrated in 
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Figure 2.6 are apparent and for the relationship between the two parameters to be meaningful, 

a very lucid explanation as to under what conditions should certain terrains similar to the ones 

indicated above be included or excluded from such analysis is required.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 Average velocity below 30 km depth as a function of crustal thickness 
for southern Africa (shown by the solid circles). The dashed lines through the solid 
circles are the best lines. The relationship between average velocity below 30 km depth 
and crustal thickness shows two linear trends where the linearity changes around 41 km 
(marked by the dotted vertical line). See text for further explanation.  
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The global study by Rudnick and Fountain (1995) suggest a crustal thickness threshold of 43 

km distinguishing Archaean crust below it and Proterozoic crust above it. Assuming that the 

41 km threshold can statistically be shown to have a standard deviation of ±2 km, therefore at 

most the 41 km threshold could be increased to 43 km. A 43 km threshold is compatible with 

crustal thicknesses for localities within the Archaean craton e.g. SA63 in the Pietersburg 

terrain (see Figure 2.4). However, this threshold is also incompatible with localities within 

Proterozoic terrains which have crustal thicknesses below 43 km. Therefore, the linear trends 

in Figure 2.6 require further research investigations and do not yet yield publishable results in 

this regard. 

 

2.5.1 Lower crustal structure 

 Table 2.1 clearly shows that most terrains have shear wave velocities of 4.0 km/s or higher 

over a significant part of the lower crust. However, for the Kimberley terrain and the western 

part of the Tokwe terrain, average velocities of ≤ 3.9 km/s occur in the lower part of the crust 

(see Table 2.1). These terrains also have, on average, less than 5 km of high velocity (Vs ≥ 4.0 

km/s) rock within the lower part of the crust. Figures 2.7a and b (see Figures 10 and 11 in the 

attached paper) illustrate the spatial variability of the mean shear wave velocity below 30 km 

depth in the lower crustal structure for 1 x 1 degree blocks across southern Africa. 

Superimposed on Figure 2.7a are boxes with different shades illustrating the variability of the 

average thickness of lower crustal layers with Vs ≥ 4.0 km/s. It can be seen from both Figures 

2.4 and 2.7a that the base of the crust in the Kimberley terrain lacks a high velocity rock and 

the crust is typically that of an evolved Archaean crust and deviates from an original or normal 

Archaean setting. This anomalous pattern seen in the Kimberley terrain extends into the 
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western part of the Witwatersrand terrain and the eastern part of the KP. It can also be seen in 

the western part of the Tokwe terrain in the ZC.  

 

2.5.2 Upper crustal structure 

A number of stations in the Okwa and NNB terrains show high Vs zones in the upper 15 km of 

the crust (see Figure 2.4c). However the poor resolution of the revised Pasyanos and Nyblade 

(2007) group velocity model could mean that these isolated features are not well imaged in the 

Okwa terrain since they are only shown by station SA61. In contrast, these features are seen 

over a wide area in the NNB (see Figure 2.4c) and most probably the size of the area can be 

resolved by the revised Pasyanos and Nyblade (2007) model. Shear wave velocities within 

these zones vary between 3.7 and 4.0 km/s and tend to decrease to 3.5–3.7 km/s below these 

zones, implying the presence of a low velocity layer in the midcrust. However, the focus is 

primarily on the upper crustal velocities (see Chapter 4) since they imply an anomalous upper 

crustal structure. 

 

2.5.3 Mantle structure 

Most terrains within both the cratonic areas and mobile belts show an average Vs from the 

Moho to depths of ~60 km that varies between 4.5 and 4.7 km/s (i.e., uppermost mantle; Table 

2.1). Even though some terrains show an average Sn velocity slightly higher than 4.6 km/s, 

Table 2.1 shows that there is little evidence for systematic differences in the uppermost mantle 

(i.e., the top 10–20 km of the mantle) velocities across southern Africa. These results are in 

agreement with the findings from recent studies of the mantle (e.g. Li and Burke, 2006; Adam 

and Nyblade, 2011) which indicate that there are no significant differences in the uppermost 

mantle structure between the cratonic and the adjacent Proterozoic regions. Mantle structure 
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below 60 km might be inadequately resolved since the group velocity dispersions were 

extended to periods > 90 s using the global Harvard model. 

 

2.6 Discussion 

The Karoo flood magmatism (ca. 183 Ma) was the last major tectonothermal event to have 

affected the lithospheric structure of southern Africa and therefore it could be assumed that the 

lithosphere has stabilized since then and the variability reflected in Figure 2.7 could be 

attributed to compositional differences rather than thermal ones.  

 

Many laboratory studies have established that mafic lithologies commonly found in the lower 

continental crust, such as amphibolite, garnet-bearing and garnet-free mafic granulite, and 

mafic gneiss, have higher shear wave velocities (> 3.9 km/s), while intermediate-to-felsic 

lithologies have lower shear wave velocities (< 3.9 km/s) (e.g. Holbrook et al., 1992; 

Christensen and Mooney, 1995; Rudnick and Fountain, 1995; Christensen and Stanley, 2003; 

Rudnick and Gao, 2003). The average shear wave velocities (i.e., 4.5–4.7 km/s) in the 

uppermost mantle region (Moho–60 km depth) indicate only slight differences across southern 

Africa and therefore suggest the presence of ultramafic rocks of which the common occurrence 

(e.g. peridotite) is either in varying co-existences with other ultramafic rock types throughout 

southern Africa, or it has a bulk composition that is the same but perhaps with varying 

proportions of secondary mineral compositions across southern Africa. Most probably the 

Archaean cratons would have garnet lherzolite in their uppermost mantle regions given the 

relatively stable thermal and pressure conditions within the subcratonic mantle roots. 
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Figure 2.7 (a). Map showing the average Vs below 30 km (gray shading) and the average total layer thickness with Vs ≥ 4.0 km/s (shown as open 
and solid squares and denoted as ‘‘Th’’) for 1 x 1 degree blocks. The blocks without symbols are areas where the average total layer thickness with Vs ≥ 
4.0 km/s is between 5 and 15 km. (b). Map showing the average Vs below 30 km (gray shading), with distribution of the Ventersdorp Supergroup (white 
line) taken from van der Westhuizen et al. (2006) and the location of lower crust xenoliths obtained from Pretorius and Barton (2003) and Schmitz and 
Bowring (2003a). The number labels 1–15 represent the names of the kimberlites: 1, Newlands; 2, Markt; 3, Uintjiesberg; 4, Klipfontein-08; 5, 
Beyersfontein; 6, Lovedale; 7, Star Mine; 8, Kaalvallei; 9, Lace; 10, Voorspoed; 11, Mothae; 12, Letseng-la-Terae; 13, Matsoku; 14, Venetia Mine; and 
15, Jwaneng. The solid and dashed lines in both (a) and (b) mark the tectonic and political boundaries, respectively. 

(a) (b) 
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2.6.1 Interpretation of higher shear wave velocities in the lower crust 

The crustal layers in the velocity models with shear wave velocities of 4.0 km/s or higher 

imply the presence of mafic lithologies. The lower crust in many Precambrian tectonic settings 

is characterized by mafic lithologies typically with Vp ~7.0 km/s and Vs ~ 4.0 km/s (e.g. 

Rudnick and Fountain, 1995; Rudnick and Gao, 2003). Therefore, the suggestion in this study 

that most terrains within southern Africa have a mafic lower crust is not unusual. Several 

possibilities have been suggested by Rudnick and Gao (2003) for the genesis of a mafic lower 

crust in Precambrian tectonic settings: (a) basaltic underplating, (b) magmatic intrusion 

(basaltic type of magma), and (c) tectonomagmatic processes responsible for the formation of 

Archaean crust. Given these possibilities, the mafic layer in the lower crust of the BC is likely 

caused by a combination of magmatic intrusion and underplating. 

 

It has been estimated that the total magma volume that has been added to the Bushveld crust is 

around 0.6 x 106 km3 (Von Gruenewaldt et al., 1985), thickening the crust by ~5–10 km. The 

large (>10 km) thickness of mafic rock in the lower parts of the crust in the NNB, the CZ of 

the LB, parts of the KP and the CFB can be attributed to suture processes during the formation 

of these terrains. 

 

In Precambrian terrains elsewhere, suture regions typically with ~5–10 km of crustal 

thickening are distinguishable [e.g. the Superior Province (Gibb et al., 1983), the Tanzania 

Craton (Nyblade and Pollack, 1992), the Yilgarn Craton (Mathur, 1974; Wellmann, 1978), the 

Indian shield (Subrahmanyam, 1978), and the Mann shield (Blot et al., 1962; Louis, 1978; 

Black et al., 1979)]. The crustal thickening in this type of settings is usually associated with 

the presence of mafic units in a crust that is commonly affected by granulite-facies 
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metamorphism and extraction of a felsic partial melt component. Both the thicker crust and the 

large thickness of lower crust with high shear wave velocities found in the NNB, CZ, and KP 

is consistent with typical ‘‘suture’’ thickened crust found in other Precambrian terrains, and 

need not be viewed as anomalous. The mafic lower crust estimated in the BC is consistent with 

Vp/Vs ratios of >1.76, as described by Nguuri (2004) and Nair et al. (2006) (see Table 1 in the 

attached paper). Similarly, the reported Vp/Vs ratios of 1.78 and 1.84 for the NNB and LB, 

respectively, are consistent with the findings of this study (Table 2.1). 

 

2.6.2 Interpretation of lower shear wave velocities in the lower crust 

Experimental and laboratory studies as indicated above clearly indicate velocity bounds 

associated with rock type, therefore shear wave velocities below 4.0 km/s (Vs ≤ 3.9 km/s) can 

be interpreted to be representative of compositions that are primarily intermediate-to-felsic. 

Figure 2.7a shows several terrains with these velocities and this is more likely to indicate that 

the lower crust in these terrains is primarily of an intermediate-to-felsic composition. The 

study by Niu and James (2002) has already noted the lack of mafic material in the lower crust 

for the Kimberley terrain and moreover, this study has estimated a mean crustal thickness of 

37 km for this region. The findings by Niu and James (2002) are consistent with the findings 

in this study since a larger portion of the Kimberley terrain, as shown in Figure 2.7a, is 

characterized by a lower crust of an intermediate-to-felsic composition. However, the 

observation of regions with low shear wave velocities (Vs ≤ 3.9 km/s) in the lower crust 

extends much further beyond the Kimberley terrain and extends into parts of the adjacent KP 

and Witwatersrand terrain (Figure 2.7a).  
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The same trend of low shear wave velocities can be seen in the western part of the Tokwe 

terrain in the ZC. In explaining the intermediate-to-felsic composition for the lower crust in the 

Kimberley terrain and the flat topography of the Moho, which are some of the features 

observed by Niu and James (2002), James et al. (2003) suggested that the crust could have 

been extensively melted during the Ventersdorp tectonomagmatic event (~2.7 Ga). As a 

further suggestion to this, I propose that the attenuation of the mafic layer was effected by both 

melting and crustal thinning associated with the Ventersdorp event. The study by de Wit and 

Tinker (2004) noted the presence of listric faults in the area overlain by the Ventersdorp 

Supergroup and proposed that these faults signify thinning of the underlying lower crust.  

 

Figure 2.7b shows the distribution of the Ventersdorp Supergroup superimposed on the shear 

wave velocity structure of the lower crust. Most of the areas underlain by an intermediate-to-

felsic lower crust in South Africa coincide with the region where Ventersdorp rocks have been 

preserved. The distribution of the Ventersdorp as shown in Figure 2.7b means a substantial 

portion of the Kimberley terrain underlain by an intermediate-to-felsic lower crust may reflect 

areas where the mafic lower crust was either thinned or removed during the regional crustal 

thinning associated with the Ventersdorp event. A similar explanation could be invoked for the 

low shear wave velocities observed in the lower crust in the western part of the Tokwe terrain, 

which is overlain by 3.1–2.95 Ga transgressive passive margin and rift sequences (Jelsma and 

Dirks, 2002). 

 

2.6.3 Crustal Xenoliths 

The study by Rudnick and Gao (2003) pointed out that one of the ways by which the 

composition of the lower crust can be deciphered is by analyzing xenoliths exposed on the 
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surface or at shallow depths and these exposed xenoliths have been shown in many studies to 

coincide with the presence of mafic lithologies in the lower crust. Jurassic and Cretaceous 

lower crustal xenoliths in southern Africa are most commonly found within kimberlite pipes 

(e.g. Dawson, 1980; Nixon, 1987; Schmitz and Bowring, 2003a) (see Figure 2.7b for locations 

of xenoliths or Figure 11 in the attached paper). Cratonic lower crustal granulite xenoliths 

from the Kimberley region (location 1), NNB (locations 2, 3, 4, 5, 6), Free State province 

(locations 7, 8, 9, 10), and northern Lesotho (locations 11, 12, 13) have been described by 

Schmitz and Bowring (2003a). Off-craton and craton-margin xenoliths come from the CZ of 

the LB (location 14) (Pretorius and Barton, 2003) and the unexposed extension of the Magondi 

Belt in north central Botswana (location 15) (Schmitz and Bowring, 2003a).  

 

Xenoliths from kimberlite pipes (e.g. Dawson, 1980; Nixon, 1987; Schmitz and Bowring, 

2003a) can be used as an independent check on the composition of the lithosphere through 

which the pipe ascended. In this way, suites of lower crustal xenoliths collected from 

kimberlite pipes in the KC and surrounding mobile belts (Schmitz and Bowring, 2003a; 

Pretorius and Barton, 2003) (Figure 2.7b) can be used to confirm the presence or absence of 

mafic rocks in the lower crust. Lower crustal xenoliths from the Kimberley terrain are 

dominated by felsic rocks such as metapelite, and mafic rocks are absent (Schmitz and 

Bowring, 2003a). Moreover, Cretaceous and Jurassic xenoliths within the Kimberley terrain 

are a manifestation of mantle metasomatism by highly alkaline mafic silicate melts (e.g. 

Grégoire et al., 2003; Kobussen et al., 2008).  

 

While the phlogopite-rich xenoliths were uplifted to the upper crustal parts during kimberlitic 

eruptions, it is possible that felsic rocks such as pegmatites could have been crystallized from 
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the alkaline melts by metamorphic processes and could therefore be forming layering in the 

lowermost crust and uppermost mantle regions of the Kimberley terrain. However, these felsic 

layers from the alkaline melts are probably a sporadic overprinting of the lowermost crust and 

uppermost mantle regions (i.e., appearing mostly below the kimberlite pipes) of the terrain in 

an area that was already extensively affected by the Ventersdorp volcanism (see section 2.6.2). 

In contrast, mafic granulite xenoliths are common at all of the other localities (Dawson and 

Smith, 1987; Dawson et al., 1997; Schmitz and Bowring, 2003a, 2003b) (Figure 2.7b) and are 

consistent with the variability in the shear wave velocity structure of the lower crust described 

in this study.  

 

2.7 Conclusions 

The 1-D shear wave velocity models from the joint inversion of P-wave receiver functions and 

Rayleigh wave group velocities for 89 broadband seismic stations indicate and further suggest 

the following: 

1. There is a 1-to-1 correlation within the reported uncertainties between Moho depth 

estimates from this study and those from previous studies (e.g. Nguuri et al., 2001; 

Nguuri, 2004; Nair et al., 2006). 

2. There is considerable variability in the lower crust across southern Africa and most 

terrains have shear wave velocities of 4.0 km/s or higher over a significant part of the 

lower crust. 

3.  Much of the Kimberley terrain and a fraction of the adjacent KP and the 

Witwatersrand terrain, as well as the western part of the Tokwe terrain, are 

characterized by average shear wave velocities of ≤ 3.9 km/s in the lower part of the 



 54

crust. The lower shear velocities in the lower crust of the Kimberley terrain are 

consistent with results from previous studies (Niu and James, 2002; James et al., 

2003). 

4. The lower crust across much of the southern African shield in both Archaean and 

Proterozoic terrains has a predominantly mafic composition (i.e., Vs ≥ 4.0 km/s) and 

this is in contrast to the southwestern part of the KC and western part of the ZC, where 

the lower crust is intermediate-to-felsic in composition (i.e., Vs < 4.0 km/s). The mafic 

layer in the lower crust of the BC is likely caused by a combination of magmatic 

intrusion and underplating. The thick high velocity rock in the lower crustal parts of 

the NNB, CZ, and Kheis Province are consistent with typical ‘‘suture’’ thickened crust 

found in Precambrian tectonic settings globally. Most of the areas in the KC that are 

underlain by an intermediate-to-felsic lower crust and a shallower Moho coincide with 

the region where Ventersdorp rocks have been preserved. This correlation supports the 

suggestion by de Wit and Tinker (2004) of crustal extension taking place along listric 

fault systems during the Ventersdorp tectonomagmatic event (ca 2.7 Ga). A similar 

explanation could be invoked for the low shear wave velocities observed in the lower 

crust in the western part of the Tokwe terrain, which is overlain by 3.1–2.95 Ga 

transgressive passive margin and rift sequences (Jelsma and Dirks, 2002). Overall, 

these results are consistent with the Precambrian model by Durrheim and Mooney 

(1994), which suggest that areas of the Archaean crust with a low-velocity base have 

gone through repeated melting and the crust was further differentiated through 

recycling processes and therefore this resulted in ultramafic cumulates being part of 

the mantle. In contrast, the Proterozoic crust has thickened and had undergone 

underplating which imparted a high-velocity basal layer.  
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5. The lack of mafic xenoliths in the Kimberley terrain and the presence of mafic 

xenoliths in the other terrains is consistent with the variability in the shear wave 

velocity structure of the lower crust found in this study. 

6. The shear wave velocity results of the uppermost mantle region (i.e., in the 10–20 km 

depth below the Moho) indicate average Sn velocities of 4.5–4.7 km/s which do not 

suggest systematic differences between the different terrains across southern Africa. 
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Chapter 3  

Shear wave velocity structure of the Bushveld 
Complex, South Africa 
 
Abstract 

The crustal structure of the Bushveld Complex is investigated by jointly inverting high-

frequency teleseismic receiver functions and 2–90 sec Rayleigh wave group velocities for 16 

broadband seismic stations spanning the Bushveld Complex. Group velocities for 2–15 sec 

periods were obtained from a surface wave tomography using local and regional events, while 

group velocities for 20–90 sec periods were taken from a published model. The 1-D shear 

wave velocity models obtained for each station show the presence of a thickened crust in the 

centre of the Bushveld Complex and that S velocities reach 4.0 km/s or higher over a 

significant portion of the lower crust (below 30 km depth). The 1-D shear wave velocity 

models also reveal that the upper crustal structure (above 10 km depth) across the Bushveld 

Complex is characterized by S velocities as high as ~3.7–3.8 km/s, consistent with the 

presence of mafic lithologies. These results favour a “continuous-sheet” as opposed to a 

“dipping-sheet” model for the Bushveld Complex, in which the mafic layers are continuous at 

depth beneath the centre of the complex. However, detailed modelling of receiver functions at 

one station within the centre of the complex indicates that the mafic layering maybe locally 

disrupted by diapirism and metamorphism. 

 

 

 
The material in this chapter is fully described in the peer-reviewed paper with the 
following citation: Kgaswane, E.M., Nyblade, A.A., Durrheim, R.J., Julià, J., Dirks, 
P.H.G.M., and Webb, S.J., 2012. Shear wave velocity structure of the Bushveld 
Complex, South Africa. Tectonophysics, 554–557, 83–104, 
doi:10.1016/j.tecto.2012.06.003. 
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3.1 Introduction 

The Bushveld Complex (BC) (Figure 3.1) was emplaced at ca. 2.06 Ga in the northern part of 

the Kaapvaal Craton (KC) and is one of the largest mafic layered igneous intrusions in the 

world. It covers an area of ~ 66 000 km2 within the northern Kaapvaal Craton, South Africa 

(e.g. Walraven, 1997; Eglington and Armstrong, 2004; Webb et al., 2004). It has an abundance 

of platiniferous group metals, as well as large reserves of chromium, titanium, vanadium, 

nickel, and gold (e.g. Cawthorn et al., 2006). It intruded into the intracratonic sedimentary 

sequences of the Transvaal Supergroup and is stratigraphically divided into the Rooiberg 

Group (RG), the Rashoop Granophyre Suite (RGS), the Lebowa Granite Suite (LGS), and the 

Rustenburg Layered Suite (RLS; e.g. South African Committee for Stratigraphy, 1980; Hatton 

and Schweitzer, 1995; Cawthorn and Webb, 2001; Cawthorn et al., 2006). Figure 3.1a shows 

the surface geology of the BC and the different lithologies comprising the entire complex. 

 

The mafic components of the RLS crop out in five geographically distinct areas: the Eastern 

Limb, the Western Limb, the Far Western Limb, and the two Northern limbs (Figure 3.1; e.g. 

Webb et al., 2004). A sixth limb, the Southeastern or Bethal Limb (Cawthorn and Webb, 

2001), is buried under Karoo sediments. The BC is disrupted in several places by alkaline 

intrusions (Figure 3.1).  Much of the subsurface structure of the BC above 10 km depth is 

reasonably understood, but the deep structure of the BC and how it was emplaced remains a 

subject of ongoing research. The BC was originally thought to be a laccolith (Molengraaff, 

1901; Jorissen, 1904; Mellor, 1906) or lopolith (e.g. Molengraaff, 1902; Hall, 1932; Du Toit, 

1954). However, gravity modelling by Cousins (1959) showed that a Bouguer gravity low  

associated with the geographic centre of the BC was not consistent with these models. 
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Figure 3.1 (a). Map of the Bushveld Complex showing simplified geology and its six 
limbs – the Eastern, Western, Far Western, Southeastern and the two Northern limbs (map 
modified from the 1:250,000 geology map of South Africa). The numbers 1, 2, 3, 4 and 5 
show the position of some of the domes, and the numbers 6, 7, 8, 9 and 10 show the location 
of alkaline intrusions. The location of 16 broadband seismic stations for which Vs models are 
reported are shown. They are the permanent stations, LBTB and SLR and the temporary 
stations with prefix “SA”. (b). Map of southern Africa showing the locations of earthquakes 
(open circles) used in this study.  The solid black rectangle encloses the study area. Outcrops 
of the BC are shown as gray polygons. The outlines of the Kaapvaal Craton, Limpopo Belt 
and the Zimbabwe Craton are shown in solid black, gray and dotted lines, respectively. 
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Cousins (1959) suggested that the BC consisted of separate intrusive limbs. This model 

underwent several refinements, resulting in a model with detached inward dipping bodies (e.g. 

the “dipping-sheet model”; Biesheuvel, 1970; Van der Merwe, 1976; Walraven and Darracott, 

1976; Molyneux and Klinkert, 1978; Du Plessis and Kleywegt, 1987; Meyer and De Beer, 

1987). The “dipping-sheet” model was refined by Meyer and De Beer (1987) using gravity 

modelling and they concluded that the detached limbs extended to depths of 15 km with no 

compensation at the Moho (Figure 3.2a). Deep electrical soundings and resistivity 

measurements by Meyer and De Beer (1987), which constrained the gravity modelling, 

indicated the presence of a conductive layer at depth. Meyer and De Beer (1987) interpreted 

this conductive layer to be the Silverton shales of the Transvaal Supergroup. However, an 

alternative interpretation by Webb et al. (2004) suggested that the conductive layer could be 

the mafic rocks of the RLS following the drilling results by Walraven (1987). 

 

Later geological and geophysical studies (Cawthorn et al., 1998; Cawthorn and Webb, 2001; 

Webb et al., 2004) have proposed the existence of a continuous mafic layering at depth across 

the centre of the BC connecting the various limbs (Figure 3.2b). In this model, hereinafter 

called the “continuous-sheet” model, the continuous mafic layering in the upper crust is 

isostatically compensated for by a downwarped Moho, consistent with seismic constraints 

provided by receiver function studies (Nguuri et al., 2001; Nair et al., 2006; Kgaswane et al., 

2009). The study by Nguuri et al. (2001) suggests a high shear wave velocity layer (Vs ~ 4.0 

km/s) within the upper 10 km of the crust for one location near the centre of the BC. More 

recent findings (see Figure 3.1a; Webb et al., 2010) show the presence of mafic xenoliths in 

the Palmietgat kimberlite pipe and this further buttressed the hypothesis of a continuous mafic 

layering in the centre of the BC. 
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Figure 3.2 (a). Meyer and De Beer (1987) gravity model. (b). Webb et al. 
(2004) gravity model. The models in a) and b) have been reproduced from 
Webb et al. (2004). (c). Locations of the SASE (solid circles), GSN (solid 
square) and SANSN (solid triangle) broadband stations within and surrounding 
the BC. The profile of the two gravity models is shown by the solid line EF. The 
area marked BS is the Molopo Farms Complex and represents one of the 
Bushveld satellites. The background gray-shaded regions show the Kaapvaal 
Craton. Terrain and political boundaries are shown by dashed black and gray 
lines, respectively. 
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The purpose of this study is to use new seismic velocity models of the BC crust to evaluate the 

“dipping-sheet” and “continuous-sheet” models. The seismic velocity models are obtained by 

first measuring short-period Rayleigh wave group velocities using locally and regionally 

recorded seismic events, and then jointly inverting the group velocity measurements with high-

frequency receiver functions. The method is similar to Kgaswane et al. (2009), but differs in 

two ways. Firstly, group velocity maps for short-period Rayleigh waves (2–15 sec) were 

tomographically developed to improve constraints on the upper crustal velocity structure. 

Secondly, high-frequency (f ≤ 1.25 Hz) receiver functions were jointly inverted with Rayleigh 

wave group velocities to improve resolution of crustal structure. These new constraints provide 

better resolved shear wave velocity models for locations across the BC and yield new insights 

into the deep structure of the BC.  

 

3.2 Data sources, data processing and methodology  

In this section, the Rayleigh wave tomography method used to obtain group velocity maps for 

periods between 2 and 15 sec is first described. This is followed by a brief description of the 

approach adopted to compute receiver functions. Finally an explanation of how the receiver 

functions and Rayleigh wave group velocity measurements have been jointly inverted. 

 

3.2.1 Group velocity tomography 

Rayleigh wave group velocities were measured using 197 mining-related and regional seismic 

events (see Figure 3.1b) recorded by 45 broadband seismic stations. The seismic events have 

local magnitudes (ML) greater than 2.5. A detailed event list is shown in Appendix D. The 

event list is comprised of event catalogues (parameterized in origin time, hypocenters and 

local magnitudes) compiled from the earthquake bulletins published by the Council for 
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Geoscience (CGS), by gold mines in the Witwatersrand Basin area, and the Incorporated 

Research Institutions for Seismology (IRIS). Mining-related earthquakes account for 81% of 

the total number of earthquakes used for the measurements, the majority of which originated 

within the gold mining districts of the Witwatersrand Basin. The locations of the 45 broadband 

seismic stations with respect to the outcrop pattern of the BC are shown in Figure 3.2c. Forty-

three of the stations belong to the Southern African Seismic Experiment (SASE) network 

(Carlson et al., 1996) and two of the stations belong to the Global Seismic Network (GSN) and 

South African National Seismograph Network (SANSN).  

 

A multiple filter analysis (e.g. Dziewonski et al., 1969; Keilis-Borok, 1989; Claerbout, 1992; 

Levshin et al., 1992) software developed by Ammon (2001) was used to measure Rayleigh 

wave group velocities at each period. Figures 3.3 and 3.4 shows the processing of group 

velocity measurements at station SA31 and the choice of an optimal Gaussian width parameter 

for the group velocity measurements (using station SA46 as an example), respectively. While 

all the three Gaussian width parameters tend to show capabilities of optimally constraining 

group velocity observations, a variable Gaussian width parameter (Figure 3.4b) tends to show 

a scatter of group velocity measurements that is slightly biased both below and above the 

theoretical PREM curve. In comparison, the other two parameters (in Figures 3.4a and c) tend 

to show a scatter that is mostly biased above the theoretical PREM curve.  

 

Figure 3 (in the attached paper) shows the ray coverage (together with the total number of 

rays) at each period that could be achieved in this study. Ray coverage is greater at shorter 

periods (2–8 sec) compared to longer periods (10–15 sec). 
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Figure 3.3 Group velocity measurement using station SA31 as 
an example. A. Pre-processing of the Rayleigh wave group velocity 
curve (black diamonds) and outlying black diamond (enclosed by 
the dotted ellipse) far below (far left diagram). B. Post-processing 
of the Rayleigh wave group velocity curve showing a group 
velocity curve fitting a spline curve (white) after a scattered 
outlying black diamond has been removed (far left diagram). The 
far left diagram in both A and B is the velocity-period spectrum, the 
middle diagram is the seismogram along the group velocity axis, 
and the far right diagram is the amplitude spectrum within the 
USGS low- and high-noise curves (solid gray lines). The white 
triangles in the velocity-period spectra represent the theoretical 
group velocity dispersion from the PREM model.  
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Since the ray paths originate from different source regions, they need to be averaged at each 

period such that the variability of the measurements in the corresponding averages is assessed 

and outlying points that could yield spurious features in the resulting inversions are eliminated. 

Figure 3.5 shows that at each period, the standard deviation of the ensemble of measurements 

varies by no more than 0.1–0.2 km/s.  

Figure 3.4 Comparison of Gaussian width 
parameters for station SA46 within the region of 
10–15 sec (solid gray ellipse) overlapping 
measured Rayleigh wave group velocities  and 
those from Pasyanos and Nyblade (2007) model. 
The measurements between 2–15 sec made from 10 
earthquakes originating in the gold mining regions 
south of the station are shown by the different 
symbols. (a). Gaussian width parameter of 3 sec. 
(b). A variable Gaussian width parameter. (c). 
Gaussian width parameter of 15 sec.  
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Figure 3.5 (a–g). Polar plots illustrating the variability of the group velocity 
measurements (y-axis) with respect to azimuth at periods of 2, 4, 6, 8, 10, 12 and 
15 sec. 
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The level of uncertainty expected in the measured group velocities at each period should at 

least be around or less than 0.1 km/s (Ammon, 2001) and so the above-mentioned size of the 

standard deviation of the ensembles seem to be a reasonable threshold not to permit significant 

fluctuations in the resulting inverted models.     

 

The group velocity measurements were inverted using a conjugate gradient algorithm (LSQR) 

based on the method by Paige and Saunders (1982). The LSQR algorithm is based on the 

following matrix equation:         
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where A represents a matrix of ray distances in each cell, x is a vector of group velocity 

perturbations or slownesses, b is a vector of group velocity travel-times (distance/group 

velocity) and λ is a Laplacian smoothing constraint. A smoothing parameter of 100 was 

selected as an optimal constraint for the group velocity inversions considering the trade-off in 

the model smoothness versus travel-time misfit plot (see Figure 4 in the attached paper). 

Figure 4 only shows results for 2, 4, and 6 sec periods. Further trial-and-error inversions were 

performed and reveal that a smoothing parameter of 100 provides a better contrast in the 

inversion results compared to parameters in the range of 0–200. Resolution tests (see Figures 

5a and b in the attached paper) using an input model with checkerboard sizes of 100 and 125 

km2 indicate that the 100 x 100 km2 checkers are not well recovered. The 125 x 125 km2 

checkerboards on the other hand show better recovery of checkers at all periods and this 

indicates that the velocity variations across the BC are not well resolved at scales less than 

~125 km. In addition, at 12 and 15 sec period, only velocity variations within the centre of the 

BC can be resolved for the 125 x 125 km2 checkers.  
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3.2.2 Receiver functions 

A total of 17 stations, falling within the area of best resolution as shown in Figure 5 (see 

attached paper), were used to acquire receiver functions. Only 16 of these stations were 

ultimately used because they are high quality receiver functions. Figure 3.6 shows examples of 

receiver functions for stations LBTB and SA47 to illustrate the quality of the data. A total of 

100 teleseismic earthquakes (including those used in Chapter 2) were used to compute receiver 

functions (see Appendix A), the same as used by Kgaswane et al. (2009). The processing of 

receiver functions is already discussed in section 2.4.2.1 but the only exception in this case is 

that only receiver functions of f ≤ 1.25 Hz (Gaussian bandwidth of 2.5 s) were computed for 

each teleseismic event with a maximum number of 200 iterations using the iterative 

deconvolution code based on the method by Ligorría and Ammon (1999). These high-

frequency receiver functions were stacked according to backazimuth and ray-parameter.  

 

3.2.3 Joint inversion method 

The joint inversion of receiver functions and surface wave dispersion measurements yields 1-

D Vs models of the structure beneath each recording station (Julià et al., 2000, 2003). The 

details of this method have already been described in section 2.4.2.2 and further described in 

the attached papers. In order to create regionally representative dispersions, Rayleigh wave 

group velocities obtained in this study from 2–15 sec were combined with group velocities 

from 20 to 90 sec from Pasyanos and Nyblade (2007) to create a composite dispersion curve 

for each station. The composite dispersion curves were smoothed with a 3-point running 

average prior to using them in the joint inversions with the receiver functions. 
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For each inversion, the influence factor was set to 0.5 and no smoothing was applied, except 

for stations SA42, SA43, and SA53, for which smoothing parameters slightly greater than or 

equal to 0.1 were used. An influence factor of 0.5 equalizes the contribution of the combined 

misfit from each dataset. Figure 3.7, using stations SA47 and SA53 as examples, shows trade-

Figure 3.6 (i). Individual receiver functions for stations LBTB and SA47 
(columns A and B, respectively) plotted using backazimuth as a function of time. The 
dashed gray lines show the theoretical arrival time of the Moho converted phase (Ps) 
for the crustal thicknesses and average crustal Vs for stations LBTB and SA47 
reported in Table 3.1. The theoretical arrival times were computed using the joint 
inversion code and assuming the PREM model. (ii).  Stacked receiver functions 
grouped according to ray parameter bins and backazimuth. The gray shading around 
the observed receiver functions shows 1σ error bounds.   
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off curves of (i) waveform misfit versus model roughness and (ii) waveform misfit versus 

model smoothness, illustrating that using little, if any, smoothing results in rougher velocity 

models with best resolution. The starting model and its parameterization is similar to what has 

been described in section 2.4.2.2 with the only exception in this case being that 1 km thick 

layers were used to a depth of 10 km. The importance of using 1 km thick layers to 

parameterize the model in the upper 10 km of the crust is illustrated in Figure 9 (see attached 

paper), where the fits to the data are compared for two models for station SA47, one with 1 km 

thick layers and the other with 2 km thick layers. The model with 1 km thick layers fits the 

receiver function stack better than the model with 2 km thick layers. 

 

In assessing the uncertainties in the resulting velocity models, the approach developed by Julià 

et al. (2005) was used. This involves repeatedly performing the inversions using a range of 

inversion parameters. This approach is simplistic, but it is effective in developing a sense of 

the range of variation of the inverted parameters given the observations and the a priori 

constraints. A rigorous statistical approach in estimating the uncertainties will, amongst other 

things, require that the observations follow a Gaussian distribution and this condition is 

usually not satisfied. By following the approach of Julià et al. (2005) of repeatedly performing 

the inversions with a range of inversion parameters, we obtain an uncertainty of approximately 

0.1–0.2 km/s for the velocity in each layer, which translates into an uncertainty of ~2–3 km in 

the depth of any boundary observed in the model, such as the Moho. 
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3.3 Results 

3.3.1 Group velocity tomography 

Figures 3.8a–g show the distribution of group velocities at periods 2–15 sec obtained by 

directly inverting Rayleigh group velocity measurements using the inversion approach as 

outlined in section 3.2.1.  

 

 

 

Figure 3.7 Plots of waveform misfit as a function of model roughness and model 
smoothness (i and ii , respectively) for stations SA47 and SA53. Labels A, B, C for station 
SA47 refer to the three receiver function stacks for this station shown in Figure 10 in the 
attached paper.  
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Rayleigh wave group velocities extracted at the grid points (at a grid spacing of 50 km) shown 

in Figure 3.8 were inverted using the joint inversion method by setting the influence factor for 

receiver functions to zero. From these inversions, 1-D Vs models were obtained at each grid 

point. A minimum curvature gridding algorithm (Smith and Wessel, 1990) was used to 

interpolate between the 1-D Vs models to generate quasi-3D-shear wave velocity images at 

varying depths from 2 to 15 km (shown in Figure 3.9).  

Figure 3.8 (a–g). Rayleigh wave group velocity 
maps at periods of 2, 4, 6, 8, 10, 12, and 15 sec. The 
maps show the area of best resolution delimited by the 
dashed rectangles in Figure 5 in the attached paper. The 
outlines of the BC limbs are shown by dark solid lines. 
The dots represent the grid points. 
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The vertical cross-sections of the three profiles (A–A ’, B–B’, C–C’, shown in Figure 3.10) 

were estimated from the Vs depth slices in Figure 3.9. The dashed rectangles shown in Figures 

5a and b (in the attached paper) enclose the area of best resolution and therefore the group 

velocity tomography results (shown in Figure 3.8) are based on the areas enclosed by the 

rectangles. The results indicate that across the areas of the BC where velocity variations are 

best resolved, velocities at all periods vary between 2.8 and 3.2 km/s, but do not show a clear 

spatial correlation from one period to the next. Whilst Pasyanos and Nyblade (2007) did not 

report group velocities for periods less than 10 seconds, the group velocities in this study at 10 

Figure 3.9 (a–g). Horizontal slices through the shear wave 
velocity model shown for depths of 2, 4, 6, 8, 10, 12, and 15 
km. 
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and 15 sec periods are estimated to be 10–30% greater than those reported by Pasyanos and 

Nyblade (2007). The ray path coverage reported by Pasyanos and Nyblade (2007) is limited at 

periods of 10 and 15 sec compared to periods > 20 sec. Pasyanos and Nyblade (2007) did not 

report uncertainties at 10 and 15 sec and further show uncertainties of less than 0.1 km/s at 

period of 20 sec.  

 

Given the lack of spatial correlation in Figure 3.8, the resolution of the quasi–3D shear wave 

velocity models shown in Figure 3.9 is coarse and does not clearly expose the outcropping 

mafic limbs (probably associated with Vs ≥ 3.7 km/s) of the BC seen at surface and subsurface 

depths (≤ 3 km). The level of spatial resolution needs to be considerably smaller than 125 x 

125 km2 for the subsurface structure of the BC to be mapped accurately. The vertical cross-

sections (Figure 3.10) also do not reflect the presence of the outcropping mafic limbs at 

surface or subsurface depths although there is perhaps a slight indication of a high velocity 

body (Vs ~3.5–3.6 km/s) towards the southwest on the C–C’ profile, probably associated with 

a portion of the Western Limb. Overall, a definitive interpretation of these results is not 

possible. 

 

3.3.2 Joint inversion method 

In an effort to overcome the lack of resolution associated with the group velocity tomography, 

joint inversions for 16 stations within the area of best resolution (enclosed by the dashed 

rectangles in Figures 5a and b of the attached paper) were performed. Figures 10 and 11 (in the 

attached paper) shows the joint inversion results for all 16 stations, and crustal parameters used 

in the models are summarized in Table 3.1 shown below. The joint inversion results were 

generated using composite Rayleigh wave group velocity curves in the period range of 2–90 
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sec. The 10–60 sec region of the group velocity dispersions are most relevant for the crust and 

therefore the results shown in Figure 10 of the appended paper have only displayed the 

dispersions up to 60 sec. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Many of the stations show a discontinuity where Vs increases from < 4.3 km/s to > 4.3 km/s, 

clearly delineating the Moho (see Figure 11 in the attached paper). One of the receiver 

function stacks for SA47 shows two depths where there is an increase in shear wave velocity 

above 4.3 km/s with a region of velocity less than 4.3 km/s in between. The Moho depth in this 

case has been excluded from further interpretation. Some of the stations show a gradational 

Moho and in such cases the Moho has been placed at the depth where Vs is ≥ 4.3 km/s. 

Figure 3.10 Vertical cross-sections of the  
profiles (A–A’’, B–B’’, C–C’’) shown in Figure 
3.9 illustrating the variation of shear wave 
velocity with depth and distance. The gray 
shading illustrates the approximate topography 
across the BC. 
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Velocities that are > 4.3 km/s are indicative of mantle lithologies (Christensen and Mooney, 

1995; Christensen, 1996). The crustal thicknesses obtained for all 16 stations are similar (i.e., 

within ~1–3 km) to those reported by Kgaswane et al. (2009). 

 

Figure 3.11 shows three profiles across the BC illustrating that the Moho reaches a maximum 

depth of 45 km in the centre of the BC, compared to ~37–38 km outside of the BC. In addition 

to ~5–8 km of crustal thickening, most stations within the BC record a high velocity layer with 

Vs ≥ 4.0 km/s in the lowermost crust (Table 3.1). For most of the stations, the thickness of this 

layer exceeds 5 km, but for a few stations (e.g. station SA50), it is less than 5 km thick. With 

the exception of the gray Vs profiles (included for completeness), the uppermost mantle 

(Moho–60 km depth) in Figure 3.11 shows shear wave velocities of 4.5–4.6 km/s and this is in 

agreement with the observations indicated in Chapter 2. Mantle structure below 60 km depth 

could be insufficiently constrained because of using group velocities up to 90 sec. 

 

The upper crustal velocities above 10 km depth from the joint inversions yield an average Vs 

of 3.4–3.6 km/s for most localities within the BC (Table 3.1), and these velocities are 

consistent with those reported by Yang et al. (2008). However, some stations show velocities 

as high as 3.7–3.8 km/s within the upper crust for layers that are only ±2 km thick (i.e., SA47, 

SA50 and SA53; see Figure 11 in the attached paper). Stations such as SA47 indicate 

considerable variability in upper crustal structure as a function of backazimuth and this 

variability is further examined in section 3.4.  
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Table 3.1 Summary of crustal parameters beneath the Bushveld Complex  
 

Station Back- 
azimuth 
(deg) 

Vs 
(1 – 5 km 
depth) ± 
Std. 
deviation 
(km/s) 

Vs 
(6 – 10 km 
depth) ± 
Std. 
deviation 
(km/s) 

Vs below 
30 km 
depth ± 
Std. 
deviation 
(km/s) 

Crustal 
thickness 
(km) 

Thickness 
of layers 
with Vs ≥ 
4.0 km/s 
(km) 

AverageVs  
(1 – 10 km 
depth) (km/s) 
± Std. deviation 
(km/s) 

AverageVs  
Below 30 km  
Depth (km/s) ± 
 Std. deviation  
(km/s) 

Average 
Crustal 
thickness 
(km) 
 

Average 
thickness 
of layers  
in the lower  
crust with  
Vs ≥ 4.0  
km/s (km) 

LBTB 46.5° 3.5 ± 0.0 3.5 ± 0.1 4.1 ± 0.0 42.5 15 3.5 ± 0.1  4.1 ± 0.1 42.5 11 

87.4° 3.5 ± 0.1 3.5 ± 0.1 4.1 ± 0.1 42.5 10 

240.2° 3.5 ± 0.1 3.5 ± 0.1 4.0 ± 0.1 40.0 10 

257.1° 3.5 ± 0.1 3.4 ± 0.1 4.0 ± 0.1 40.0 10 

SA39 37.4° 3.4 ± 0.1 3.5 ± 0.1 4.0 ± 0.1 40.0  5   3.5 ± 0.1   4.0 ± 0.1 40.0 5 

SA40     35.0° 3.5 ± 0.0 3.6 ± 0.0 4.0 ± 0.1 45.0    15    3.6 ± 0.1   4.0 ± 0.2 42.5 12 

    95.9° 3.6 ± 0.1 3.6 ± 0.1 4.0 ± 0.2    42.5      8 

SA42  86.3° 3.4 ± 0.0 3.6 ± 0.0 4.1 ± 0.1 40.0    13   3.5 ± 0.1   4.1 ± 0.1 40.0 13 

SA43  90.0° 3.4 ± 0.2 3.4 ± 0.0 4.1 ± 0.1 42.5 10   3.4 ± 0.1   4.1 ± 0.1 42.5 23 

SA45  35.7°  3.4 ± 0.0 3.5 ± 0.1 4.1 ± 0.1 42.5  13   3.5 ± 0.1   4.1 ± 0.0 45.0 15 

 96.3° 3.4 ± 0.0 3.5 ± 0.1 4.1 ± 0.1 45.5 16 

SA46 35.0° 3.3 ± 0.1 3.6 ± 0.0 4.1 ± 0.1 42.5 10 3.5 ± 0.1  4.1 ± 0.1 42.5 10 

SA47 

 

 

32.5° 3.5 ± 0.2 3.6 ± 0.2 4.1 ± 0.1 45.0 13 3.6 ± 0.2  4.1 ± 0.1 45.0 11 

95.4° 3.5 ± 0.1 3.6 ± 0.2 - - - 

240.0° 3.5 ± 0.0 3.6 ± 0.1 4.0 ± 0.2 42.5  8 

SA48 244.6° 3.5 ± 0.1 3.3 ± 0.1 4.2 ± 0.1 45.0 18    3.4 ± 0.1  4.2 ± 0.1 45.0 18 
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SA49 89.1° 3.3 ± 0.1 3.5 ± 0.1 4.1 ± 0.1 37.5 10    3.4 ± 0.1  4.1 ± 0.1 37.5 10 

SA50 31.8° 3.5 ± 0.1 3.6 ± 0.1 3.9 ± 0.2 40.0  5    3.6 ± 0.1  3.9 ± 0.1 40.0 4 

157.1° 3.5 ± 0.1 3.6 ± 0.1 3.8 ± 0.1 37.5  0 

235.9° 3.4 ± 0.1 3.6 ± 0.1 3.9 ± 0.1 40.0  3 

SA51 36.5° 3.3 ± 0.1 3.4 ± 0.1 4.0 ± 0.1 42.5  8   3.4 ± 0.1  4.0 ± 0.1 42.5 8 

SA52 31.5° 3.4 ± 0.1 3.4 ± 0.0 4.0 ± 0.2 37.5  6   3.4 ± 0.1  4.0 ± 0.2 37.5 6 

SA53 97.2° 3.5 ± 0.1 3.5 ± 0.3 4.1 ± 0.1 40.0 10   3.5 ± 0.1  4.1 ± 0.1 40.0 10 

SA63    33.8° 3.5 ± 0.1 3.5 ± 0.1 4.0 ± 0.3 42.5 10   3.5 ± 0.1  4.0 ± 0.2 42.5 9 

 241.2° 3.6 ± 0.0 3.5 ± 0.1 4.0 ± 0.1 42.5  8 

SLR   81.1° 3.5 ± 0.2 3.4 ± 0.2 3.9 ± 0.1 37.5  3   3.5 ± 0.2  3.9 ± 0.1 35.0 3 

265.3° 3.5 ± 0.2 3.4 ± 0.1 3.9 ± 0.1 35.0  3 
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3.4 Discussion 

The main findings of this study are:  

a) The BC crust in the centre thickens to a depth of ~ 45 km (e.g. SA45, SA47, SA48) (see 

Figure 3.11) and a considerable portion of the lower crust (greater than 5 km thickness) across 

the BC consists of high velocity layers (Vs ≥ 4.0 km/s) (see Figure 11 in the attached paper). 

Figure 3.11 Cross-section of the crust across the BC from southwest to northeast (AB), northwest to 
southeast (CD), and west to east (EF). The shear wave profiles in gray are from Kgaswane et al. (2009). 
The map (bottom right) shows the location of the profiles (dotted lines) and station locations.  The gray 
shading is the same as in Figure 3.2c. 
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b) Some stations show velocities as high as 3.7–3.8 km/s in the upper crust (e.g. SA47, SA50, 

SA53). The empirical relation from Christensen and Stanley (2003) is used to convert Vs to 

density for interpreting the results obtained in this study. The empirical Vs – density (ρ) 

relation was formulated for both crustal and uppermost mantle lithologies at 200 MPa: 

                                                     Vs = 0.0014ρ – 0.4019   (3-2)      

Using this equation, a lower crustal Vs of 4.0–4.3 km/s and an uppermost mantle Vs of 4.4–4.6 

km/s, yields a density contrast for the crustal “root” of ~ –0.2 to –0.3 g/cm3.  Using equation 

(3-2) and an average Vs of 3.4–3.6 km/s for the top 10 km of the crust, we obtain an average 

density for the upper crust of 2.7–2.9 g/cm3. For upper crustal layers with Vs > 3.6 km/s, we 

obtain densities > 2.9 g/cm3, which are consistent with the presence of mafic lithologies 

(Christensen and Stanley, 2003). These findings and density estimates can be used to evaluate 

the “dipping-sheet” and “continuous-sheet” models for the BC. 

 

3.4.1 “Dipping-sheet” and “continuous-sheet” models 

As already indicated in the introductory section, the “dipping-sheet” model by Meyer and De 

Beer (1987) has a gap between the eastern and western limbs and no compensation at the 

Moho for the dense upper crustal layers (Figure 3.2a). The findings in this study (i.e., crustal 

thickening in the centre of the BC (up to 45 km), high Vs layers (Vs ≥ 4.0 km/s) in the 

lowermost part of the crust (≥ 40 km), and high upper crustal densities beneath the centre of 

the BC) are not consistent with the features of the “dipping-sheet” model and therefore this 

model is not supported. 

 

In contrast, the “continuous-sheet” model by Webb et al. (2004) (Figure 3.2b) proposes the 

presence of a continuous mafic layer in the upper crust across the geographic centre of the BC 
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connecting the eastern and western limbs of the BC. Moreover, the presence of the mafic layer 

in the upper crust is isostatically compensated by a downwarped Moho which thickens to a 

depth of ~ 50 km in the centre of the BC. In the “continuous-sheet” model, a density contrast 

of 0.3 g/cm3 for each of the upper crust mafic layers is used together with a density contrast of 

–0.3 g/cm3 for the lowermost crust or the so-called crustal “root” (> 38 km depth). 

 

The results in this study show that the crust has a thickness of ~ 45 km beneath the centre of 

the BC (Figure 3.11), consistent with, but somewhat thinner than, the lower crustal structure in 

the Webb et al. (2004) model.  The Webb et al. (2004) model assumes an average density of 

2.9 g/cm3 for the structure above 10 km depth in the centre of the BC, which is equivalent to a 

Vs of 3.65 km/s using the relation in equation (3-2). The Vs models (Figures 10 and 11 in the 

attached paper) for some stations show Vs > 3.65 km/s within upper crustal layers, as noted 

previously, and therefore results in this study  are broadly consistent with the upper crustal 

structure in the Webb et al. (2004) model.  

 

3.4.2 Refinement of the Webb et al. (2004) density model 

Figure 3.12 illustrates a revised version of the gravity model by Webb et al. (2004) which 

allows for a minor adjustment to the thickness of the layers of that model. Similar to the Webb 

et al. (2004), a background density of 2.7 g/cm3 for the bulk crust and the same density 

contrasts for the upper crustal layers were used. Based on the seismic results, we assume a 

density of 3.3–3.4 g/cm3 for the uppermost mantle. For the crustal “root” (> 37.5 km depth), a 

density contrast of –0.2 g/cm3 was used instead of the –0.3 g/cm3 density contrast used by 

Webb et al. (2004). After changing the structure and density of the crustal “root”, we then 

adjusted the thickness of the upper crustal layers to obtain a good fit to the gravity data. 



 91

In the revised density model (Figure 3.12), the mafic layering in the upper crust remains 

continuous across the BC with a maximum thickness of 4–5 km, similar to Webb et al. (2004). 

However, the layers of the Transvaal Sequence and younger sediments in the centre of the BC 

are somewhat thinner than those reported by Webb et al. (2004). This signifies that to 

accommodate the difference in crustal thickness between the Webb et al. (2004) model and the 

seismic results obtained in this study, only minor adjustments are required to the Webb et al. 

(2004) model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12 Revised Webb et al. (2004) density model based on the Vs models for 
the five seismic stations indicated. The densities (inside brackets in the legend) for the 
different crustal layers are taken from Webb et al., 2004. 
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3.4.3 Structural complexity in the upper crust 

Although the seismic models obtained in this study generally concur with the density model by 

Webb et al. (2004), the Vs models for station SA47 (see Figure 11 in the attached paper) 

indicate that there could be considerable structural complexity in the centre of the BC. The 

presence of a uniform mafic layer, as suggested by both the revised (Figure 3.12) and the 

Webb et al. (2004) density model, could be an idealization of the subsurface centre of the BC 

which in reality could be more structurally complex and heterogeneous.    

 

The structural complexity can be demonstrated by carefully examining the receiver functions 

for station SA47, which is located near the centre of the BC (Figure 3.1). The geology 

immediately around station SA47 is shown in Figure 14 (see attached paper). This figure 

shows average Ps conversion points at 5 km depth for the three receiver function stacks for 

SA47 shown in Figure 10 (see attached paper). The Vs profile for SA47 at backazimuth (a) in 

Figure 11 (see attached paper) corresponds to the conversion point at A in Figure 14 (see 

attached paper), and similarly the Vs profiles at backazimuths (b) and (c) correspond to 

conversion points B and C, respectively.   

 

Figure 14 (in the attached paper) shows an overthrust structure just to the south of station 

SA47, resulting in an anticlinal structure with the receiver functions likely sampling different 

lithologies (i.e., granites, sandstones, quartzites) depending on backazimuth and depth. Figure 

3.13 is a conceptual representation of vertical stratigraphy up to 6 km depth based on the 

geology in Figure 14 and the Vs results for SA47 in Figure 11. The positions of the Vs profiles 

at A, B, and C (as shown in Figure 3.13) are based on the assumption that the wavelengths of 

the teleseismic recordings are greater than 5 km or the correlation lengths of the 
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heterogeneities within the crust (i.e., with high velocity fluctuations) for teleseismic 

wavefields (~0.3–3 Hz) are of the order of 2–4 km (e.g. Ritter et al., 1998; Ritter and Rothert, 

2000).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 3.13 Schematic geological cross-sections across 
station SA47 following: a. profile from B to A, b. profile 
SA47 to C, all shown in Figure 14 (see attached paper). 
Geological contacts are shown as dashed lines since they 
are inferred from the modelling results. The same applies to 
fault extensions at depth. 
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The Vs profiles for the positions indicated in Figure 3.13 are < 3 km from the centre (i.e., 

station SA47) and therefore the Vs profiles can be assumed to be reasonably representative of 

subsurface structure at those positions. Figure 3.14 shows the modelling results of the three 

receiver function stacks for SA47 which aim to reveal the effect of upper crustal structure on 

the waveforms.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14 Modelling results of the three receiver function stacks for station SA47. 
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The synthetic receiver functions in the first column of Figure 3.14 were obtained from the joint 

inversion, whereas those in the second and third columns were generated using a code based 

on a reflection matrix method by Kennett (1983). The first column of receiver functions (in 

Figure 3.14) shows the fit between observed and synthetic receiver functions for the models 

obtained from the joint inversion. The first prominent phase after the direct P arrival within the 

first two seconds is labelled P1 and is the primary arrival resulting from upper crustal 

structure. 

 

There is considerable variability in the P1 phase between the three receiver function stacks.  

For stack A, the phase is characterized by a large down-swing with a peak amplitude at 1.8 

sec. For stack B, the phase is characterized by a large down-swing with a peak amplitude at 

1.0 sec and for stack C, the phase is characterized by a small down-swing with a peak 

amplitude around 1.7 sec. The Ps conversion from the Moho is also labelled on each stack.  

 

The second column shows synthetic receiver functions for a velocity model that contains the 

velocity layering in the upper 10 km of the crust from the joint inversion models (shown at far 

left on Figure 3.14), and a half space beneath it with a velocity of 3.6 km/s.  A comparison 

between the synthetic and actual receiver functions illustrates that the P1 phase does indeed 

originate from structure (i.e., thrusted zone) within the top 10 km of the crust. 

 

The third column shows synthetic receiver functions for two velocity models with altered 

upper crustal layering (structure below 10 km is the same as in the joint inversion models). 

The aim of this exercise is to isolate which layers within the top 10 km of the crust influence 

the P1 phase the most. In the first model (dotted line), the low velocity layer in the top 1 km of 
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the model is removed (i.e., the topmost velocity is increased to the velocity in the layer just 

below it). A comparison of the receiver function fits shows that the earlier arriving P1 phase in 

stack B is changed significantly (effectively removed), but the fits for stacks A and C are 

essentially unchanged, indicating that the later arriving P1 phases in those stacks might be 

influenced by deeper structure.  

 

In the second case (gray line), the velocity structure in the top 10 km is set to a uniform 3.4 

km/s, thus removing all of the higher velocity layering in the top 10 km of the crust seen in the 

joint inversion models. Even though the velocity models (gray lines) in the third column have 

been set to a uniform 3.4 km/s in the top 10 km of the crust, the corresponding receiver 

functions are different because of influences from structures below 10 km depth. In this case, 

the P1 phase in stacks A and C is significantly altered, indicating that the higher velocity 

layering between 1 and 10 km depth in the joint inversion model is required to fit the P1 phase.  

  

The modelling exercise above shows that the receiver function stacks from two of the three 

backazimuths (stacks A and C) require higher velocity layers (i.e., Vs of 3.7–3.8 km/s) in the 

upper crust to obtain a good fit, as compared to stack B. These results suggest that the mafic 

layering may be better developed to the east and northeast of station SA47 than to the 

southwest, and hence the upper crustal structure is not as uniform as illustrated by the gravity 

models (Figure 3.12 and Webb et al., 2004). The non-uniformity could potentially be 

characteristic of much of the geographic centre of the BC. The suggestions by Uken and 

Watkeys (1997) indicate there was diapirism and metamorphism across the BC associated with 

its emplacement. Most probably, this non-uniformity as suggested in this study could primarily 

be linked with the diapirism and metamorphism as postulated by Uken and Watkeys (1997).  
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Figure 3.1 shows the position of some of the domes associated with the diapirism triggered by 

high thermal gradients at the base of the BC. Uken and Watkeys (1997) suggested that the 

domes were produced by gravitational loading and heating of the sedimentary rocks of the 

Transvaal Supergroup below the floor of the BC. For areas where temperatures were above 

550°C, these floor rocks became unstable and diapirically rose into the overlying units of the 

RLS. Although the domes are best exposed towards the margins of the BC, as shown in Figure 

1, the diapirism of floor rocks into the overlying RLS could be widespread across the centre of 

the BC, assuming that diapirism was generally driven by thermal destabilization of low density 

rocks of the Transvaal Sequence (Uken and Watkeys, 1997).  

 

An additional factor that could have potentially created non-uniformity across the BC could be 

attributed to the ~2040 Ma orogenic event corroborated by field, petrographic, and 40Ar/39Ar 

data presented by Alexandre et al. (2006, 2007). The folding, thrusting, and lower greenschist-

facies metamorphism of this orogenic event are best observed in the broad area between 

Pretoria, the village of Magaliesburg, and the Cradle of Humankind (cf. Andreoli, 1988 a, b). 

Further evidence of this event, tentatively linked to coeval reactivation of the Central Zone in 

the Limpopo Belt, was also identified in the Malip River – Pilgrim’s Rest areas, close to the 

NE and E margin of the BC, respectively (cf. Alexandre et al., 2006; Harley and Charlesworth, 

1994).   

 

3.5 Conclusion 

The 1-D shear wave velocity models in this study obtained by jointly inverting high-frequency 

receiver functions (f ≤ 1.25 Hz) and Rayleigh wave group velocities (in the period of 2–60 sec) 

for 16 broadband seismic stations spanning the BC, indicate the following: 
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1. The crust beneath the centre of the BC is ~45 km thick and could have probably 

thickened by ~ 5–8 km when compared with the cratonic regions adjacent to the BC. 

2. Shear wave velocities of 4.0 km/s or higher are found in a substantial portion of the 

lower crust (below 30 km depth) beneath the BC. These velocities are indicative of a 

lower crust that is highly mafic. 

3. There could be mafic lithologies in the across the upper crustal structure of the BC 

with shear wave velocities ≥ 3.7 km/s. 

 These results favour a “continuous-sheet” as opposed to a “dipping-sheet” model for the BC, 

in which the mafic layers are continuous at depth beneath the centre of the complex. However, 

detailed modelling of receiver functions at one locality within the centre of the complex 

indicates that the mafic layering may be locally disrupted by diapirism and metamorphism. 

Therefore, the layering of the upper crustal structure in the centre of the BC is more complex 

than that predicted by both the seismic model in this study and the “continuous-sheet” model. 

The inhomogeneity and complexity of the upper crust may be the result of thermal diapirism, 

triggered by the emplacement of the BC at ~2060 Ma, or thermal and tectonic reactivation 

produced by a ~2040 Ma intraplate event. 
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Chapter 4  

Shear wave velocity constraints on the source of 
the Beattie Magnetic Anomaly 
 
Abstract 

The variability of the crustal structure beneath the Beattie Magnetic Anomaly (BMA) is 

investigated by jointly inverting high-frequency teleseismic receiver functions and 10–105 sec 

Rayleigh wave group velocities for three broadband seismic stations located in the Namaqua-

Natal Belt (NNB). The 1-D shear wave velocity models obtained from the joint inversions show 

upper and middle crustal layering around the northern branch of the BMA to have average 

velocities ≥ 3.5 km/s at depths of ~5–20 km. These estimates place a constraint on the source 

of the BMA.  The 1-D Vs models further show that high velocity layers (≥ 4.0 km/s) occupy a 

significant portion of the lower crust and that the crust is on average thicker than 40 km. 

These results from the 1-D Vs models are consistent with the findings made by previous 

studies.  

 

The Vs models for the three stations along the northern axis of the BMA show velocities 

approaching 4.0 km/s around depths of 10 km. This implies that the BMA body (or its crustal 

host) becomes mafic in composition around those depths. However, the velocities fluctuate 

below 10 km depth (i.e., low-to-high or high-low-high), suggesting that the 10 km depth marks 

either the base of the BMA body (or its crustal host) or a change in its composition. Estimates 

of physical properties (i.e., Vp, Vs, Poisson’s ratio, density, and resistivity) favour massive 

sulphide ore bodies and/or mineralized granulite-facies mid-crustal rocks and/or mineralized 

Proterozoic anorthosites as plausible models of the BMA source. However, the plausibility of 
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the massive sulphide model critically depends either on the level of concentration of sulphide 

minerals within the ore bodies or the degree of metasomatism (on the ore bodies) that could 

have occurred during the final stages of the NNB evolution. The magnetic mineralization in 

the anorthosites and/or granulites could either be in the form of iron sulphides (pyrite) and/or 

iron and titanium oxides such as magnetite, ilmenite, hematite, or crystallographic 

combinations of hematite and ilmenite. 

 

4.1 Introduction 

The Beattie Magnetic Anomaly (BMA) and the Southern Cape Conductive Belt (SCCB) 

(Figures 4.1, 4.2 and 4.3) are coincident, ~1000-km long geophysical anomalies in the 

Namaqua-Natal Belt (NNB) and Cape Fold Belt (CFB) of South Africa (e.g., De Beer et al., 

1982; Corner, 1989; Weckmann et al., 2007a,b). The BMA straddles both the Namaqua and 

Natal sectors of the NNB, lies along the axis of the SCCB, and bifurcates into a northern and 

southern branch towards its westward extension. The NNB is also host to a number of other 

prominent magnetic anomalies such as the Williston and Mbashe anomalies (e.g., Thomas et 

al., 1992) (see Figure 4.2b) which are parallel but shorter than the BMA. The crustal source of 

these magnetic anomalies and the SCCB is still a matter of ongoing investigation. In the last 

decade a substantial amount of work has been done by the Inkaba yeAfrica research initiative 

to advance the understanding of the BMA source (de Wit and Horsfield, 2006). 

 

The BMA was first discovered by Beattie (1909). Since then many geophysical models of the 

crustal source have been proposed: a suture zone consisting of serpentinised mafic and 

ultramafic rocks in the deeper parts of the crust (e.g. Burke, 1977; De Beer et al., 1982; Pitts et 

al., 1992; Hälbich, 1993; Harvey et al., 2001); magnetite enrichment of the NNB granite-
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gneiss lithologies through low-angle thrust faults (Corner, 1989); graphite enriched crustal-

scale shear zones (Weckmann et al., 2007a,b); high velocity bodies at crustal depths 

(Stankiewicz et al., 2007, 2008); granulite-facies mid-crustal rocks within the NNB (Quesnel 

et al., 2009); massive to disseminated, deformed and metamorphosed stratiform magnetite-

sulphide ore bodies flanked by smaller stratiform ore bodies (Lindeque and de Wit, 2009; 

Lindeque et al., 2011); mineralized fault and joint planes in the granite-gneiss basement of the 

Bushmanland Terrane in the NNB (Loots, 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Map showing features of the main Karoo Basin (Karoo Igneous Province) 
with respect to the tectonic regimes delineated by the dark solid lines: KC – Kaapvaal 
Craton, NNB – Namaqua-Natal Belt, and CFB – Cape Fold Belt. The outline of the Karoo 
Igneous Province is based on Duncan and Marsh (2006). The approximate positions of the 
BMA and SCCB are also shown. The map has been reproduced from the 1:1 000 000 
geology map of South Africa. The solid gray polygons approximately show outlines of the 
exposed rocks of the NNB in the Namaqua and Natal sectors.  
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Figure 4.2 (a). Map showing simplified geology around the three stations in the NNB (map has been 
modified from the 1:250 000 geology map of South Africa). Superimposed on the map are the BMA 
maximum axes (solid curves) and the SCCB (dashed curves). The locations of the BMA and SCCB follow 
that of other studies (e.g. Lindeque et al., 2007). The solid black, gray and white lines roughly mark the 
study profiles by Weckmann et al. (2007a), Stankiewicz et al. (2007, 2008) and Lindeque et al. (2007, 
2011), respectively. The solid black rectangle approximately encloses the study area of Quesnel et al. 
(2009). The solid squares represent boreholes. CQT – Cenozoic, Quarternary and Tertiary; Grp – Group; 
Fm – Formation (b). Total free air aeromagnetic field map of South Africa [reproduced from the 
1:1,000,000 (CGS, 2000)] showing an overview of the study area (enclosed in black solid square). The 
SCCB is shown as dashed black curves and the solid white curves show approximately the location of 
some of the magnetic anomalies within the NNB (the BMA being the longest). Superimposed on the 
regional aeromagnetic map are major tectonic terrains. The dashed white line between the points A and B 
marks the reflection seismic line by Loots (2012). The location of this study is marked by the dark solid 
square and the dark solid lines delineates the tectonic regimes: OT – Okwa Terrain, LB – Limpopo Belt, 
KC – Kaapvaal Craton, NNB – Namaqua-Natal Belt, and CFB – Cape Fold Belt. 
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In this study, high-frequency (f ≤ 1.25 Hz) teleseismic receiver functions are jointly inverted 

with Rayleigh wave group velocities in the period of 10–60 sec for three broadband seismic 

stations located along the northern branch of the BMA. The purpose of this study is to use the 

1-D shear wave velocity models from the joint inversions to place shear wave velocity 

constraints on the source of the BMA and to evaluate the geophysical models described above. 

In the next sections of this study, the background geology and past studies of the BMA are 

described, followed by a description of the data, methodology, and results and a discussion on 

the possible sources of the BMA.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 (a). Aeromagnetic (unfiltered) and (b). Bouguer gravity anomaly maps 
representing the geophysical versions of the geological structure shown in Figure 4.2a. The 
aeromagnetic and gravity maps have been reproduced from CGS (2000) and Venter et al. 
(1999), respectively. The BMA axes are shown as black solid lines. 
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4.2 Background 

4.2.1 The geology around the BMA 

The main Karoo Basin is well preserved above parts of the NNB and also covers parts of the 

Kaapvaal Craton (KC) (Figure 4.1). The Mesozoic rocks of the Karoo Basin (e.g. Dwyka, 

Ecca, Beaufort Groups) make up the upper sedimentary layer covering much of the NNB and 

overlies the Cape Supergroup (e.g. Johnson et al., 2006; Lindeque et al., 2011, Loots, 2012). 

Figure 4.2a shows a close-up view of the surface geology (in Figure 4.1) around the three 

broadband seismic stations used in this study. The Beaufort Group consists of sedimentary 

formations such as the Abrahamskraal and Teekloof Formations (Figure 4.2a). The Karoo 

sediments are intruded by the mid-Jurassic Karoo dolerites. The Cape Supergroup (500 – 330 

Ma) crops out at the southern rim of the NNB and consists of clastic sediments and quartzites 

(e.g. Thamm and Johnson, 2006). The Cape Supergroup, together with the overlying Dwyka 

and Beaufort Groups at the southern rim of the NNB, were deformed in an orogenic event 

related to the formation of the Cape Fold Belt (CFB)  about 250 Ma ago (e.g. Hälbich 1993; 

Newton et al., 2006). According to seismic reflection studies (e.g. Lindeque et al., 2011, Loots, 

2012), the rocks of the NNB (e.g. Bushmanland Terrane, Margate Terrane), which crop out on 

the westernmost (Namaqua sector) and easternmost (Natal sector) parts of the NNB (see 

Figure 4.1) most likely continue beneath the younger cover rocks and constitute the 

Proterozoic mid-crustal fabric below the Cape Supergroup. 

 

4.2.2 Geophysical models 

A number of geophysical models from previous studies provide a range of interpretations for 

the crustal source of the BMA. A summary of the results and interpretations of the BMA 

source from past studies is provided in Table 4.1. 
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 Table 4.1 Overview of geophysical and seismic results of the BMA from some of the 
past and recent studies 

 
Results Burke, 1977; 

De Beer et 
al., 1982; 

Pitts et al., 
1992; 

Hälbich et 
al., 1993; 
Harvey et 
al., 2001 

Corner, 
1989 

Weckmann 
et al., 

2007a,b 

Stankiewicz 
et al., 2007, 

2008 

Quesnel 
et al., 
2009 

Lindeque 
and de Wit, 

2009; 
Lindeque 

et al., 2007, 
2011 

Loots, 
2012 

Vp and Vs 
(km/s) 

   6.6–7.0 (Vp) 
3.8–4.0 (Vs) 

   

Depth extent 
of BMA (km) 

8–18 and 
possibly 
reaching 

lower crustal 
depths of 30 

km 

Mid-
crustal 
depths 

5–10 and 
possibly 
reaching 

lower 
crustal 

depths of 30 
km  

8–15  10–20  7–15  5–10  

Width of the 
BMA from 

north to south 
(km)  

20–50   ~100–150  ~ 20–70  80 ≥ 15 > 10  

Magnetic field  
anomaly (nT) 

200–300    200–300    200–300    

Resistivity 
(Ωm) 

  ≤ 2 
(conductive 
anomalies)  

    

Density 
contrast 
(g/cm3) 

0.2 - - - - - - 

Rock type 
and/or 

mineralization  
associated with 

the BMA  

Serpentinized 
ultramafics 

Magnetite 
enriched 
granite-
gneiss 
rocks 

Graphite 
enriched 

shear zones 

- Granulite-
facies 
mid-

crustal 
rocks 

Stratabound 
massive 
sulphide-
magnetite 
deposits 

Mineralized 
faults and 

joints in the 
granite-
gneiss 

basement  
 

An integrated database of geophysical investigations up to 1993, led some studies to conclude 

that the BMA source are several south-dipping mafic-ultramafic slabs of ophiolites (oceanic 

crust) with 15 to 20% serpentinization (e.g. De Beer et al. 1982; Hälbich, 1993, Pitts et al. 

1992). These slabs were estimated to be at a depth of 30 km and to be 20–50 km wide. They 

were further interpreted to be representative of a tectonic boundary between the NNB terrains 
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and the younger Pan-African belt to the south. The results of the receiver function modelling 

by Harvey et al. (2001) suggested intracrustal discontinuities at depths of approximately 8 and 

18 km. Harvey et al. (2001) interpreted these discontinuities to be the upper and lower bounds 

of the BMA and interpreted the BMA source to be a ~10 km thick block of Mesoproterozoic 

mafic-ultramafic rocks.  

 

Corner (1989) interpreted magnetic data and suggested that the BMA source is magnetite 

mineralization at mid-crustal depths within the granite-gneiss basement of the NNB and he 

further postulated that the BMA was connected to the Grenville-age magnetic anomalies in the 

western Dronning Maud Land in Antarctica prior to the break-up of Gondwana. Based on 

conductivity studies, Weckmann et al. (2007a,b) rejected both the obducted ophiolite model 

proposed by Pitts et al. (1992) and the magnetite enriched granite-gneiss model proposed by 

Corner (1989), and instead proposed that the BMA results from graphite-enriched shear zones 

spread across the NNB. Conductivity studies by Weckmann et al. (2007a,b) infer the BMA 

source to be coincident with conductivity anomalies at depths of ~5–10 km, which extend to 

mid-to-lower crustal depths. The magnetic modelling component by Weckmann et al. (2007b) 

suggests the BMA source to be 100–150 km wide, but this contradicts the narrow sized (1–2 

km) conductivity anomalies required by the conductivity modelling. 

 

The seismic refraction model by Stankiewicz et al. (2007, 2008) reveals a high-velocity body 

at depths of ~7–15 km with P-wave velocities of ~6.5–7.0 km/s. Stankiewicz et al. (2007, 

2008) correlate the high velocity body with a high resistivity zone flanked by two magnetic 

bodies on the model produced by Weckmann et al. (2007b). This combination of features is 

required to produce the magnetic response of the BMA at its maxima between 200–300 nT. 



 114

Quesnel et al. (2009) confirmed that the 200–300 nT BMA could be produced by a double-

prism with a combined width of 80 km and 10–20 km deep. Comparison of the Quesnel et al. 

(2009)  double-prism magnetic model and the refraction tomographic model of Stankiewicz et 

al. (2007, 2008) suggests that the northern prism coincides with high P-wave velocities (6.5–

7.0 km/s) and the southern prism partially coincides with low P-wave velocities (~5.5–6.5 

km/s).  

 

Seismic reflection studies (Lindeque and de Wit, 2009; Lindeque et al., 2007, 2011) infer the 

BMA source to be a zone of strongly reflective anomalies at depths of ~7–15 km with a total 

width around 15–19 km. The model by Lindeque et al. (2007, 2011) contradicts the 

serpentinized ophiolitic model as the reflectivity patterns suggest the BMA source is confined 

to the NNB mid-crust and does not show a deeper extension below the mid-crustal region of 

the NNB. Lindeque et al. (2011) interprets the BMA source to be interspersed within the NNB 

mid-crustal layer and attributes it to massive to disseminated, deformed/metamorphosed 

stratiform sulphide-magnetite ore bodies. Another seismic reflection study by Loots (2012) 

infers the BMA source to be at depths of ~5–10 km, which is consistent with Lindeque et al. 

(2007, 2011). The model by Loots (2012) attributes the BMA source to be part of the NNB 

mid-crustal layer and due to mineralized faults and joints within the granite-gneiss basement. 

 

4.2.3 The magnetic and gravity anomaly around the BMA  

The regional field magnetic anomaly in Figure 4.3a was acquired at an elevation of 100 m with 

a magnetic gridding interval of 250 m (CGS, 2000). It is diurnally-corrected and a constant 

taken off. The rocks comprising the continental crust frequently contain magnetic minerals that 

give rise to induced and magnetic anomalies (e.g. Hunt et al., 1995; McEnroe et al., 2009b). It 
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is assumed that the magnetic field in Figure 4.3a has a component of natural remanent 

magnetization (NRM) that is greater than induced magnetization (χHe) because crustal 

magnetic anomalies similar to the BMA are usually produced by igneous and metamorphic 

complexes and show greater remanent magnetization largely due to the prevalence of solid 

solutions of iron oxides such as magnetite, ilmenite, and hematite (e.g. Brown and McEnroe, 

2008; McEnroe et al., 2009a, b). In such cases, the Koenigsberger ratio (i.e., Qn) is greater than 

0.5. This ratio is a dimensionless parameter defined as:   

H
Q

e
n

NRM
χ=    (4-1) 

where the index n is the nth layer of the Earth,  χ is the magnetic susceptibility and He is the 

local geomagnetic or Earth’s magnetic field. The relatively high Bouguer gravity anomaly 

signature enveloping the area around station SA07 (between -72 and -32 mGal) is in contrast 

to the relatively low Bouguer gravity anomaly signature (between -113 and -72 mGal) 

enveloping the areas around SUR and SA05 (i.e., around the BMA axes) (see Figure 4.3b) and 

these differences in gravity anomaly generally suggest compositional differences at depth. The 

Bouguer gravity anomaly around the BMA axis (i.e., around SUR and SA05) is consistent 

with that estimated by previous studies of Hälbich et al. (1993) who reported the Bouguer 

gravity to be between -100 and -90 mGal across the BMA. Preliminary Bouguer gravity 

models by Scheiber-Enslin et al. (2012) shows a Bouguer gravity anomaly within the range of 

-110 to -70 mGal across the BMA. 

 

4.3 Data processing and methodology  

4.3.1 Data   

Seismograms recorded by three stations located along the northern branch of the BMA axis 

were used for this study (Figure 4.2a). A total of 37 teleseismic earthquakes recorded by the 



 116

Southern African Seismic Experiment (SASE) network, taken from the original database by 

Kgaswane et al. (2009), were used to compute high-frequency (f ≤ 1.25 Hz) receiver functions. 

The list of teleseismic earthquakes recorded by the three stations are included in Appendix A. 

 

4.3.2 Receiver functions 

Receiver functions were computed using the iterative time-domain deconvolution method of 

Ligorría and Ammon (1999). For each teleseismic event, receiver functions were computed at 

a frequency band of f ≤ 1.25 Hz (Gaussian bandwidth of 2.5 s) with a maximum number of 

200 iterations. The receiver functions were then binned in ray-parameter groups from 0.04 to 

0.049 s/km, 0.05 to 0.059 s/km, and 0.06 to 0.079 s/km for each station.  

 

The purpose of grouping the receiver functions according to ray-parameter bins is to account 

for the phase move out due to varying incidence angles (Cassidy, 1992; Gurrola and Minster, 

1998). The receiver functions were then stacked in bins according to ray-parameter and 

backazimuth. In this study, high-frequency (f ≤ 1.25 Hz) receiver functions at different 

backazimuths for each station were used in the joint inversion procedure in order to image 

small-scale velocity variations in the upper crust. This approach is identical to Kgaswane et al. 

(2012) for the study of the Bushveld Complex (see section 3.2.2 and attached paper). 

Subsequently, both low- and high-frequency receiver functions were included in the joint 

inversion procedure to verify the reliability of Moho depths estimated using only high-

frequency receiver functions. Figure 4.4 shows examples of receiver functions for two stations, 

illustrating the quality of the data. 
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4.3.3 Joint inversion method 

The joint inversion approach assumes that the data sets being inverted sample the same part of 

the Earth structure (Julià et al., 2000). Its advantage lies in providing a model that is consistent 

with both data sets, benefiting from the ability of the receiver function method to detect 

Figure 4.4 Receiver functions at stations SUR and SA07 (columns A and B, 
respectively). (i). Individual receiver functions for each station. The dashed gray lines 
show the theoretical arrival time of the Moho converted phase (Ps). The theoretical 
arrival times were computed using the joint inversion code assuming the PREM model 
and an average crustal thickness of ~42 km. (ii).  Stacked receiver functions grouped 
according to ray parameter bins and backazimuth. The gray shading around the 
observed receiver functions shows 1σ error bounds. 
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relatively abrupt changes in seismic velocity at sub-horizontal boundaries, and the ability of 

the Rayleigh waves to measure variations in the average seismic velocity with depth (Julià et 

al., 2000, 2003). 

 

In this study, the joint inversion algorithm has been used to simultaneously invert high-

frequency receiver functions and Rayleigh wave group velocities for periods of 10–105 sec to 

obtain 1-D Vs models for the three stations straddling the BMA. The joint inversion algorithm 

used in this study is based on the method developed by Julià et al. (2000, 2003) and a detailed 

description of this method is already provided in section 2.4.2.2 and in two of the attached 

papers. Rayleigh wave group velocity curves used in this study were taken from recently 

available Rayleigh wave group velocity tomographic model for the southern and central 

African region (Raveloson et al., 2012). For each inversion, the influence factor was set to 0.5. 

A smoothness parameter of 0.1 was used for stations SA05 and SA07, while a smoothness 

parameter of 0.2 was used for station SUR.  

 

An influence factor of 0.5 equalizes the contribution of the combined misfit from each dataset, 

and using the smallest possible smoothness parameter results in rougher velocity profiles but 

with higher resolution. Figure 4.5 shows trade-off curves of (a) waveform misfit versus model 

roughness and (b) waveform misfit versus model smoothness (i.e. 1/model roughness) for the 

three stations.  
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Figure 4.5 Plots of waveform misfit as a function of model 
roughness and model smoothness (a and b, respectively) for 
stations SA05, SA07, and SUR. A single high-frequency receiver 
function stack in each station has been used for the plots. 
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Figure 4.5b clearly shows that the chosen smoothness parameters (as indicated above) for the 

three stations correspond to small waveform misfits and therefore their use in constraining the 

observations is justified. The starting model used for the inversions is the PREM model 

(Dziewonski and Anderson, 1981), which was modified for continental structure above 60.5 

km depth and further modified for the upper crust above 10 km depth (see Figure 4.6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Diagram for station SUR illustrating the improved fit to the receiver functions by using 
1 km thick layers (column 1 in row A) in the top 10 km of the model versus 2 km thick layers (column 2 
in row B).  The Ps conversion from the Moho is denoted as “Ps”, and the light gray shading around the 
observed receiver function shows 1σ error bounds. Column 1 shows the starting model and the inversion 
results, column 2 shows the fitting of the observed and predicted receiver functions and inset diagrams 
are the group velocity vs. period curves, and column 3 shows the magnification of the fits in the 0–5 sec 
domain enclosed by the dashed circles in column 2. 
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This choice reflects the decrease of resolution with depth in the joint inversion models. The 

model parameterization consisted of 1-km thick layers to a depth of 10 km, 2.5-km thick layers 

between depths of 10 to 47.5 km, 5-km thick layers between 47.5 and 242.5 km depth, and 17 

to 40-km thick layers below 242.5 km depth. The resolution of the layer thicknesses (Figure 

4.6) used in the upper 10 km of the starting model can be demonstrated by comparing two 

models, one with 1 km thick layers (Figure 4.6a) and the other with 2 km thick layers (Figure 

4.6b). Apart from the layer thicknesses, the starting models were identical. The same velocities 

and densities in each layer were used in both models.  

 

The results in Figure 4.6a shows that the model with 1 km thick layers produces a better fit to 

the observed receiver functions within the 2–5 sec window (dashed circles). There is little 

difference in the fit of the group velocity dispersion curves (inset diagrams) in column 2 of 

Figure 4.6. Therefore, the starting model as used for the joint inversions is appropriate. 

However, it should be noted that the Vs models for the upper 10 km of the crust are not as well 

resolved as those obtained for the Bushveld Complex (see Chapter 3) by Kgaswane et al. 

(2012), simply because there are no group velocity observations at periods shorter than 10 sec 

(corresponding to depths shallower than approximately 10 km). Therefore it can be assumed in 

this case that the constraints on the velocity structure in the upper 10 km crust are mostly due 

to the receiver functions. 

 

The choice of 1 km thick layers in the upper 10 km crust is further justified by interpretations 

of geology (e.g. Johnson et al., 2006) and the reflection seismic profiles (e.g. Lindeque et al., 

2007, 2011; Loots, 2012) which indicate that the major layers of the Karoo Supergroup (e.g. 

Ecca, Beaufort) have thicknesses ≥ 1 km in the vicinity of the three seismic stations used in 
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this study. The Dwyka Group at the base of the Karoo Supergroup is less than 1 km thick, and 

therefore cannot be resolved in this study. The Cape Supergroup has composite layering with a 

total thickness of ±1.5 km in the vicinity of the three stations and gets progressively thicker 

southward towards the CFB.   

 

The uncertainties in the 1-D Vs models can be determined by following an approach proposed 

by Julià et al. (2005), whereby inversions are repeated, each time varying the weighting 

parameters, constraints, and Poisson’s ratio. By repeating the inversions for many 

combinations of model parameters and data, we obtain uncertainties of 0.1–0.2 km/s for the 

velocities in each layer, which translates into uncertainties of ~2–3 km in the depth of 

intracrustal boundaries, and uncertainties of no more than 5 km in Moho depth. 

 

4.4 Results 

The joint inversion results were generated using Rayleigh wave group velocity curves in the 

period range of 10–105 sec. The 10–60 sec region of the group velocity dispersions are most 

relevant for the crust and therefore the results shown in Figures 4.7a and b have only displayed 

the group velocity dispersions up to 60 sec. 

 

4.4.1 Upper crust 

Figures 4.7a and b show the full joint inversion results for the three stations in the NNB 

(SA07, SUR, SA05). Figure 4.7a shows joint inversion results involving only high-frequency 

receiver functions at discrete backazimuths whereas Figure 4.7b shows joint inversion results 

involving combined low- and high-frequency receiver functions. The purpose of using only 

high-frequency receiver functions (as indicated in Figure 4.7a) is to constrain small-scale 
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velocity variations and to observe the magnitude of these velocity variations with varying 

azimuth. Table 4.2 provides a summary of the shear wave velocities and other crustal 

parameters for the three stations. The symbols a, b, c, and d in rows (i) of Figures 4.7a denote 

average backazimuths for the different backazimuth bins indicated above the receiver 

functions in row (ii) of both figures. The average backazimuths for each of the stations are also 

indicated in Table 4.2. 

 

Overall, the results in Table 4.2 indicate average Vs of 2.9–3.6 km/s in the depth interval of 1–

5 km beneath the three stations, with the Vs profiles for both SUR and SA05 indicating faster 

velocities at certain backazimuths. In contrast, at depths of 5–10 km the Vs profiles for all 

three stations tend to show average velocities ≥ 3.5 km/s. The depth of 5 km was selected 

because it more or less represents a mid-point within the upper crust and it is also the 

approximate base of the supracrustal sediments. Therefore, it was selected to see if there is a 

contrast in the average Vs between layers in the 1–5 km depth range and those in the 5–10 km 

depth range for each of the three stations. At all three stations high velocity layering (≥ 3.5 

km/s) starts around 5 km depth and velocities in the range 3.5–4.0 km/s continue between 

depths of ~10–20 km (see Figure 4.7a). However, as already indicated in section 4.3.3, there 

could be an uncertainty of ±2 km associated with the depths as indicated above. The upper 

crustal variability (shown in both Figure 4.7 and Table 4.2) is further examined in detail in 

section 4.5.  

 

4.4.2 Lower crust 

All three stations show a predominantly high-velocity lower crust (Vs ≥ 4.0 km/s) below 20 

km depth (see Figure 4.7a and Table 4.2). The high velocity layers (≥ 4.0 km/s) occupy a 
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substantial part of the lower crust, with thicknesses well over 10 km. The crustal thickness 

beneath each station was determined by picking the Moho at the depth where Vs exceeds 4.3 

km/s (e.g. Christensen and Mooney, 1995; Christensen, 1996; Kgaswane et al., 2009). Vs 

profiles for a few backazimuths at stations SUR and SA05 show two Moho depths where there 

is an increase in shear wave velocity above 4.3 km/s, with a region of velocity less than 4.3 

km/s in between. This high-low-high velocity structure for these few stations is indicated in 

Figure 4.7a by showing the first increase in velocity above 4.3 km/s with a dotted line and the 

second increase with a solid line. Stations or backazimuths with two Moho depths have been 

excluded from the interpretation of crustal thickness. 

 

To test whether the use of high-frequency receiver functions  produced a reasonable estimate 

of the crustal thicknesses (shown in second column of Tables 4.3 and Figure 4.7a), shear wave 

velocity models were estimated for the same stations with both the low- and high-frequency 

receiver functions included in the joint inversion (see Figure 4.7b). The results of these 

estimates are shown in the third column of Table 4.3. Low-frequency receiver functions have 

longer wavelengths and therefore their inclusion in the inversion allows for a better estimate of 

the average background velocity of the underlying structure (e.g. Julià, 2007). The Moho 

estimates for stations SA05 and SUR show that there is a difference (> 3 km) between those of 

Kgaswane et al. (2009) and the rest (see Table 4.3). The reason for this disparity, which is 

significant for SA05 (> 10 km), is primarily due to the fact that the Rayleigh wave group 

velocity dispersions used by Kgaswane et al. (2009) were not as well resolved as the ones used 

in this study. 
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Figure 4.7a Joint inversion results involving only high-frequency receiver functions at discrete backazimuths for each of the three stations used 
in the study. (i). Shear wave velocity profiles obtained from the joint inversion. The dotted, dashed and solid horizontal lines across the three 
stations mark 5, 10 and 20 km depths, respectively. Lower crustal depths with Vs ≥ 4.0 km/s are shaded and vertical reference lines at 3.5 km/s 
(gray solid), 4.0 km/s (solid), 4.3 km/s (dotted), and 4.5 km/s (dashed) are shown in each profile. Stations without shading show two Moho depths 
and indicate two increases above 4.3 km/s on the Vs profiles. (ii). Observed (black curves) and predicted (light-gray curves) high-frequency 
receiver functions with 1σ error bounds shown with gray shading around the observed receiver functions. The backazimuths of the receiver 
functions within each stack are shown on top. (iii).  Observed (black curves) and predicted (gray curves) group velocities. 
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Figure 4.7b Joint inversion results involving both low- and high-frequency receiver functions at an 
average backazimuth for each of the three stations in Figure 4.6a. The symbols lf1,…,lfn and hf1,…,hfn 
shown in (ii)  denote low- and high-frequency receiver functions stacked according to ray-parameter, 
respectively.  
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Table 4.2 Summary of crustal parameters shown in Figures 4.7a 

N.B. Instances with two values in the crustal thickness column indicate two increases above 4.3 km/s on 

the Vs profiles.. 

 
 
 

Table 4.3 Comparison of crustal thicknesses with other studies 

N.B. RF’s denote receiver functions 

 

Station Back- 
azimuth 
(deg) 

Vs 
(1 – 5 km 
depth) ± 
Std. 
deviation 
(km/s) 

Vs 
(5 – 10  
km  
depth)  
± Std. 
deviation
(km/s) 

Vs 
(10 – 20  
km  
depth)  
± Std. 
deviation 
(km/s) 

Vs  
below 
20 km 
depth ± 
Std. 
deviation 
(km/s) 

Crustal 
thickness 

(km) 

Thickness 
of layers 
with 
Vs ≥ 4.0 
km/s 
(km) 

Average 
Vs below 
20 km  
depth 
± Std. 
deviation 
(km/s) 

Average 
Vs below 
30 km  
depth 
± Std. 
deviation 
(km/s) 

Average 
Crustal 
thickness 
(km) 

Average 
thickness 
of layers in  
the lower  
crust with  
Vs ≥ 4.0  
km/s (km) 

SA07 35.3° 3.1 ± 0.6 3.8 ± 0.2 3.6 ± 0.2 4.0 ± 0.1 37.5      18 4.1 ± 0.1 4.1 ± 0.2 42.5 21 

244.2° 3.2 ± 0.1 3.7 ± 0.2 3.5 ± 0.1 4.1 ± 0.1 47.5      23 

SUR 42.5° 3.2 ± 0.5 3.8 ± 0.1 3.6 ± 0.2 4.1 ± 0.1 42.5      25 4.1 ± 0.1 

 

4.1 ± 0.1 41.7 24 

79.1° 3.5 ± 0.2 3.7 ± 0.1 3.5 ± 0.2 4.1 ± 0.1 40.0      23 

242.9° 3.3 ± 0.3 3.8 ± 0.1 3.5 ± 0.2 – 40.0(47.5)       – 

21.8° 3.0 ± 0.6 3.9 ± 0.2 3.7 ± 0.2 4.1 ± 0.1 42.5      25 

SA05 256.5° 3.6 ± 0.2 3.6 ± 0.2 3.8 ± 0.0 – 30.0(45.0)       – 4.1 ± 0.1 4.1 ± 0.1 42.5 23 

243.2° 3.1 ± 0.2 3.7 ± 0.1 3.9 ± 0.1 – 27.5(45.0)       – 

254.4° 2.9 ± 0.2 3.5 ± 0.2 4.0 ± 0.1 – 27.5(42.5)       – 

250.6° 3.5 ± 0.4 3.6 ± 0.2 3.7 ± 0.1 4.1 ± 0.1 42.5      23 

Station Average 
crustal 

thickness 
from 

this study 
using only 

high-
frequency 

RF’s 
(km) 

 

Crustal 
thicknesses  
from low- 
and high-
frequency 
RF’s (km) 

Harvey et 
al. (2001) 

(km) 

Nguuri et 
al. (2001, 

2004) (km) 

Nair et al. 
(2006) 
(km) 

Kgaswane 
et al. (2009) 

(km) 

SA07 42.5 47.5 41 – 46  42.8 46.2 – 
SUR 43.1 42.5 42 – 46 38.8 49.2 35.5 
SA05 42.5 42.5 40 – 45 40.1 44.1 25.5 



 128

Otherwise, for the rest of the Moho estimates, Table 4.3 shows that there are minor or 

insignificant Moho differences (< 5 km) between this study and those of other studies by 

Harvey et al. (2001), Nguuri et al. (2001), and Nair et al. (2006). Furthermore, Table 4.3 

shows that there are insignificant differences in Moho estimates obtained by using only high-

frequency receiver functions and using both low- and high-frequency receiver functions in the 

joint inversion procedure. The shear wave velocities for the uppermost mantle region i.e., 

Moho–60 km depth (Figures 4.7a and b), are between 4.5 – 4.7 km/s and this is consistent with 

the findings indicated in Chapter 2 and findings from a recent study (Adams and Nyblade, 

2011).  

 

4.5 Discussion and interpretation 

The main findings of this study are:  

a) high Vs crustal layers between 3.5–4.0 km/s in the 5–10 km depth range at all 

backazimuths across all the three stations along the northern axis of the BMA (Table 

4.2 and Figure 4.7a),  

b) crustal layers with Vs fluctuating between 3.5 and 4.0 km/s (i.e., low-to-high or high-

low-high) within depths of ~10–20 km (Figure 4.7a), and 

c) high velocity layers (≥ 4.0 km/s) beneath the stations occupying a substantial portion 

of the lower crust (below 20–30 km depths) and a crust with an average thickness 

greater than 40 km (Table 4.2 and Figure 4.7a). 

The high velocity zones within 5–10 km depths appear quite prominently beneath SUR and 

SA05 and are indicative of anomalous crust and the presence of mafic lithologies. A typical 

upper crust in normal tectonic settings will show velocities of ~3.5 km/s at similar depths and 

therefore the high-velocity zones beneath the three stations could be delineating a BMA source 



 129

body. The velocities tend to approach 4.0 km/s around depths of 10 km for all three stations 

and this could mean that the BMA body (or its crustal host) becomes more mafic in 

composition at depths around 10 km. The velocities tend to show some fluctuation (i.e., low-

to-high or high-low-high) below 10 km depth and therefore, this depth could be the base of the 

BMA body (or its crustal host) or marks a compositional transition. The BMA body (or its 

crustal host) might continue in another compositional form between depths of 10–20 km. The 

crust beneath the three stations is on average thicker than 40 km, and, similar to the Bushveld 

Complex, it is possible that the presence of mafic bodies (including the BMA) in the upper and 

middle crustal parts of the NNB are isostatically compensated by a thick crust. Perhaps this is 

more so around SA07 than the other two stations.    

 

The receiver functions for each of the stations SA07, SUR, and SA05 (shown in Figures 4.8i–

iii) are likely sampling different lithologies (i.e., alluvial deposits, Karoo sediments, and 

dolerites) depending on azimuth and depth. The Ps conversion points at A, B, C, and D in each 

of the maps in Figure 4.8 were computed from averages of the backazimuths shown in Figure 

4.7a(ii). The Vs profiles for SA07 at backazimuths (a) and (b) (Figure 4.7a) correspond to the 

conversion points at A and B respectively in Figure 4.8(i), and similarly for the other two 

stations. The Ps conversions are shown at 5 and 10 km depths in Figure 4.9.  

 

Figure 4.9 is a close-up view (within 9 x 9 km2 grids) of the magnetic field anomaly shown in 

Figure 4.3. The magnetic field in Figure 4.9 is unfiltered but has been IGRF (International 

Geomagnetic Reference Field) corrected for the 1975 magnetic epoch (IAGA, 1975). The 

spatial correlation between the amplitude of the magnetic field and magnetization is complex 

and depends on a number of factors or parameters. However, it can be noted from Figure 4.9 
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that the varying magnetization signatures around each of the three stations are most probably 

reflecting the presence and the geometrical orientation of the BMA body at crustal depth 

beneath each of the three stations.  

 

The Ps conversion points (at 5 and 10 km depths) around SUR and SA05 appear to sample a 

higher intensity of the magnetization (i.e., remanence) whereas the Ps conversion points 

around SA07 are sampling moderate intensity of magnetization (Figure 4.9). Figure 4.9 shows 

the Ps conversion points around SUR at backazimuths (b) and (c) sample a region of higher 

intensity magnetization, and this may imply that the BMA body is shallower south of SUR and 

deeper north of it. 

 

The geometry of the BMA body at depth is not clear around SA05 since the Ps conversions 

around this station tend to sample the same intensity of magnetization and are concentrated 

southwest of the station. The BMA body is probably shallower south of SA07 than north of it. 

In a more rigorous sense, the depth of the BMA source or sources from the observed magnetic 

field (Figure 4.9), can be obtained by separating the regional (associated with deep-lying 

magnetic sources) and residual (associated with shallow magnetic sources) field. The 

separation can be achieved using several methods (e.g. analytic signal, upward continuation 

differencing, matched filtering techniques, and wavelet transforms). Matched bandpass 

filtering techniques (e.g. Spector and Grant, 1970; Syberg, 1972; Phillips, 2001; Sheriff, 2010) 

have been mostly applied due to their versatility in handling a number of geological models or 

situations.  
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Figure 4.8 Maps (i – iii), each showing a close-up 
view of the local surface geology around the three 
broadband stations SA07, SUR, and SA05 and the average 
Ps conversion points at 5 km depth at different 
backazimuths (A, B, C, and D). The maps have been 
modified from the 1:250,000 geology map of South Africa. 
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Figure 4.9 Maps (i – iii), each showing a close-up 
view of the local variation of magnetic field within 9 x 9 
km grids for the three broadband stations SA07, SUR, and 
SA05. Further shown on each of the maps are average Ps 
conversion points at 5 and 10 km depths at different 
backazimuths (A, B, C, and D). The maps have been 
modified from the 1:1,000,000 aeromagnetic map of South 
Africa. The dashed lines around SA05 and SUR encloses 
the BMA maxima. See text for further explanation.   
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Prior to bandpass filtering, the regional trend associated with the geomagnetic field needs to be 

removed from the observed field. In addition, the observed field has to be decorrugated (i.e., 

removal of short wavelength features causing corrugations) and reduced to the magnetic pole.  

Matched bandpass filtering involves fitting a radially averaged logarithmic power spectrum of 

the observed magnetic field (vertical axis) versus wavenumber (horizontal axis) with power 

spectra corresponding to regional and residual magnetic anomalies (equivalent source layers) 

at different depths (e.g. Sheriff, 2010). The filter i.e., F(k) required to separate the effect of 

shallow anomalies from the deep ones could be in the form: 

( )( )






 −




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kddexpc
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21
1

2

   (4-2) 

where k is the wavenumber; c1 and c2 are scaling constants of the amplitude spectrum related 

to shallow and deep-seated anomalies, respectively; and d1 and d2 are apparent depths of the 

shallow and deep-seated anomalies, respectively. The separation of the regional and residual 

field is achieved by multiplying the Fourier spectrum of the observed magnetic field with the 

filter shown in equation (4-2) and the product is inversely Fourier transformed to attain the 

separation of the two fields (e.g. Sheriff, 2010).  

 

The findings and observations indicated above are used to evaluate the merits of the 

geophysical models of the BMA. The Vs findings are firstly used to estimate the elastic 

parameters using seismic and geological constraints. 

 

4.5.1 Estimation of elastic parameters using seismic and geological constraints 

As already pointed out in the introduction (section 4.1), there are numerous and varied 

interpretations as to the crustal source of the BMA. Apart from the fact that different 
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methodologies have been used to study the BMA, an obvious difference in the results between 

this study and most of the studies indicated in section 4.1 is that the latitudinal extent of the 

BMA could not be constrained and as such, the BMA width could not be estimated in this 

study. The other difference is in the orientations of the study profiles (see Figure 4.1). 

 

Although the orientations of the profiles by the other studies are different from the nearly east-

west oriented profile that this study is focusing on, the structural trends across and along the 

BMA axes are similar or should be similar. Figure 4.10 shows a comparison of the joint 

inversion results from this study and the results from some of the recent studies. The joint 

inversion results are, in this case, combined high-frequency receiver functions (i.e., stacks of 

each ray parameter bin) and Rayleigh wave group velocities (10–60 sec period) (column A in 

Figure 4.10) and density as a function of depth (column B in Figure 4.10) for the three 

stations. Column C (in Figure 4.10) shows seismic and geophysical results from other studies.  

 

The modelling results by Stankiewicz et al. (2008) shows a high-velocity body (between 50 

and 100 km distance) within depths of ~7–15 km and it coincides with the northern prism 

modelled by Quesnel et al. (2009). This body has P-wave velocities of ~6.5–7.0 km/s (i.e., Vs 

~ 3.8–4.0 km/s). These velocities are consistent with the Vs estimates in this study (Table 4.2, 

Figure 4.7a and column A in Figure 4.10) which indicate a high-velocity layering of 3.5–3.9 

km/s at depths of ~5–10 km and ~10–20 km beneath the three stations.  
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Figure 4.10 A. Joint inversion results for stations (i). SA07, (ii). SUR, and (iii). SA05. The vertical reference lines have already been explained in 
Figure 4.7a. B. Density estimates as a function of depth obtained from the joint inversions associated with the velocity models shown in column A. 
C. Seismic and geophysical modelling results from other studies. The upper panel shows modelling by Quesnel et al. (2009) with the magnetic field 
anomaly from the double-prism model (dashed black rectangles superimposed on the lower panels) matching the observed anomaly. The central 
panel is the conductivity model from Weckmann et al. (2007a) and the lower panel is the seismic refraction tomography image from Stankiewicz et 
al. (2007, 2008). The diagram on the right has been reproduced from Quesnel et al. (2009). 

Vs (km/s) Density (g/cm3) 
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Considering that there is consistency in the velocity estimates of the crustal layering around 

the BMA between this study and Stankiewicz et al. (2008), the Vp estimates from Stankiewicz 

et al. (lower panel of column C in Figure 4.10) are therefore used as a constraint in 

determining the rock types within the upper and middle crustal structure around the BMA. In 

achieving this, the Vp estimates and together with the joint inversion results (Vs and density) 

from this study, have been used to determine elastic parameters (i.e., Vp/Vs, Poisson’s ratio). 

The Vp estimates from Stankiewicz et al. (2008) have been used because they are much better 

resolved than the Vp estimates from the joint inversion results.  

 

Table 4.4 shows estimates of elastic parameters (i.e., Vp/Vs, Poisson’s ratio, and density) 

together with resistivity estimates from Weckmann et al. (2007a,b) beneath stations SUR and 

SA05 following the comparisons made in Figure 4.10. Further shown in Table 4.4 are 

estimates for SA07 included as a benchmark for areas that spatially coincide with moderate to 

low intensity of magnetization associated with the BMA (see Figure 4.9). The Vp–depth 

estimates for the crustal portion between distances of 50 and 100 km (as indicated in the 

bottom panel of column C of Figure 4.10) were used for the elastic estimates for SUR and 

SA05 since these stations are located above or near the BMA. Furthermore, the interpretation 

by Stankiewicz et al. (2008) (as suggested in Figure 4.10) shows the subsurface location of the 

BMA body to be at those distances. The Vp–depth estimates for the portion of the crust 

between distances of 0 and 50 km (as indicated in the bottom panel of column C in Figure 

4.10) could be assumed to be representative of an area similar to that beneath SA07 since this 

station is located ±20 km north of the BMA axis. The resultant estimates shown in Table 4.4 

assume that the structural trends across and along the BMA axes (at least within the Namaqua 
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sector of the NNB) are similar given that the study profile by Stankiewicz et al. (2007, 2008) is 

different from the nearly east-west oriented profile adopted in this study (see Figure 4.2a). 

 

Table 4.4 Physical parameters beneath stations SUR, SA05 and SA07 

Depth (km) Vp/Vs 

beneath 

SUR 

Vp/Vs 

beneath 

SA05 

Vp/Vs 

beneath 

SA07 

Poi- 

sson’s 

ratio 

beneath 

SUR 

Poi- 

sson’s 

ratio 

beneath 

SA05 

Poi- 

sson’s 

ratio 

beneath 

SA07 

Den- 

sity 

(g/cm3) 

beneath 

SUR 

Den- 

sity 

(g/cm3) 

beneath 

SA05 

Den- 

sity  

(g/cm3) 

beneath 

SA07 

Resis-

tivity 

(Ω.m) 

0 – 2.5 1.65 1.43 1.43 0.21 0.02 0.02 2.36 2.62 2.61 4 – 16  

2.5 – 5.0 1.59 1.68 1.88 0.17 0.20 0.30 2.60 2.50 2.47 ≤ 2  

5.0 – 7.5 1.65 1.86 1.82 0.21 0.30 0.29 2.87 2.63 2.59 4 – 16  

7.5 – 10.0 1.69 1.78 1.73 0.23 0.27 0.25 2.90 2.80 2.77 4 – 16  

10.0 – 12.5 1.84 1.83 1.70 0.29 0.29 0.23 2.88 2.89 2.84 ≥ 16 

12.5 – 15.0 1.88 1.82 1.66 0.30 0.28 0.21 2.83 2.91 2.91 ~ 16 

15.0 – 17.5 1.81 1.76 1.69 0.28 0.26 0.23 2.84 2.90 2.86 ≥ 16 

17.5 – 20.0 1.80 1.75 1.72 0.28 0.26 0.25 2.85 2.91 2.87 ≥ 16 

20.0 – 22.5 1.76 1.74 1.78 0.26 0.25 0.27 2.90 2.92 2.96 ≥ 16 

N.B. The resistivity values on the last column are from Weckmann et al. (2007a,b) and they have been 

picked between distances of 60–70  km (central panel in column C of Figure 4.10) which coincide with 

the high velocity body occurring between 7 and 15 km depth on Stankiewicz et al. (2008) model (lower 

panel in column C of Figure 4.10).  

 

Figure 4.11 shows conceptual models (in column A) illustrating the lithostratigraphy beneath 

SA07, SUR and SA05 using the elastic parameters indicated in Table 4.4. Table 4.5 shows the 

names and velocities of the lithologies in column A of Figure 4.11. The lithostratigraphic 

models (shown in Figure 4.11) have been compiled by correlating the estimates of elastic 

parameters (shown in Table 4.4) with results from laboratory or petrophysical studies (e.g. 

Christensen, 1996; Christensen and Stanley, 2003).  
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Figure 4.11 A. Conceptual models illustrating probable lithostratigraphy beneath the three stations, 
(i). SA07, (ii).  SUR and (iii).  SA05. B. Velocity, and C. Density models (shown up to 20 km depth).  
The velocity and density models shown in columns B and C have been used to compile the 
lithostratigraphy down to 20 km depth beneath the three stations in column A. The legend is shown in 
Table 4.5. 
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Table 4.5 Names of lithologies shown in column A of Figure 
4.12. The Vs ranges associated with each of the lithologies are also 

indicated. 

Figure 4.12 A table showing simplified vertical stratigraphy at two boreholes including 
SA 1/66. The high velocity layering at 3–5 km depth southwest of SA05 is probably 
associated with the rock formations in the Lower Ecca Group around and below the red 
dashed horizontal line. This diagram has been reproduced from Lindeque et al. (2011).   
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The reason of using the multiparameters (shown in Table 4.4) to identify lithologies is that, for 

example diorite and felsic granulite have the same Vp and Vs but different density (i.e., 

according to Christensen and Stanley, 2003). It is therefore important other constraints are 

used to assist with the identification. Columns B and C in Figure 4.11 show the velocities and 

densities, respectively. As already indicated above, the Vp–depth curves in Figure 4.11 come 

from geophysical models in column C of Figure 4.10 whereas the Vs–depth and density curves 

are from the joint inversion results of this study. Geological constraints (using borehole data in 

Figure 4.12 and Table 4.6) have been placed on the lithostratigraphic models (column A) in 

Figure 4.11. According to seismic reflection studies and Figure 4.12, the upper 5 km of the 

crust beneath SA05 is representative of the total layer thickness which includes the overlying 

Karoo Supergroup and the underlying Cape Supergroup. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.6 Isotopic data for lithologies in four boreholes (reproduced from Eglington and 

Armstrong, 2003) 
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The borehole (QU 1/65 in Table 4.6) is ±9 km north of station SUR (see Figure 4.2a) and 

shows a layer of megacrystic granite at depths of ~2.5 km. This could mean that the composite 

layer thickness of the Karoo and Cape Supergroups will most likely be less than 5 km beneath 

SUR since this station is located further north of SA05. The same situation could also be 

applicable to SA07 since it is located further north of SUR. The implications of the 

lithostratigraphic models shown in column A of Figure 4.11 are discussed in section 4.5.2 and 

also used to assess the merits of the existing geophysical models of the BMA.  

 

4.5.2 Source of the BMA – evaluation of the geophysical models 

The generally accepted model is that the BMA source is a sutured zone of serpentinised mafic-

ultramafic rocks in the deeper parts of the crust (e.g. Burke, 1977; De Beer et al., 1982; 

Corner, 1989; Pitts et al., 1992; Hälbich, 1993; Harvey et al., 2001). However, the geophysical 

evidence shown by recent studies (e.g. Lindeque et al., 2007, 2011; Weckmann et al., 2007a,b; 

Quesnel et al., 2009) has put this model in doubt. 

  

The serpentinized ophiolitic model (e.g. Pitts et al., 1992) postulates that the BMA source is at 

30 km depth and this contradicts the findings in this study, which places the BMA body at 

depths of ~5–10 km with shear wave velocities of 3.5–3.9 km/s and a possible extension of 

this anomaly to depths of ~10–20 km. The question then becomes, could serpentinized 

ophiolites be in the upper and middle crustal parts of the NNB and not at 30 km depth as 

proposed by the ophiolitic wedge model (e.g. Pitts et al., 1992)? 

 

Serpentinized ophiolites (serpentinites) will, in general, show a decrease in density and seismic 

velocities, but tend to show anomalously high Vp/Vs (~2.05) and a high Poisson’s ratio 
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(~0.34) (e.g. Christensen, 1996; Watanabe et al., 2007). These values are not supported by the 

estimates shown in Table 4.4. However, this is dependent on the type of serpentinized rock. 

High-T type (antigorite enriched) serpentinites could have Vp/Vs and Poisson’s ratio of 1.8 

and 0.28, respectively (e.g. Watanabe, 2007). These estimates are somewhat consistent with 

the estimates at depth of ~10–15 km (see Table 4.4). It is therefore possible for High-T type 

serpentinites to predominate mid-crustal depths beneath SUR and SA05, but this is on 

condition that they are electrically conductive and have an abundance of magnetite spanning a 

large area. 

 

Electrical conductivity measurements on serpentinite show this rock to be electrically 

conductive only in active regimes with presence of fluids (e.g. subduction zones) and to be a 

poor conductor in fossil regimes without fluids (e.g, Airo and Loukola-Ruskeeniemi, 2004). 

The NNB can be assumed to be a fossilized regime with minor natural seismicity occurring. 

Therefore, the presence of High-T serpentinites in the NNB mid-crust might not be significant 

or their existence in the crust is downright questionable and also contradicts the findings by 

Weckmann et al. (2007a,b) (see central panel of column C in Figure 4.10 that shows the 

presence of conductive anomalies in the NNB crust within distance of 50–100 km). The 

presence of serpentinized ophiolites in the NNB mid-crust is therefore not a favourable model 

of the BMA source. 

 

The models of magnetite-enriched granite gneiss basement by Corner (1989), graphite-

enriched shear zones by Weckmann et al. (2007a,b), and mineralized faults and joints in the 

granite gneiss basement by Loots (2012) represent other possibilities for the BMA source. 

Granite gneiss rocks are either located at shallow crustal depths (~3–5 km) or likely to be part 
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of undifferentiated metamorphosed rocks as shown in Figure 4.11 and therefore might not 

fully account for the shear wave velocity signatures of ≥ 3.5 km/s at ~5–10 and ~10–20 km 

depths as found in this study. Therefore, the models by Corner (1989) and Loots (2012) may 

not fully account for the source of the BMA. The presence of graphite-enriched sheared rock 

structures can only mean that these structures are felsic in composition since graphite occurs as 

a subordinate mineral component in most terrestrial mafic and ultramafic rocks but is 

otherwise significant in kimberlites and alkali basalts (e.g. Rubin, 1997), which are normally 

found at mantle depths. Graphite-enriched sheared rock structures may not explain the mafic 

or intermediate-felsic signatures (Vs ~3.5–3.9 km/s) at upper and middle crustal depths found 

in this study. Therefore, the graphite-enriched shear zones proposed by Weckmann et al. 

(2007a,b) is not a favoured model.  

 

The suggestion of granulite-facies mid-crustal rocks by Quesnel et al. (2009) presents a strong 

possibility in accounting for the BMA source. The estimates in Table 4.4 (and also reflected in 

Figure 4.11) support the presence of granulites at upper crustal depths (5–10 km) and mid-

crustal depths (10–20 km) beneath SA05 and SUR. The model by Quesnel et al. (2009) is 

consistent with the findings in this study and it is therefore a plausible model for the BMA 

source. Some of the mid-Proterozoic granulites have been shown to be possible bearers of 

hematite-ilmenite mineralization (exsolved hematite-ilmenite microstructures) which has 

recently been found to be the source of large remanence-dominated crustal magnetism similar 

to the BMA (e.g. McEnroe et al., 2001 and references therein). It is possible that the presence 

of granulite-facies rocks at mid-crustal depths (as suggested in Figure 4.11) could give rise to 

the BMA via this type of mineralization indicated above. 
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The model by Lindeque et al. (2011) suggests the presence of massive sulphide ore bodies to 

be the BMA source and further suggest these ore bodies to be coinciding with the conductivity 

anomalies found by Weckmann et al. (2007a,b). The presence of pyrite (iron sulphide) 

mineralization at shallow crustal depths across the BMA axis has been suggested by 

conductivity studies (Branch et al., 2007; Weckmann et al., 2007a,b) and it is quite possible 

that this mineralization contributes to the strong reflectivity anomalies (ore bodies) found by 

Lindeque et al. (2011) between depths of ~7–15 km. Remanent magnetism in continental 

layered intrusions could be due to pyrite, pyrrhotite, and/or other mineral combinations such as 

members of the hematite-ilmenite solid solution (e.g. Pucher and Wonik, 1998; McEnroe et 

al., 2001).  

 

Massive sulphide ore bodies are normally hosted by sediments and volcanic rocks but might 

also occur in igneous intrusives such as anorthosites and norites (e.g. Hulbert, 1987). Iron 

sulphide minerals such as pyrite and pyrrhotite normally found within sulphide deposits are 

often highly dense with typical densities of 4–5 g/cm3 and their presence in crustal rocks can 

produce a Bouguer gravity high (typically between 0–30 mGal) (e.g. Morgan, 2012 and 

references therein). This gravity high is greater than the Bouguer gravity anomaly (i.e., -113 to 

-72 mGal) associated with the BMA (Figure 4.3b). The depths of the reflectivity anomalies 

(associated with the massive sulphide ore bodies) as suggested by the model of Lindeque et al. 

(2011) are consistent with the depths of crustal layers at ~5–10 and ~10–20 km depths found 

in this study. However, the presence of massive sulphide ore bodies can in theory produce a 

gravity high (as indicated above) and this is in contradiction with the magnitude of the gravity 

anomaly associated with the BMA (Figure 4.3b).  
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Therefore, massive sulphide ore bodies (in their pure compositional form) are not a favourable 

model for the BMA source. Their plausibility in accounting for the BMA source hinges on 

either of the two possible requirements: (1) Depending on the parental magma that originally 

emplaced these ore bodies, the content of the iron sulphide minerals within the ore bodies 

should be moderate or low enough to produce a gravity anomaly similar to the one associated 

with the BMA or (2) The model by Lindeque et al. (2012) suggested metasomatic overprinting 

on the sulphide ore bodies. It is critical that the degree of metasomatism that could have 

occurred during the final stages of the NNB evolution (Cornell et al., 2006) should have been 

sufficient to lower the density of the sulphide mineralization within the ore bodies whilst 

concurrently preserving their magnetization (i.e., the magnetic high associated with the BMA). 

 

Another plausible model is that of Proterozoic anorthosites (massif anorthosites) formed by 

coalesced plagioclase plutons at shallow crustal depths (e.g. Ashwal, 1993). Anorthosites, 

charnockites, and a variety of other igneous intrusives are usually in coexistence in many 

Proterozoic tectonic settings and due to polybaric fractionation, mafic/ultramafic cumulates 

will normally underlie these intrusive igneous complexes in magma chambers or settle at the 

base of the crust (e.g. Ashwal, 1993; Markl et al., 1998; Bédard, 2001). This model of 

Proterozoic anorthosites is likely to be the type of setting defining much of the Namaqua 

sector of the NNB (i.e., suboutcropping Bushmanland and Areachap Terranes) at crustal 

depths. Massif anorthosite complexes (probably with origins from a basaltic or mafic parental 

magma) are usually emplaced into high-grade metamorphic rocks at high temperature 

conditions (~1000–1200°C) (e.g. Westphal et al., 2003). 
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Several studies have estimated emplacement depths of ~10–15 km and ~6–14 km for 

anorthosites (Royse and Park, 2000 and references therein). These emplacement depths are 

supported by the lithostratigraphic models beneath SUR and SA05 (Figure 4.11) which 

indicate layers of anorthositic rocks at 10–15 km depths. Although the models in Figure 4.11 

indicate the presence of these rocks at 10–15 km depths, their presence at shallower crustal 

depths at certain localities along the BMA axes is quite possible. Anorthosites are less dense 

than mafic/ultramafic rocks and this might explain the differences in the Bouguer gravity 

anomalies in Figure 4.3b where a relatively low gravity anomaly signature (i.e., -113 to -72 

mGal) envelops SUR and SA05 and in contrast to a relatively high gravity anomaly (i.e., -72 

to -32 mGal) engulfing SA07. The gravity anomaly around SA07 could be in response to 

mafic rocks which could possibly be lying beneath this station (e.g. greenschist facies basalts, 

amphibolites) (see Figure 4.11). 

 

High-grade metamorphism (granulite-facies metamorphism) associated with the emplacement 

of anorthosites could enable ilmenite and hematite minerals within the anorthosites to be 

miscible and a complete solid solution of the two minerals is possible at temperatures around 

or above 950°C. As the temperature lowers, the solid solution of ilmenites and hematites form 

exsolved hematite-ilmenite microstrucutres (hemo-ilmenite) and these microstructures have 

been shown to be predominant in Proterozoic anorthosites (and also granulite-facies rocks as 

noted above). These microstructures have recently been associated with the so-called lamellar 

magnetism (e.g. Brown and McEnroe, 2008; McEnroe et al., 2009b and references therein). 

Lamellar magnetism is thermally stable and resistant to demagnetization and it is therefore 

capable of retaining the natural remanence of rocks over long geological periods. This makes it 

an ideal candidate and possibly a common source for generating large remanence-dominated 
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magnetic anomalies similar to the BMA. In addition, hematite-ilmenite solid solutions display 

semiconducting properties with varying temperature and composition (e.g. Ishikawa, 1958). 

The low to moderate resistivity (shown in Table 4.4 and between distances of 50–100 km in 

central panel of column C in Figure 4.10) at depths (~ 5–20 km) coincident with the BMA 

body, tend to corroborate this semiconducting property.  

 

The possibilities raised above are partly or entirely applicable to the Namaqua sector (i.e., 

suboutcropping Bushmanland, Kaaien and Areachap Terranes). The iron mineralization giving 

rise to the BMA in the Natal sector could be found in the sub-outcropping Oribi Gorge 

charnockite-rapakivi granite plutons of the Margate Terrane (Cornell et al., 2006). These 

plutons were emplaced around 1050 Ma in amphibolite to granulite-facies metamorphic 

conditions. This contrasts with the anorthosites which were emplaced around 1030–1010 Ma 

in the Bushmanland Terrane and circa 1086 Ma in the Areachap Terrane (Cornell et al., 2006 

and references therein) in high-grade metamorphic conditions.  

 

The contiguity of the postulated anorthosite belt in the Namaqua sector and the equally 

suboutcropping granite plutons in the Natal sector is probably somewhere in the middle of the 

NNB and is kinematically defined by a convergent collisional margin of the palaeo–Areachap 

and –Tugela Ocean basins which were subsequently subducted. The contiguity of these rocks 

in the different sectors facilitated the east-west continuity of the surface expression of the 

BMA signature as seen in Figure 4.2b. An alternative of the BMA model in the Natal sector is 

that the charnockite-granite plutons could be underlain by anorthosites based on observations 

that indicate the co-existence of anorthosites, charnockites and rapakavi granites in most 

Proterozoic tectonic settings. Therefore, the underlying anorthosites in the Natal sector could 
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have the same or similar iron mineralization (that gives rise to the BMA) as their counterparts 

in the Namaqua sector. 

 

4.6 Conclusion 

The crustal structure across the BMA has been investigated by jointly inverting high-

frequency receiver functions and Rayleigh wave group velocities for periods of 10–60 sec. The 

1-D shear wave velocity models obtained from the joint inversions show upper crustal layering 

around the northern axis of the BMA to have average velocities ≥ 3.5 km/s at depths of ~5–10 

km and 10–20 km. These estimates place a constraint on the BMA source (or its crustal host) 

that is likely to be located at depths of ~5–20 km. However, crustal regions that are within ±20 

km of the BMA axis suggest the presence of mineralized Proterozoic high-grade metamorphic 

rocks and/or igneous intrusions whereas regions elsewhere in the NNB suggest the presence of 

mafic rocks that are compositionally variable from those in the vicinity of the BMA.  

 

The Vs models for the three stations located along the northern branch of the BMA show 

velocities approaching 4.0 km/s around depths of 10 km and this could mean that the BMA 

body (or its crustal host) becomes mafic in composition around those depths. The fluctuating 

velocities (i.e., low-to-high or high-low-high) below 10 km depth could mean that this depth is 

either the base of the BMA body (or its crustal host) or marks its compositional transition. The 

BMA body (or its crustal host) might continue in another compositional form below 10 km 

depth. If the BMA body continues below 10 km depth, then the BMA is a compositional 

anomaly independent of rock type and is highly dependent on the crystallization history of the 

rocks hosting it and the accompanying metamorphic conditions driving the crystallization. The 

1-D Vs models further show a high velocity rock (≥ 4.0 km/s) beneath the stations occupying a 
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substantial portion of the lower crust (below 20–30 km depths) and also a crust that is thick (≥ 

37 km). The high velocity rock beneath 20–30 km depths implies that the BMA has a common 

mafic and/or ultramafic source originating from the deeper parts of the crust or uppermost 

mantle. The results from the 1-D Vs models are consistent with the findings made by past 

studies of the BMA. 

 

Estimates of physical properties (i.e., Vp, Vs, Poisson’s ratio, density, and resistivity) favour 

massive sulphide ore bodies and granulite-facies mid-crustal rocks as models of the BMA 

source. However, massive sulphide ore bodies (in theory) show gravity anomaly trends that are 

higher than the gravity anomaly trends associated with the BMA. Therefore, the plausibility of 

the massive sulphide model hinges on either of the two possible requirements: (1) the presence 

of sulphide mineralization (associated with the parental magma) within the ore bodies should 

be moderate or low enough to produce a gravity anomaly consistent with that associated with 

the BMA, or (2) the degree of metasomatism that could have occurred during the final stages 

of the NNB evolution should have been adequate to lower the density of the sulphide 

mineralization within the ore bodies while at the same time preserving their magnetic 

properties (i.e., high magnetic signature associated with the BMA). 

 

Another plausible model emerging from the estimates of physical properties is that the BMA 

source could be hosted within Proterozoic anorthositic layered intrusions which could be 

giving rise to the BMA via iron bearing mineralization. This iron bearing mineralization could 

be in the form of iron sulphides (pyrite) or iron and titanium oxides such as magnetite, 

ilmenite, hematite, etc. Ilmenites and hematites can exist as exsolved hematite-ilmenite 
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intergrowths at lower temperatures and this can potentially give rise to remanence-dominated 

crustal anomalies similar to the BMA. 
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Chapter 5  

Conclusions and recommendations 

5.1 Chapter 2 – Structure of the lower crust of southern Africa 

5.1.1 Summary 

The compositional variability of the lower crust is investigated using the joint inversion of P-

wave teleseismic receiver functions and Rayleigh wave group velocities for 89 broadband 

seismic stations distributed across southern Africa. The resulting 1-D shear wave velocity 

signatures of the lower crust of the Precambrian shield of southern Africa can be classified into 

two groups:  

1. Most parts in the Kimberley terrain [western part of the Kaapvaal Craton (KC)] 

including the western part of the Tokwe terrain [Zimbabwe Craton (ZC)] show a Vs ≤ 

4.0 km/s suggesting an intermediate-to-felsic lower crust and further associated with 

this is a crust that is thinner than 37 km.  

2. The remainder of the Archaean and Proterozoic terrains in southern Africa show a Vs 

~ 4.0 km/s indicating a lower crust that is mafic in most parts of the KC and more 

mafic (Vs > 4.0 km/s) in certain parts of the Bushveld Complex and the surrounding 

mobile belts and further associated with this is a crust that is thicker than 37 km. 

 

The Sn velocities in the uppermost mantle region (i.e., from Moho to 60 km depth) are in the 

range of 4.5–4.7 km/s and this suggests that there are minor compositional differences in the 

uppermost mantle regions of the different tectonic terrains across southern Africa. An 

intermediate-to-felsic lower crust could be due to rifting associated with the tectonomagmatic 

effect of the Ventersdorp event (~2.7 Ga) in the case of the Kimberley terrain, whereas 3.1– 
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2.95 Ga rift sequences could have been responsible for the attenuation of the mafic layering in 

the lower crust of the western part of the Tokwe terrain. The mafic lower crust in regions such 

as the BC may be attributed to magmatic underplating, whereas the Namaqua-Natal Belt 

(NNB), Central Zone [Limpopo Belt (LB)], and Kheis Province are consistent with typical 

‘‘suture’’ thickened crust found in Precambrian tectonic settings globally. The crustal 

thicknesses found in this study are consistent with past studies. Crustal xenoliths are more 

frequent in regions with a mafic lower crust than those with an intermediate-to-felsic lower 

crust.       

 

5.1.2 Recommendations for future studies 

1. A potential disadvantage with the use of the joint inversion technique is that it is 

assumed that the receiver functions and surface wave dispersions sample the same Earth 

structure. This may not always be the case. Some kind of a quality control, perhaps in the form 

of a ray-tracing algorithm, will be required to ensure that the two data sets are indeed sampling 

the same structure. 

2. Another potential problem is that the propagation path or structure beneath the seismic 

station or receiver site can be complex. This could destabilize the inversion algorithm resulting 

in poorly constrained velocity models. This problem could be resolved by using a 2nd or 3rd 

degree polynomial equation in an optimization procedure to identify the local structural terms 

or parameters. Alternatively, structural parameters (σ, a, L and c) of a random or 

heterogeneous medium can be deduced using the following approach suggested by Ritter et al. 

(1998) i.e.,  

( ) 22
2

22
2 ff

c
aL8

1ln γσπε ==+    (5-1) 
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where ε is a dimensionless parameter defining the measure of wavefield fluctuations, c is the 

seismic velocity, σ2 and a are the variance of the velocity fluctuations and correlation length of 

the heterogeneities, respectively, of either an exponential or Gaussian correlation function used 

to model the random medium, L is the length of the ray path in the heterogeneous medium and 

f is the frequency of the ray propagation. For a number of teleseismic or regional recordings, 

the co-efficient γ in equa. (5-1) above can be determined by calculating a least-squares fit of 

( )1ln 2 +ε  in the frequency domain. By using different velocity contrasts σ (in percentages) 

for the fluctuations in a heterogeneous medium, the correlation lengths (a) can be calculated 

for L/c2 (in equa. 5-1) in the upper, lower crustal and the lithospheric regions. Whilst the 

parameter, L, can be assumed to be the layer thicknesses of each of the upper, lower crustal 

and lithospheric regions, the seismic velocity, c, can either be determined from 
c

f2
k

π= , 

where k is the wavenumber (in km-1) or as the reciprocal of the ray-parameter (in s/km).  

 

Therefore, the receiver functions and surface wave dispersions (recorded by a station located 

in a complex geological region) can each be perturbed with the variance of velocity 

fluctuations (σ2) and correlation lengths (a) and jointly inverted for each of the perturbations. 

The final Vs model can be obtained as an average of the ensemble of joint inversions resulting 

from each of the perturbations. This approach, together with the implementation of the so-

called virtual stations (e.g. Curtis et al., 2009) could be used to improve the resolution 

especially where local geology is complex and the observing network is widely-spaced or 

sparse. All this, can easily extend the joint inversion technique to 3-D applications.  
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5.2 Chapter 3 – Shear wave velocity structure of the Bushveld Complex, South 

Africa 

5.2.1 Summary 

Fine-scale details of the structure of the crust within the Bushveld Complex (BC) has been 

investigated by jointly inverting high-frequency teleseismic receiver functions (f ≤ 1.25 Hz) 

and Rayleigh wave group velocities (in the period range of 2–60 sec) for 16 broadband seismic 

stations positioned across the BC. The resulting 1-D shear wave velocity models are better 

constrained in the upper crust than those used by Kgaswane et al. (2009) because group 

velocities in the period range of 2–15 sec were obtained by tomography in this study. The 

Rayleigh group velocities in the period range of 20–60 sec were taken from the revised 

Pasyanos and Nyblade (2007) model. The 1-D shear wave velocity models obtained in this 

study for each of the seismic stations show the following: 

1. A crust that is ~45 km thick beneath the centre of the BC. The crust in this region 

could have thickened by ~5–8 km owing to isostatic adjustment following the 

intrusion of the BC. 

2. A substantial portion of the lower crust (below 30 km depth) has shear wave velocities 

that are ≥ 4.0 km/s. This is indicative of a highly mafic lower crust beneath the BC. 

3.   Shear wave velocities in some upper crustal layers may be as high as 3.7–3.8 km/s, 

consistent with the presence of mafic lithologies. 

4. The Sn velocities in the uppermost mantle region (i.e., from Moho to 60 km depth) are 

in the range of 4.5–4.7 km/s and therefore the petrological structure of the uppermost 

mantle region below the BC does not deviate significantly from what is beneath the 

rest of the Archaean crust (see Chapter 2).  
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These results favour a “continuous-sheet” model for the BC in which the mafic layers that crop 

out in the western and eastern limbs are continuous at depth beneath the centre of the complex. 

However, detailed modelling of receiver functions at one station within the centre of the 

complex indicates that the mafic layering may be locally disrupted due to thermally-driven 

diapirism associated with the emplacement of the BC itself and/or tectonic reactivation due to 

the ~2040 Ma intraplate orogeny. 

 

5.2.2 Recommendations for future studies 

1. The 3-D Vs models obtained in this study using Rayleigh wave group velocity 

tomography lack resolution. One way of improving resolution will be to supplement 

the existing surface wave measurements with ambient noise measurements in the 

period range of 2–15 sec and apply the tomographic method as indicated in this study. 

2. Alternatively, the 3-D Vs models can be obtained by jointly inverting teleseismic or 

regional or local receiver functions (i.e., depending which gives better constraint at 

depth for part of the Earth structure that is of focus or interest to the investigation) and 

ambient noise measurements using the joint inversion procedure (Julià et al., 2000, 

2003). However, this might require that an additional temporary seismic network is 

deployed across the BC to compensate for the wide spacing (~100 km) of the 16 

broadband seismic stations used in this study. The use of receiver functions derived 

from local or regional earthquakes has recently become a strong possibility and has 

already been applied in certain areas (e.g. Calkins et al., 2006; Barros and Assumpção, 

2011).   
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5.3 Chapter 4 – Shear wave velocity constraints on the source of the Beattie 

Magnetic Anomaly, South Africa 

5.3.1 Summary 

The crustal structure across the Beattie Magnetic Anomaly (BMA) has been investigated by 

jointly inverting high-frequency teleseismic receiver functions and Rayleigh wave group 

velocity dispersions. Past geophysical studies constrain the BMA source to be at depths of ~5–

20 km and exhibit the following characters: a resistivity of ~2–16 Ωm, P-wave velocities of 

~6.6–7.0 km/s, and a magnetization of 6 Am-1. The 1-D shear wave velocity models obtained 

from the joint inversions show the following: 

1. High Vs crustal layers between 3.5–4.0 km/s in the 5–10 km depth range at all 

backazimuths across all the three stations along the northern branch of the BMA. 

However, crustal regions that are within ±15 km of the BMA axis suggest the presence 

of mineralized Proterozoic high-grade metamorphic rocks and/or igneous intrusions 

whereas regions elsewhere in the NNB suggest the presence of mafic rocks that are 

compositionally variable from those in the vicinity of the BMA. 

2. Crustal layers with Vs fluctuating between 3.5 and 4.0 km/s (i.e., low-to-high or high-

low-high) within depths of ~10–20 km, and 

3. High velocity layers (≥ 4.0 km/s) beneath the stations occupying a significant portion 

of the lower crust (below 20–30 km depths) and a crust with an average thickness 

greater than 40 km. It is possible that the thick crust could be isostatically 

compensating for the presence of mafic bodies (including the crustal host of the BMA) 

in the upper crustal parts of the NNB. A similar geodynamic scenario has been 

deduced for the BC. 
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4. The Sn velocities in the uppermost mantle region (i.e., from Moho to 60 km depth) are 

in the range of 4.5–4.7 km/s and therefore the petrological structure of the uppermost 

mantle region below the NNB does not show significant differences from what is 

beneath the rest of the southern African crust (see Chapter 2). 

  

The findings indicated above are consistent with the findings made by past geophysical studies 

of the BMA. The Vs models for three localities along the northern branch of the BMA show a 

mafic composition around 10 km depths and this could mean that the BMA body (or its crustal 

host) occurs around those depths. The fluctuating velocities (i.e., low-to-high or high-low-

high) below 10 km depth could mean that this depth is either the base of the BMA body (or its 

crustal host) or marks its compositional change. The BMA body (or its crustal host) might 

continue in another compositional form below 10 km depth.  

 

Physical properties (i.e., Vp, Vs, Poisson’s ratio, density and resistivity) of the crustal source 

of the BMA favour massive sulphide ore bodies or granulite-facies mid-crustal rocks as 

models of the BMA source. However, the plausibility of the massive sulphide model depends 

either on the presence of sulphide mineralization within the ore bodies or the metasomatic 

effect on the sulphide ore bodies. A proposed model from this study is that of the BMA source 

being a belt of coalesced anorthosites formed during the Proterozoic by Andean-type 

subduction tectonics. Anorthosites are less dense than mafic rocks and are more likely to 

produce a Bouguer gravity response consistent with the one around the BMA. The magnetic 

mineralization in the anorthosites and/or granulites could either be in the form of iron 

sulphides (pyrite) and/or iron and titanium oxides such as magnetite, ilmenite, hematite, or 

exsolved lamellae of hematite and ilmenite. 
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5.3.2 Recommendations for future studies 

1. A detailed analysis of the BMA with high resolution seismics is still required and for 

this, 3-D Vs models of the anomaly can be obtained using the same or similar 

approaches indicated in 5.2.2.  

2. Alternatively, since the BMA is a magnetic entity, a better constraint on the anomaly 

can be obtained by jointly inverting magnetics and gravity (e.g. Zeyen and Pous, 

1993). From this joint inversion, the following parameters can be obtained i.e., upper 

and lower depth bounds, susceptibility, magnetization (remanent and/or induced) and 

density of the subsurface body. However, the main disadvantage arising from this 

method is that the magnetic and gravimetric anomalies are assumed to originate from 

the same rock source. In certain instances, highly magnetic rock sources might not 

give measurable gravimetric responses or the gravimetric responses could be due to 

other conditions in the host rock. In other cases, high-density anomalies might not 

have magnetic mineralization and as such give non-measurable magnetic responses. In 

both situations, standard magnetic or gravity fields (just a little above zero) will have 

to be assumed for the non-measurable parameter and more weight could be given to 

the measurable parameter in the joint inversion for the purposes of stabilizing the 

inversion procedure. 

3. A couple of other methods such as the joint inversion of seismic and gravity data (e.g. 

Tiberi et al., 2003) can also be attempted to model the BMA.   
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5.4 Implications of the research findings with regard to lithospheric 

heterogeneity, crustal genesis and evolution of southern Africa 

 

5.4.1 Studies prior to SASE 

One of the main objectives of this research was to obtain new insights into the evolution of the 

crust and uppermost mantle of southern Africa. In 1994 paper entitled “Evolution of the 

Precambrian Lithosphere: seismological and geochemical constraints” was published in the 

Journal of Geophysical Research (Durrheim and Mooney, 1994). The authors attempted a 

global synthesis of seismic investigations of the Precambrian lithosphere. At that time it was 

widely believed that the thickness of the continental crust was proportional to its age, with the 

exception of young orogens. The worldwide review of seismic structure contradicted this 

belief and falsified these models, at least for the Archaean. Durrheim and Mooney (1994) 

found that Proterozoic crust had a thickness of 40–55 km and a substantial high P-wave 

velocity (>7 km/s) layer at its base, while Archaean crust was only 27–40 km thick (except at 

the sites of younger rifts and collisional boundaries) and lacks the high-velocity basal layer.  

 

Durrheim and Mooney (1994) presented a model to explain the secular change in crust-

forming processes, which they largely ascribed to a decrease in mantle temperature leading to 

a change in the chemistry of the magmas produced in the mantle and the resultant lithospheric 

keel (see Figure 5.1). However, the model was based on quite limited data. For example, only 

a handful of refraction seismic profiles had been surveyed in southern Africa. Witwatersrand 

mine tremors had been the energy source for several refraction surveys that investigated the 

KC, while explosions were used for profiles that probed the Namaqualand and Damara Mobile 

Belts, the Rehoboth Province and the Agulhas Bank.  
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Figure 5.1 A model showing the different elements that drive Archaean and 
Proterozoic lithospheric evolution. The pluses indicate Archaean crust whereas 
the crosses indicate Proterozoic crust. Komatiitic volcanism and stiff lithospheric 
mantle roots were produced at mantle temperatures almost double present-day 
temperatures during the Archaean. The stiff lithospheric mantle roots were 
approximately 150 km thick, were devolatized of FeO and other lithophile 
elements. These conditions were favourable to the creation of an Archaean crust. 
In contrast, the Proterozoic crust lacked the sublithospheric mantle root 
architecture similar to that below the Archaean crust. As a result, Proterozoic crust 
developed on a convective mantle that controlled magmatic intrusions into the 
overlying crust. Magmatic underplating arising from the intrusions produced a 
high-velocity basal layer in the crust and also thickened the crust. The geothermal 
and diamond stability field data indicated in the diagrams are from Jones (1998) 
and Kennedy and Kennedy (1976). The diagrams were reproduced from Durrheim 
and Mooney (1994). 
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The Kaapvaal Seismic Experiment (1997-1999) provided an opportunity to investigate the 

southern African lithosphere in far more detail. In April 1997, the same month as the SASE 

deployment, the International Symposium of Plumes, Plates and Mineralisation (PPM’97) was 

held at Pretoria University. A workshop entitled “The Geophysical Framework of the 

Kaapvaal Craton” was held to review geophysical research conducted in the preceding 

decade, to identify key unsolved problems, and to formulate hypotheses to be tested by the 

Kaapvaal Project. Papers addressing the theme were published in a Special Issue of the South 

African Geophysical Review (Durrheim and Webb, 1998). The work carried out for this thesis 

has addressed some of these issues.  

 

5.4.2 Studies based on SASE data 

The SASE data acquired at more than 80 stations stretching from Cape Town to Zimbabwe 

were used to image the seismic velocity structure of the lithosphere using a wide range of 

analysis techniques. For instance, Nguuri et al. (2001) computed P-wave receiver functions 

and both Nguuri (2004) and Yang et al. (2008) inverted surface waves, while I jointly inverted 

the P-wave receiver functions and surface waves (Kgaswane et al., 2009). The work confirmed 

the broad features of the Durrheim and Mooney model, viz. a thin Archaean crust (~36–37 km) 

with a low basal velocity (Vs ≤ 3.9 km/s) in the western part of the KC and the ZC, and a thick 

Proterozoic crust (≥ 39 km) with a high basal velocity (Vs > 4.0 km/s). However, this study 

and a number of other studies based on the SASE data showed that the Durrheim and Mooney 

model is rather simplistic. Significant new observations relevant to models of lithospheric 

evolution include: 

• The seismic velocity structure of the Archaean crust (Kaapvaal and Zimbabwe cratons 

and Limpopo Belts) was found to vary considerably, with some regions having a high 



 170

Vs layer in the lower crust. For example, a relatively thick Archean crust (~39 km) 

with a high basal velocity (Vs ~ 4.0 km/s) was found to be present in the eastern part 

of the KC. The regions within the KC lacking a high Vs layer generally coincided with 

the extent of the Ventersdorp Supergroup, suggesting a genetic link.  

• In the Proterozoic crust, considerable variation was found in Vs and the depth of the 

Moho.  

• Little variation was found in Vs in the uppermost mantle (Moho to 70 km) of southern 

Africa. Sn was in the range 4.5-4.7 km/s. 

• Silver et al. (2001, 2004) showed that the seismic anisotropy correlated with fossil 

tectonic fabrics rather than with present-day plate tectonic motions. Several domains 

(coincident with the lower crustal Vs variations found in this study) were recognised 

within the Archaean cratons. 

• This study also provided new constraints on the structure and evolution of two first-

order features of the South African crust, the Bushveld Complex and the Beattie 

Magnetic Anomaly.  

     

5.4.3 Structural evolution of the Archaean cratonic regions 

5.4.3.1 The eastern parts of the KC and ZC 

Geochronological studies of the KC (e.g. Poujol et al., 2003) point to the early stages of craton 

formation to have occurred in the eastern part of the KC where the oldest rocks (granite-

greenstone sequences) in the Swaziland terrain amalgamated to form a proto-cratonic block. 

The anomalously high temperatures and devolatization during the Archaean were favourable 

to the creation of stiff and adiabatic subcratonic mantle roots (e.g. Pollack, 1986). Probably 

towards the inception of the Mesoarchaean period, the eastern cratonic protolith already had a 
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lithospheric mantle root with high viscosity and could effectively divert heat from the 

surrounding mantle either to its margins or beneath the juvenile adjacent cratonic fragments 

that were being accreted to its margins. This would imply that during these early stages of 

cratonization, the old eastern cratonic block already had a much more developed mantle root 

compared to the other adjacent blocks accreting onto it. 

 

Seismological studies show the lithospheric mantle root beneath the KC to be ~150–200 km 

thick. The thicknesses of these lithospheric mantle roots were probably attained prior to the 

formation of diamonds which have been dated at 3.2–3.4 Ga (Durrheim and Mooney, 1994 

and references therein). However, it is not clear whether the thickening of these 

sublithospheric roots formed synchronously or asynchronously beneath the cratonic 

subdomains that were being accreted. It is reasonable to make a deduction that these mantle 

roots were acquired asynchronously based on the present-day geological differences seen 

within the cratonic platforms. Each of these cratonic units were affected differently throughout 

geological time by tectonic events and as such exhibit different geological characters in their 

crustal architectures. The exposure of the accretionary margins and the accreting cratonic 

subdomains to heat derived from events such as mantle plume activity over a period of million 

years during the Archaean would imply that areas of mechanical lithospheric weakness either 

within the cratonic subdomains or accretionary margins of the cratons were exploited by 

magmatic intrusions from the mantle during and subsequent to cratonization.  

 

The evolution of early Archaean crust (~3.5 Ga) in the eastern part of the KC involved 

komatiitic intrusions along the axes of mid-ocean ridges, resulting in the formation of oceanic 

crust (McCarthy and Rubidge, 2006 and references therein). The subduction of oceanic crust 
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formed magmas enriched with granodiorites and basalts. The extruding magma occurred in an 

island arc-type of setting and these island arcs could not be subducted due to their buoyancy. 

Lateral accretion of these island arcs in processes similar to modern day plate tectonics 

resulted in the formation of a felsic upper crust characterized by the presence of potassium-

rich granites, greenstones and trondhjemite-tonalite-granodiorite (TTG) gneiss terrains and 

also a lower crust that has a primitive mafic composition and most probably enriched with 

magnesium. These granite and TTG gneiss terrains are predominantly exposed in the eastern 

part of the KC and both the eastern and central parts of the ZC (see Figure 1.2). The TTG 

terrains predominantly form part of the felsic upper crust in the eastern Pilbara Craton 

(Western Australia) suggesting similar geochronology and mechanisms of formation as with 

the eastern part of the KC (e.g. Zegers and van Keken, 2001).   

 

Figure 5.2 is a model by Silver et al. (2004, 2006) based on SKS studies of mantle anisotropy, 

which provides a detailed summary of a sequence of the magmatic events in both the KC and 

ZC and the stress interactions that facilitated their genesis. The high velocities (Vs ≥ 4.0 km/s) 

in the lowermost crust and the fairly thick crust (~39 km) in the eastern part of the KC (see 

Swaziland and Pietersburg terrains in Table 2.1) coincide with an isotropic mantle pattern (see 

Figures 1.3 and 5.2), which implies that the eastern shield of the KC has been stable since 2.9 

Ga. This stability is evidenced by the presence of granite and gneiss terrains which have 

remained intact since their formation during Archaean times. This is in contrast to the western 

part of the KC which has been extensively deformed by the Ventersdorp tectonomagmatic 

event (~2.7 Ga) and  has a comparatively thinner crust (~36–37 km) with a low basal velocity 

(Vs ≤ 3.9 km/s) (see Table 2.1 and Figure 2.7 in Chapter 2). The high viscosity of early 

Archaean lithosphere in the eastern part of the KC was probably due to the high MgO content 
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than Fe content and therefore was resistant to deformation or subduction (e.g., Pollack, 1986; 

de Wit et al., 1992 and references therein).  

 

This could imply that late Archaean craton development (mainly in the western parts of the 

KC and ZC) was characterized by depleted amounts of MgO and gradually cooling 

temperatures. Due to these changing conditions, the Archaean crust, especially in the western 

parts of the KC and ZC, was probably more susceptible to magmatic intrusions and 

deformation. These variations in both MgO and the thermal regime during the Archaean could 

have been partially or entirely responsible for differences in the crustal evolution of the eastern 

and western parts of both the KC and ZC. These differences are reflected in the low and high 

Vs in the lowermost crust of the western and eastern parts of both cratons, respectively (see 

Figure 2.7). Furthermore, the eastern part of the KC shows a crust that is thicker than that in 

the western part of the KC. These variations within the Archaean cratons were not taken into 

account in the model of Durrheim and Mooney (1994). 

 

5.4.3.2 The western and central part of the KC and ZC 

The strong mantle anisotropic pattern (shown in Figures 1.3 and 5.2) in the western part of the 

KC (i.e., the Kimberley region) is spatially coincident with the low velocity (Vs < 4.0 km/s) 

layering in the lowermost crust and a thin Archaean crust seen in that part of the KC (see 

Table 2.1 and Figure 2.7 in Chapter 2). These coincidences are replicated in the western part of 

the Tokwe terrain in the ZC.  

 

 

 



 174

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(i) (ii) 

(iii) (iv) (v) 

Figure 5.2 Model of crustal evolution spanning a period of 3.0 – 1.8 Ga. The model is 
based on anisotropic studies of the mantle in southern Africa. The arrows show direction of 
compressional stress induced either by the orogens or collision of continental fragments. 
The short lines indicate orientation of the mantle fabric which is either being formed (in 
yellow) or fossilized (black). The red (blue) bars indicate magmatic activity that is 
occurring (has occurred). The yellow (black) ellipses indicate orientation of the mantle 
fabric that is being formed (has fossilized). (i). Northeast-southwest trending mantle fabric 
in ZC and the isotropic structure in the eastern part of the KC were formed ca. > 2.9 Ga. 
(ii). Around 2.9 Ga, collisional assembly of terrains occurred along the northern and 
western rims of the KC and accompanying this, was the formation of the northeast-
southwest to east-west trending arc of lithospheric mantle fabric. (iii). Development of 
eastwest to northeast-southwest trending mantle fabric, continued during and within the 2.7 
Ga orogenic event of the Limpopo Belt and its marginal zones within the KC and ZC. 
Around this time, the Great Dyke in ZC was emplaced and the Ventersdorp Supergroup in 
the KC was deposited. (iv). The Bushveld magmatic event was produced through the 
collisional rift created by the Magondi Orogen and the Limpopo Belt. The east-west 
oriented intrusion of the Bushveld magma was controlled by pre-existing mantle fabric. (v). 
The compression of the Kheis Orogen into the KC, created the collisional Soutpansberg 
Rift (SR). This diagram was reproduced from Silver et al. (2004).      

 Ventersdorp      
Supergroup 
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These crustal features in the western part of both cratons could be the consequence of 

alternating periods of tectonic extension and compression exploiting a mechanically weak 

lithospheric structure within the KC. These tectonic stress interactions resulted in a “simple 

tectonic style” of deformation in certain situations and were responsible for creating conditions 

favourable for the generation of a series of Mesoarchaean basins in the central and eastern 

parts of the KC i.e., Dominion (~3.1–3.0 Ga), Pongola (~2.9 – 2.7 Ga) and the Witwatersrand 

(~3.0–2.8 Ga). A “simple tectonic style” of deformation is defined as a stress regime where 

neither extensional nor compressional stresses dominate (see Clendenin et al., 1988). 

 

The mixed Vs and anisotropic signatures seen in the Witwatersrand terrain (see Figures 1.3 

and 2.7) could mean that the simple mechanism of tectonic deformation was more 

predominant in the Witwatersrand Basin than the Dominion and Pongola basins. The 

predominance of this mechanism in the Witwatersrand Basin is further corroborated by the 

following:  

1. Current geochronological data indicate regionalized strike-slip motion (transpression) 

during the deposition of the Central Rand Group (upper layer of the Witwatersrand 

Basin) and regionalized transtension during the deposition of the West Rand Group 

(lower layer of the Witwatersrand Basin) (McCarthy, 2006 and references therein). 

These regional stresses where significant during Witwatersrand age (much later than 

the Dominion formation period) around the period when the KC and ZC were 

converging and finally amalgamating (see McCarthy, 2006 and references therein).  

2. Both the Pongola and Witwatersrand basins were formed during more or less the same 

period. However, the Witwatersrand Basin is spatially located more at the centre of the 

KC (in the Witwatersrand terrain) than the Pongola Basin (located in the Swaziland 
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terrain) (see Figures 1.1 and 1.2). As such the formation of the Wiwatersrand Basin 

was more influenced by the regional stresses (indicated above) than the Pongola Basin 

and was further influenced by a host of other regional deformational episodes: (i) the 

thrusting from the north associated with the emplacement of the BC, (ii) east-west, 

dextral strike slip faulting, and (iii) northwesterly directed thrusting associated with 

the formation of the NNB.   

 

Extensional tectonics together with a simple style of tectonic deformation (in certain cases), 

was responsible for triggering conditions that led to the formation of igneous, volcano-

sedimentary and metasedimentary supracrustal basins scattered in the western, northern and 

central parts of the KC (see Figure 1.2) i.e., Ventersdorp (~2.7 Ga), Transvaal (~2.6–2.2 Ga), 

Olifantshoek (~2.0–1.8 Ga), the BC (~2.06 Ga), Waterberg (~2.0–1.7 Ga), Soutpansberg 

(~2.0–1.7 Ga), Karoo (~280–180 Ma) (e.g. Eglington and Armstrong, 2004; Johnson et al., 

2006a). The low Vs signatures in the western part of the KC (including a part of the Kheis 

Province and the Witwatersrand terrain; see Figure 2.7) are spatially coincident with the 

occurrence of the Ventersdorp rocks, of which the underlying lower crust could have been 

delaminated by the Ventersdorp volcanism. The Karoo Basin is perhaps an exception because 

it is not geographically confined to the cratonic regions. The sedimentary component of the 

Karoo Basin evolved out of subglacial and marine depositions in depressions and downwarped 

zones (Johnson et al., 2006b and references therein), whereas the volcanic component was 

primarily due to rifting associated with Gondwana fragmentation (e.g. Duncan and Marsh, 

2006 and references therein). Similar interpretations could be made for the ZC where the 

western cratonic subdomain of the Tokwe terrain was disrupted by rift sequences (3.1–2.95 

Ga) and at a later stage, stress interactions upon pre-existing lithospheric weakness generated a 
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north-south lying tectonic structure (i.e., the Great Dyke) emplaced by a major tectonothermal 

event circa 2.58 Ga across the central part of the ZC (Jelsma and Dirks, 2002).  

  

5.4.3.3 The Limpopo Belt  

The crustal features (i.e., crustal thickening and high-velocity basal layer in the crust) (see 

Table 2.1, Figures 2.4 and 2.7) of the Limpopo Belt (LB) tend to be quite significant in the 

Central Zone and can also be seen in similar polymetamorphic sutured terrains in other parts of 

the globe e.g. Superior Province (Gibb et al., 1983), Yilgarn Craton (Drummond, 1988), the 

Tanzania Craton (Nyblade and Pollack, 1992). The LB evolved out of a series of orogenic 

events that occurred sometime around the Neoarchaean to Palaeoproterozoic period. 

Collisional orogenesis in the form of crustal thickening-related collision (convergence of the 

KC and ZC), deformation, folding, high-grade metamorphism, magmatism, uplift, and 

exhumation was primarily responsible for the formation of a number of shear zones (e.g. 

Palala Shear Zone, see Figures 1.1 and 1.2), and the present-day crustal structure of the LB 

(e.g. Kramers et al., 2006 and references therein). The collisional orogenesis of the LB was 

pivotal in the amalgamation of the KC and ZC circa 2.6 Ga. 

 

The crustal features of the LB are, in some ways, similar to those seen beneath the BC. It 

should however be noted that there are differences both in terms of genesis and structure 

between the two tectonic terrains. The BC is more of a layered igneous intrusion that could 

have possibly been initiated by mechanism such as mantle plume magmatism (e.g. Hatton, 

1995; McCarthy and Rubidge, 2006 and references therein) whereas the LB is more of a 

tectonometamorphic structure that evolved from orogenic processes at several geological 
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periods and therefore had a protracted and complex structural history than the BC. The most 

significant differences between the LB and BC are: 

(1) The LB is about 5 km thicker than the BC. Moreover, the crustal thickening effect in the 

BC tends to be concentrated around areas where there have been significant isostatic 

adjustments that resulted in Moho depressions due to magma intrusion. Station SA47 in 

Figure 3.11 is an example of such an area. In contrast, crustal thickening in the LB 

(especially in the Central Zone) seems to have been ubiquitous (see Table 2.1, Figures 2.4 

and 3.11);  

(2) the mafic layer (Vs > 4.0 km/s) in the lower crust seems to be thicker in the Central Zone 

of the LB.  

These structural differences between the two terrains suggest that crustal thickening in the LB 

(especially in the Central Zone) was a combined effect of thrusting (continental collision) and 

magmatic underplating.  

 

5.4.3.4 The Bushveld Complex 

The original Archaean crustal structure in the BC (in the northern part of the KC) and the 

western part of the KC (Kimberley region) was disrupted by the Bushveld (~2.06 Ga) and the 

Ventersdorp (~2.7 Ga) magmatic events, respectively. Therefore, it could be expected that the 

crust in both regions will display the same or similar structural crustal features. However, 

structural differences between these two crustal regions may be attributed to two factors that 

could have determined the way in which the Archaean crust around the BC and in the western 

part of the KC was to be modified:  

1. Parental magma of the events had different compositions. The Ventersdorp event was 

probably dominated by an intermediate and felsic type of magma, while Bushveld 
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event was more of a mafic type (e.g. van der Westhuizen et al., 2006 and the 

references therein; Cawthorn et al., 2006 and the references therein). Hence, the BC 

event produced a layered complex of mafic rocks in the crust whereas the Ventersdorp 

event produced irregular successions of volcanic (mafic and felsic) and sedimentary 

formations in the crust. 

2. Significant amounts of mantle melts relating to the Ventersdorp event intruded the 

crust all the way to the surface, whilst some of the magma melts of the Bushveld were 

impeded by pre-existing crustal rocks of the Transvaal Supergroup (~2.6–2.2 Ga) (e.g. 

Hatton, 1995). In essence, this means magmatic underplating could occur beneath the 

BC and could not occur in the western part of the KC. The magmatic underplating 

beneath the BC produced a high-Vs basal layer in the crust and also thickened the 

crust as confirmed by the results in Table 3.1 and Figure 3.11 (Chapter 3). 

 

5.4.4 Structural evolution of the Proterozoic and Phanerozoic regions   

5.4.4.1 Proterozoic terrains 

Overall, Archaean cratonic terrains have been supported by a thick and deformation-resistant 

lithospheric mantle root (although asynchronously formed as noted in 5.4.3.1). Seismological 

studies have noted this thick mantle root to be lacking beneath Proterozoic terrains (e.g. James 

et al., 2001; Fouch et al., 2004). Towards the inception of the Proterozoic period, the Earth 

cooled and mantle temperatures became lower than during early Archaean and this resulted in 

the alteration of magma composition from komatiites to basalts (e.g. Durrheim and Mooney, 

1994 and references therein). More heat was being diverted to the mantle beneath young 

peripheral units accreting onto the cratonic regions. 
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As a result, the mantle beneath Proterozoic terrains was continuously fertilized by partial 

melting and triggered magmatism in the overlying young crustal subdomains. Magma intruded 

the crust either through rift structures or crustal-scale shear zones created by extensional or 

thrust tectonics. The intruding magma eventually caused large structural deformation in the 

overlying crust. Crustal growth in southern Africa during the Proterozoic was characterized by 

the formation of the NNB (~1.2–1.0 Ga), Kheis Province (~2.0–1.7 Ga), and the LB (~3.5–2.0 

Ga) on the southern, western and northern margins of the KC, respectively (see Figures 1.1 

and 1.2). The Okwa-Magondi Belt (~2.0–1.8 Ga) accreted on the western margin of the ZC. 

The growth of Proterozoic crust on a fertile mantle, as suggested by the model of Durrheim 

and Mooney (1994), means mantle melts were rich in FeO and other volatiles during the 

Proterozoic period and therefore magmatic influxes into the overlying crust were enriched 

with FeO and other iron oxide compounds.  

 

Crustal extension and rifting, repeated magmatism, repeated continental-arc collisions, 

subduction, intense deformation and high-grade metamorphism are some of the occurrences 

that were fundamental in generating a Proterozoic crust which among other things is 

characterized by high heat flow ( ≥ 40 mW/m2) (e.g. Nyblade and Pollack, 1993a,b; Jones, 

1998), a high-velocity (Vs ≥ 4.0 km/s) basal layer in the crust and crustal thickening. With the 

exception of high heat flow, the results for the Proterozoic terrains indicated in Tables 2.1 and 

4.2 and further shown in Figures 2.4 and 4.7 are a confirmation of the Proterozoic crust-

forming process indicated above. These crustal features are typical of other Proterozoic 

settings globally. An additional aspect of the tectonometamorphic evolution was the formation 

of crustal remanent magnetic anomalies which exist as mineral assemblages predominantly 

within the metamorphic (e.g. granulites) and igneous (e.g. anorthosite) rocks of Proterozoic 
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terrains. In situations like this, remanent magnetization is usually dominant and greater than 

induced magnetization. These crustal remanent magnetic anomalies, similar to the BMA (see 

sections 4.1, 4.2 and 4.5 of Chapter 4), are located at upper to mid-crustal depths, and span 

tens or hundreds of kilometres across Proterozoic terrains. The complex generation of these 

crustal remanent magnetic anomalies in Proterozoic terrains is quite a distinctive and a unique 

character characterizing Proterozoic crust (e.g. McEnroe et al., 2009).  

 

5.4.4.2 Phanerozoic region - the Cape Fold Belt 

The Cape Supergroup and other Precambrian-Cambrian rocks accreted on the southern margin 

of the NNB and were later deformed during the Cape Orogeny (~278–230 Ma) by thrust-type 

tectonics to form the Phanerozoic Cape Fold Belt (CFB) (e.g. Newton et al., 2006). The 

formation of the CFB on the southern margin of the NNB augmented the size of the southern 

African shield. In this study I have imporved the velocity-depth models for the CFB based on 

better resolved Rayleigh wave group velocity tomography (Raveloson et al., 2012). An 

example is shown in Figure 5.3. Station SA02 is, according to Figure 2.1, located in the middle 

of the CFB. The average crustal thickness estimate at this station (showed by the gray curve on 

the far right on row i) is around 37.5 km and is similar to estimates of 36.0 and 38.5 km  

obtained by Nguuri et al. (2001) and Nair et al. (2006), respectively. The crustal thickness 

estimate is further consistent with the global average crustal thickness of Palaeozoic orogens 

(in non-European continents), which, according to Rudnick and Fountain (1995), is 37.43 ± 

3.95 km. Figure 5.3 further shows that the CFB has a thick (±17 km) mafic layer in the lower 

crust.    
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Current models on the formation of the CFB suggest the following (Newton et al., 2006 and 

references therein): 

1. The CFB is a typical basin that has underwent inversion tectonics (i.e. from 

subsidence to uplift). However, much is still unknown about the deep structure of 

the fold belt. 

2. In the absence of direct evidence of the proximity of a subduction zone or the lack 

of typical features indicative of subduction, there is a possibility that a pre-existing 

crustal shear zone, dipping shallowly to the south, formed a major thrust fault 

above which an imbricate zone formed. Most probably, much of thrusting and 

folding occurred above this shear zone. 

3. North-verging folding and thrusting initiated thin-skinned deformation (perhaps 

together with sporadic thick-skinned deformation) in the upper crust, including the 

cover rocks of the Karoo Basin.  

Within the context of current postulates (as indicated above) it is quite possible that the 

presence of a substantial mafic layer in the lower crust (as shown in Figure 5.3), originated 

from mafic melts that were underplated as a result of continental collision. Probably this 

collision was northward and involved the sutured Palaeozoic orogen (initial crustal fragment 

of the CFB) thrusting onto the southern margin of the NNB. 
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Figure 5.3 Joint inversion results for station SA02 in the CFB. (i). Shear wave velocity profiles obtained 
from the joint inversion for each of the receiver function stacks at backazimuths (a) and (b) indicated on top of 
the receiver function stacks in (ii). The Vs profile at (c) on the far right is representative of the combined 
inversion of the stacks at backazimuths (a) and (b). Lower crustal depths with Vs ≥ 4.0 km/s are shaded and 
reference lines at 4.0 km/s (solid), 4.3 km/s (dotted), and 4.5 km/s (dashed) are shown in each profile. The Vs 
profile without shading show two Moho depths and indicate two increases above 4.3 km/s on the Vs profiles. 
(ii). Observed (black curves) and predicted (light-gray curves) high-frequency receiver functions with 1σ error 
bounds shown with gray shading around the observed receiver functions. The position of the Moho conversion 
phase (Ps) is shown. (iii). Observed (black curves) and predicted (gray curves) group velocities. 
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Appendix A 
List of teleseismic events used to compute receiver functions 

 
Event 

number 
Event date 

(d-m-y) 
Origin time 
(hr:min:sec.

0) 

Latitude 
(deg) 

Longitude 
(deg) 

Depth 
(km) 

Magn
-itude 
(Mw) 

Station list 

1 14-03-1994 04:30:07.7 -1.40 -24.12 10 6.9 lbtb 
2 09-06-1994 00:33:16.2 -13.84 -67.55 631 8.2 lbtb 
3 30-07-1995 05:11:23.5 -23.36 -70.31 47 8.1 lbtb 
4 18-02-1996 23:49:28.1 -1.27 -14.27 10 6.6 lbtb 
5 02-06-1996 02:52:09.5 10.80 -42.25 10 7.0 lbtb 
6 12-11-1996 16:59:44.0 -14.99 -75.68 33 7.7 lbtb 
7 23-01-1997 02:15:22.9 -22.00 -65.72 276 7.1 lbtb 
8 25-04-1997 09:11:34.6 -48.34 -10.04 10 5.8 sa11, sa16, sa17, sa22, 

sa29, sa50, sa59, sa62, 
sa73, sa74, sa75, sa76, 

sa77, sa79, sa80 
9 10-05-1997 07:57:29.7 33.83 59.81 10 7.2 sa07, sa13, sa18, sa22, 

sa23, sa24, sa25, sa29, 
sa31, sa32, sa37, sa38, 
sa39, sa40, sa45, sa46, 
sa47, sa50, sa51, sa52, 
sa55, sa56, sa57, sa64, 
sa65, sa66, sa67, sa68, 
sa70, sa71, sa73, sa74, 
sa76, sa77, sa79, sa80, 

sa81  
10 13-05-1997 14:13:45.7 36.41 70.95 196 6.4 sa07,sa11, sa17, sa18, 

sa22, sa23, sa24, sa25, 
sa29, sa30, sa32, sa37, 
sa38, sa39, sa40, sa45, 
sa46, sa47, sa50, sa51, 
sa52, sa55, sa56, sa57, 
sa59, sa60, sa62, sa63, 
sa64, sa65, sa66, sa67, 
sa68, sa70, sa71, sa74, 
sa76, sa77, sa78, sa80, 

sa81 
11 06-07-1997 09:54:00.7 -30.06 -71.87 19 6.8 sa07, sa16, sa22, sa25, 

sa31, sa37, sa39, sa40, 
sa45, sa47, sa50, sa51, 
sa55, sa57, sa60, sa62, 
sa64, sa66, sa67, sa68, 
sa70, sa71, sa73, sa77, 
sa78, sa79, sa80, sa81 

12 09-07-1997 19:24:13.1 10.60 -63.49 19 7.0 sa13, sa22, sa24 
13 13-10-1997 13:39:37.4 36.38 22.07 24 6.5 sa22, sa29, sa37 
14 15-10-1997 01:03:33.4 -30.93 -71.22 58 7.1 sa07, sa08, lbtb, sa11, 

sa16, sa18, sa22, sa25, 
sa29, sa30, sa31, sa32, 
sa37, sa38, sa39, sa45, 
sa47, sa55, sa57, sa59, 
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sa60, sa61, sa62, sa63, 
sa64, sa65, sa66, sa67, 
sa68, sa70, sa71, sa72, 
sa73, sa74, sa75, sa76, 
sa77, sa78, sa79, sa80, 

sa81, sur 
15 28-10-1997 06:15:17.3 -4.37 -76.68 112 7.2 sa07, lbtb, sa16, sa18, 

sa22, sa23, sa29, sa32, 
sa37, sa38, sa39, sa45, 

sa60, sa62, sa65 
16 08-11-1997 10:02:52.6 35.07 87.33 33 7.5 lbtb, sa13, sa16, sa17, 

sa18, sa23, sa24, sa25, 
sa29, sa31, sa32, sa37, 
sa39, sa40, sa45, sa46, 
sa47, sa51, sa55, sa56, 
sa57, sa59, sa60, sa61, 
sa62, sa63, sa65, sa67, 
sa73, sa74, sa76, sa77, 
sa78, sa79, sa80, sa81 

17 25-11-1997 12:14:33.6 1.24 122.54 24 7.0 sa13, sa16, sa17, sa18, 
sa23, sa24, sa25, sa30, 
sa31, sa32, sa38, sa39, 
sa40, sa45, sa47, sa50, 
sa51, sa55, sa57, sa59, 
sa61, sa64, sa65, sa68, 
sa71, sa72, sa73, sa74, 
sa75, sa76, sa77, sa78, 

sa79, sa80  
18 28-11-1997 22:53:41.5 -13.74 -68.79 586 6.7 sa67 
19 27-12-1997 20:11:01.3 -55.78 -4.22 10 6.2 sa16, sa18, sa38, sa50, 

sa55, sa63 

20 12-01-1998 10:14:07.6 -30.99 -71.41 35 6.6 sa07, lbtb, sa11, sa13, 
sa16, sa169, sa23, sa25, 
sa29, sa32, sa38, sa47, 
sa55, sa59, sa61, sa62, 
sa63, sa64, sa65, sa68, 
sa70, sa71, sa72, sa74, 

sa76, sa78, sa80 
21 30-01-1998 12:16:08.6 -23.91 -70.21 42 7.1 sa07, lbtb, sa11, sa16, 

sa169, sa17, sa18, sa25, 
sa29, sa32, sa37, sa38, 
sa40, sa46, sa47, sa51, 
sa55, sa56, sa59, sa60, 
sa62, sa64, sa65, sa66, 
sa67, sa70, sa72, sa75, 

sa76, sa77, sa78 
22 14-03-1998 19:40:27.0 30.15 57.61 9 6.6 sa07, lbtb, sa13, sa16, 

sa169, sa17, sa23, sa24, 
sa25, sa29, sa31, sa32, 
sa37, sa38, sa40, sa45, 
sa46, sa50, sa55, sa57, 
sa59, sa60, sa61, sa62, 
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sa63, sa65, sa66, sa67, 
sa68, sa70, sa71, sa72, 
sa74, sa75, sa77, sa79, 

sa81, sur  
23 25-03-1998 12:17:22.5 -63.61 147.94 10 6.4 sa07, sa08, sa50, sa55, sur 
24 25-03-1998 03:12:25.0 -62.88 149.53 10 8.1 lbtb, sa13, sa16, sa169, 

sa17, 
sa23, sa24, sa25, sa29, 
sa31, sa32, sa37, sa38, 
sa40, sa45, sa50, sa51, 
sa55, sa56, sa57, sa59, 
sa60, sa61, sa62, sa63, 
sa64, sa65, sa66, sa67, 
sa68, sa70, sa72, sa74, 
sa75, sa76, sa77, sa78, 

sa79, sa81, sur 
25 01-04-1998 22:42:56.9 -40.32 -74.87 9 6.7 sa07, lbtb, sa16, sa169, 

sa25, sa29, sa50, sa57, 
sa72, sa74, sa76, sa77, 

sa78, sa81, sur 
26 01-04-1998 17:56:23.3 -0.54 99.26 55 7.0 sa07, lbtb, sa23, sa24, 

sa25, sa29, sa31, sa32, 
sa40, sa45, sa46, sa50, 
sa51, sa55, sa56, sa72, 
sa74, sa75, sa76, sa77, 
sa78, sa79, sa81, sur  

27 25-04-1998 06:07:23.4 -35.27 -17.33 10 6.3 sa04, sa05, sa09, sa169, 
sa19, sa34 

28 21-05-1998 05:34:25.5 0.21 119.58 33 6.6 sa15, sa19, sa28, sa34, 
sa36, sa48 

29 22-05-1998 04:48:50.4 -17.73 -65.43 65 6.6 sa05, sa48 
30 30-05-1998 06:22:28.9 37.11 70.11 33 6.5 sa47, sa53, sa56 
31 18-06-1998 04:17:54.9 -11.57 -13.89 10 6.3 sa04, sa09, sa13, sa15, 

sa19, sa25, sa26, sa28, 
sa34, sa35, sa36, sa37, 

sa42, sa48, sa50 
32 24-06-1998 10:44:30.8 -37.30 -17.39 10 6.0 sa05, sa07, sa09, sa13, 

sa15, sa20, sa28, sa31, 
sa33, sa34, sa38, sa44, 
sa48, sa53, sa55, sa81 

33 27-06-1998 13:55:52.0 36.88 35.31 33 6.3 sa40 
34 03-09-1998 17:37:58.2 -29.45 -71.72 27 6.6 lbtb, sa02, sa04, sa05, 

sa07,  sa09, sa10, sa14, 
sa19, sa20, sa26, sa27, 
sa28, sa31, sa33, sa34, 
sa36, sa42, sa44, sa47, 
sa48, sa49, sa50, sa56, 

sa57, sa81, sur 
35 08-11-1998 07:25:48.5 -9.14 121.42 33 6.4 sa19, sa20, sa35 
36 09-11-1998 05:38:44.2 -6.92 128.95 33 7.0 sa10, sa17, sa18, sa19, 

sa24, sa27, sa28, sa30, 
sa31, sa33, sa35, sa37, 
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sa40, sa45, sa46, sa47, 
sa48, sa53, sa56 

37 29-11-1998 14:10:31.9 -2.07 124.89 33 7.7 sa04, sa05, sa07, sa09, 
sa10, sa13, sa14, sa17, 
sa20, sa24, sa26, sa27, 
sa30, sa31, sa33, sa34, 
sa35, sa36, sa38, sa40, 
sa43, sa44, sa45, sa47, 
sa48, sa49, sa51, sa53, 
sa54, sa56, sa57, sa76, 

sa78 
38 24-01-1999 08:00:08.5 -26.46 74.48 10 6.3 sa09, sa10, sa14, sa15, 

sa169, sa20, sa26, sa34, 
sa48, sa50, sa53 

39 04-03-1999 05:38:26.5 28.34 57.19 33 6.6 bb08, bb14, bb31, sa02, 
sa04, sa19, sa32, sa34 

40 04-03-1999 08:52:01.9 5.40 121.94 33 7.1 lbtb, bb02, bb08, bb14, 
bb24, bb31, sa10, sa169, 
sa18, sa19, sa20, sa26, 
sa30, sa32, sa33, sa34, 
sa42, sa43, sa44, sa47, 
sa48, sa49, sa54, sa56, 

sa57, sa76, sa78 
41 28-03-1999 19:05:11.0 30.51 79.40 15 6.6 bb02, bb08, bb14, bb24, 

sa02, sa04, sa08, sa10, 
sa14, sa15, sa17, sa19, 
sa20, sa23, sa24, sa25, 
sa26, sa31, sa32, sa34, 
sa36, sa42, sa43, sa44, 

sa45, sa46, sa48, sa49, sur  
42 29-03-1999 06:17:58.4 -4.00 87.28 10 5.8 bb02 
43 03-04-1999 06:17:18.3 -16.66 -72.66 87 6.8 bb02, bb08, bb14, bb24, 

bb31, sa04, sa10, sa14, 
sa15, sa20, sa23, sa26, 
sa31, sa43, sa49, sur 

44 06-05-1999 23:00:53.1 29.50 51.88 33 6.2 bb08, bb24, bb31 
45 17-08-1999 00:01:39.1 40.75 29.86 17 7.6 lbtb, sur 
46 18-06-2000 14:44:13.3 -13.80 97.45 10 7.8 lbtb, sur 
47 25-10-2000 09:32:23.9 -6.55 105.63 38 6.8 lbtb 
48 26-01-2001 03:16:40.5 23.42 70.23 16 7.7 lbtb, sur 
49 14-11-2001 09:26:10.0 35.95 90.54 10 7.8 lbtb 
50 12-12-2001 14:02:35.0 -42.81 124.69 10 7.1 sur 
51 03-03-2002 12:08:19.7 36.50 70.48 226 7.4 lbtb, sur 
52 21-05-2003 18:44:20.1 36.96 3.63 12 6.8 sur 
53 15-07-2003 20:27:50.2 -2.60 68.38 10 7.6 lbtb 
54 23-12-2004 14:59:04.4 -49.31 161.35 10 8.1 lbtb, sur 
55 25-07-2004 14:35:18.6 -2.40 104.02 578 7.3 lbtb 
56 23-12-2004 14:59:04.4 -49.31 161.35 10 8.1 lbtb 
57 26-12-2004 00:58:50.7 3.30 95.98 30 9.0 lbtb, sur 
58 01-01-2005 06:25:44.8 5.10 92.30 12 6.6 bosa, lbtb, sur 
59 24-01-2005 04:16:48.1 7.37 92.45 30 6.3 bosa 
60 16-02-2005 20:27:52.4 -36.32 -16.56 10 6.6 bosa, sur 
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61 22-02-2005 02:25:22.7 30.74 56.73 14 6.4 bosa, lbtb, sur 
62 02-03-2005 10:42:12.2 -6.53 129.93 202 7.1 bosa 
63 28-03-2005 16:09:36.5 2.09 97.11 30 8.7 sur 
64 10-04-2005 10:29:13.4 -1.62 99.56 30 6.8 bosa, lbtb, sur 
65 19-05-2005 01:54:52.8 1.99 97.04 30 6.9 bosa, sur 
66 13-06-2005 22:44:33.5 -19.90 -69.13 111 7.9 bosa, sur 
67 05-07-2005 01:52:04.8 1.90 97.10 30 6.7 bosa 
68 24-07-2005 15:42:06.2 7.92 92.19 10 7.3 bosa, sur 
69 26-09-2005 01:55:37.6 -5.68 -76.40 115 7.5 lbtb 
70 02-01-2006 06:10:49.2 -60.93 -21.58 10  7.4 lbtb 
71 27-01-2006 16:58:53.6 -5.47 128.10 341 7.6 lbtb 
72 30-04-2006 19:17:17.2 -27.01 -70.96 26 6.6 slr 
73 16-05-2006 15:28:25.9 0.09 97.05 12 6.8 slr 
74 16-07-2006 11:42:45.4 -28.66 -72.39 35 6.0 sek 
75 17-07-2006 15:45:59.8 -9.45 108.27 10 6.3 sek, slr 
76 17-07-2006 08:19:25.0 -9.33 107.26 10 7.7 grm, sek, slr 
77 20-08-2006 03:41:47.6 -61.02 -34.37 10 6.9 grm, poga, slr 
78 25-08-2006 00:44:43.2 -24.32 -66.89 156 6.4 sek 
79 13-11-2006 01:26:34.0 -26.08 -63.29 550 6.8 grm, hvd, mopa, pka 
80 20-02-2007 08:04:27.9 -1.06 127.07 31 6.5 hvd, sek 
81 03-04-2007 03:35:06.7 36.53 70.67 210 6.2 sek 
82 21-07-2007 15:34:47.9 -22.33 -65.81 247 6.2 cvna 
83 21-07-2007 13:27:03.7 -7.98 -71.13 633 6.1 cvna 
84 08-08-2007 17:04:57.4 -5.92 107.74 282 7.4 grm, swz 
85 15-08-2007 23:40:56.8 -13.36 -76.52 30 8.0 cvna, grm, mopa 
86 20-08-2007 22:43:02.0 8.51 -40.16 253 6.5 hvd 
87 12-09-2007 11:10:24.1 -4.37 101.56 16  7.9 pka, poga, cvna, mopa, 

grm, upi, sek 
88 12-09-2007 23:48:59.8 -2.67 100.80 10 7.9 poga, cvna, mopa, grm, 

pka, upi, lbtb 
89 13-09-2007 03:35:26.2 -2.28 99.59 10 6.5 pka 
90 14-09-2007 06:01:34.2 -4.11 101.22 35 6.4 poga, swz, grm 
91 24-10-2007 21:02:51.2 -3.91 101.06 30 7.1 mopa, upi, swz, grm 
92 14-11-2007 15:40:53.0 -22.99 -69.84 60 7.7 pka, cvna, mopa, upi, sek, 

swz 
93 15-11-2007 15:06:00.6 -22.88 -70.07 35 6.8 pka, poga, cvna, mopa, 

upi, sek, grm 
94 08-02-2008 09:38:14.1 -10.70 -41.88 9 6.8 slr 
95 10-02-2008 12:22:02.6 -60.75 -25.51 8 6.5 slr 
96 23-02-2008 15:57:24.8 -57.11 -23.60 35 6.8 slr 
97 25-02-2008 08:36:35.6 -2.37 100.02 35 7.3 slr 
98 28-06-2008 12:54:49.6 10.82 91.76 35 6.3 slr 
99 30-06-2008 06:17:43.9 -58.16 -21.89 10  6.7 slr 
100 10-08-2009 19:55:39.2 14.01 92.92 33 7.6 slr 
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Appendix B 

The Linearized Joint Inversion Scheme by Julia et al. (2000, 2003) 

The joint inversion scheme developed Julia et al. (2000, 2003) inverts both surface wave 

dispersion observations and body wave receiver functions beneath the surface of each 

recording station assuming consistency and complementarity. Consistency is the requirement 

by which the surface wave dispersions and receiver functions sample the same part of the 

Earth structure. Complementarity is the desired outcome for which there is an improved 

constraint on the joint inversion results provided by the resolution abilities of the two data sets 

that are jointly inverted. As a product to the joint inversion procedure, shear wave velocity 

models are obtained. 

 

In this appendix, the joint inversion of P-wave receiver functions and Rayleigh wave group 

velocity dispersion observations has been described as applied to determine the shear wave 

velocity structure of several regions of my research program. To develop the scheme of joint 

inversion of receiver functions and surface wave measurements, Julia et al. (2000) defined a 

joint prediction error or minimization for surface wave dispersion measurements and receiver 

functions as follows: 
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where differences in physical units and number of data points for the two different data sets 

has been taken care of by dividing each data set using the number of data points (Ns and Nr) 

and standard deviations (σs and σr) of surface wave dispersion measurements and receiver 

functions, respectively, m is the shear wave velocity model with certain number of layers and 

fixed thicknesses, Ds and Dr are partial derivative matrices for the surface wave dispersion 

curve and receiver functions with the indices ij indicating the ith row and jth column element 

of each matrix, and rs and rr are the residuals for the surface wave dispersions and receiver 

functions. The influence factor p (with q = 1 – p) controls the relative influence of each data 
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set so that p=0 inverts receiver functions alone while p=1 inverts dispersion measurements 

alone. The joint inversion scheme has been implemented using parameters from the joint 

prediction error by the following system of equations (Julia et al., 2003): 

 

 

 
 
  (B-2) 

 

where r s
→

 and r r
→

 are vector residuals for surface wave observations and receiver functions, 

respectively, 2
sw  and 2

rw  are weights that equalize the data sets and are obtained from 2
ss

N σ  

and 2
rr

N σ  for surface wave dispersion measurements and receiver functions, respectively, as 

indicated in equation (B-1), m
→

 is a vector of shear wave velocities in fixed-thickness layers 
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Appendix C – Joint inversion results 
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Appendix D 

List of mining-related and regional earthquakes used for the measurement of 

Rayleigh wave group velocities 

 

Event 
number 

Event date 
(d-m-y) 

Origin time 
(hh:mm:ss.0) 

Latitude 
(deg) 

Longitude 
(deg) 

Depth 
(km) 

Magnitude 
(ML) 

Number of 
stations per event 

for which 
measurements 
were obtained 

1 18-04-1997 13:05:20.3 -25.9690 29.4010 0.1 4.4 2 
2 23-04-1997 10:13:39.2 -24.4980 28.2750 0.2 4.4 10 
3 23-04-1997 11:23:13.0 -23.9300 24.1920 15 4.8 1 
4 05-05-1997 23:58:43.3 -25.3300 28.2430 0.3 3.7 4 
5 13-05-1997 01:01:55.9 -26.3750 27.4900 0.1 3.0 17 
6 13-05-1997 01:50:03.6 -25.6310 27.3510 5.6 4.8 1 
7 13-05-1997 08:15:25.0 -26.1320 29.6200 0.1 4.6 4 
8 13-05-1997 11:37:49.4 -26.0960 29.6170 0.1 4.3 2 
9 14-05-1997 06:31:06.9 -23.8160 25.5890 0.1 4.0 8 
10 14-05-1997 08:07:37.3 -23.1870 28.7840 0.6 4.5 4 
11 14-05-1997 13:02:45.6 -24.9250 31.7150 0.6 4.6 3 
12 14-05-1997 14:11:32.9 -25.4820 29.7810 0.3 4.5 3 
13 15-05-1997 05:54:49.7 -25.4930 28.7770 1.4 4.5 2 
14 15-05-1997 10:20:32.0 -26.1560 29.5070 0.1 4.6 5 
15 15-05-1997 10:46:41.9 -26.2610 29.1720 0.0 4.3 5 
16 15-05-1997 15:00:46.9 -26.1170 29.6970 0.0 4.9 5 
17 16-05-1997       03:49:04.4 -25.7670 26.6820     0.7 3.6 9 
18 16-05-1997 10:01:34.6 -24.0380 28.9640 0.7 4.3 8 
19 16-05-1997 12:21:50.7 -24.2420 28.8690 0.2 4.3 6 
20 17-05-1997 10:18:23.0 -26.3950 27.4820 0.8 2.8 18 
21 17-05-1997 21:31:15.1 -24.6170 27.4380 0.0 3.2 6 
22 20-05-1997 09:39:23.0 -26.5750 31.8370 0.0 4.9 9 
23 20-05-1997 13:00:21.7 -25.9270 29.4250 6.8 4.0 9 
24 21-05-1997 10:49:38.2 -25.2830 27.5750 0.0 4.1 5 
25 21-05-1997 11:41:34.8 -23.6970 27.5310 5.7 3.3 5 
27 22-05-1997 08:00:56.7 -24.7930 26.7680 8.7 3.4 10 
28 22-05-1997 09:12:41.6 -24.0410 31.2510 0.1 4.4 12 
29 23-05-1997 16:13:52.0 -26.9003 26.7710 2.0 3.6 13 
30 24-05-1997 10:03:38.7 -22.4310 29.3260 2.0 3.7 2 
31 24-05-1997 15:02:31.0 -22.2100 29.9170 8.3 3.6 7 
32 25-05-1997 23:58:39.5 -22.2470 27.9160 6.5 7.9 10 
33 26-05-1997 10:32:43.4 -23.9970 28.8770 0.9 3.1 8 
34 26-05-1997 13:50:01.4 -24.6090 27.3530 0.0 3.5 4 
35 27-05-1997 08:56:53.9 -25.5280 28.7440 3.4 4.3 11 
36 27-05-1997 11:45:39.6 -25.9730 29.5510 0.0 4.8 9 
37 27-05-1997 16:02:13.7 -26.1280 29.6690 0.0 5.1 9 
38 28-05-1997 11:44:04.1 -23.6670 27.4910 0.0 3.1 5 
39 28-05-1997 12:13:06.8 -22.4200 29.2770 6.2 3.0 3 
40 30-05-1997 18:34:29.4 -26.3800 27.4000 2.0 3.1 12 
41 31-05-1997 12:01:50.3 -25.2930 28.7560 0.0 4.3 1 
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42 02-06-1997 11:11:46.8 -23.6810 27.5290 0.1 4.2 2 
43 02-06-1997 13:14:48.1 -25.9190 29.4650 0.0 4.6 9 
44 04-06-1997 11:05:43.9 -24.5170 24.6950 4.5 3.3 5 
45 04-06-1997 11:42:59.8 -23.7290 27.5490 0.0 2.7 8 
46 04-06-1997 14:32:20.6 -25.2570 27.6220 0.0 3.4 2 
47 05-06-1997 13:32:44.0 -24.5980 27.3340 0.0 3.5 6 
48 05-06-1997 15:37:54.8 -26.1990 25.2200 0.0 4.2 1 
49 06-06-1997 08:46:45.3 -23.9650 31.0450 0.0 3.8 14 
50 07-06-1997 08:56:46.3 -24.5750 27.3480 0.0 3.6 4 
51 07-06-1997 10:23:26.8 -25.9810 29.3880 0.0 3.4 10 
52 07-06-1997 11:19:15.1 -25.9830 29.3520 0.0 4.2 2 
53 08-06-1997 19:56:29.9 -26.4330 27.3920 1.6 2.8 13 
54 10-06-1997 15:23:54.5 -25.5340 28.7720 0.1 3.5 5 

       55 11-06-1997 05:15:37.5 -22.4440 29.3280 4.9 3.0 8 
       56 11-06-1997 11:39:15.7 -23.7100 27.5210 0.1 2.8 14 

57 11-06-1997 11:51:20.0 -19.5210 30.1030 11.7 4.5 1 
58 11-06-1997 12:07:03.0 -24.5620 24.7470 0.0 3.8 1 
59 11-06-1997 13:56:23.6 -24.7180 27.3900 0.0 3.3 1 
60 12-06-1997 12:40:10.1 -25.9910 29.3460 0.0 4.7 3 
61 29-06-1997 12:17:14.7 -26.4400 27.3500 2.0 3.4 10 
62 29-06-1997 15:24:02.6 -26.3800 27.4600 2.0 3.5 7 
63 09-07-1997 14:03:12.1 -26.4300 27.4400 2.0 3.6 6 
64 16-07-1997 08:10:18.5 -26.4400 27.5300 2.0 3.4 1 
65 18-07-1997 15:10:22.5 -26.4300 27.4400 2.0 3.2 14 
66 19-07-1997 19:06:05.2 -26.3471 27.6293 2.0 3.3 4 
67 26-07-1997 03:22:44.2 -26.3444 27.6275 2.0 3.5 15 
68 29-07-1997 11:25:06.0 -27.9577 26.7022 2.0 4.0 5 
69 01-08-1997 02:17:24.2 -27.9492 26.6992 2.0 4.1 3 
70 11-08-1997 16:30:20.4 -28.0098 26.7584 2.0 3.7 3 
71 18-08-1997 04:46:13.6 -26.4196 27.6003 2.0 3.4 22 
72 07-09-1997 08:45:39.8 -26.4530 27.3464 2.0 3.0 19 
73 13-09-1997 22:43:36.1 -26.8877 26.7816 2.0 4.0 12 
74 17-09-1997 01:53:23.0 -26.3408 27.6322 2.0 3.2 15 
75 17-09-1997 11:58:18.3 -26.4374 27.3873 2.0 3.7 20 
76 05-10-1997 19:01:58.4 -26.3700 27.3100 2.0 3.6 9 
77 20-10-1997 19:20:42.2 -26.4326 27.4200 2.0 3.8 20 
78 02-11-1997 06:27:09.4 -26.3600 27.5100 2.0 3.4 12 
79 20-11-1997 00:31:48.4 -26.3500 27.4600 2.0 3.4 14 
80 17-12-1997 14:30:51.3 -26.4200 27.6030 2.0 3.0 16 
81 21-12-1997 10:35:55.5 -26.4012 27.4670 2.0 3.4 14 
82 06-01-1998 21:22:38.8 -26.4610 27.3221 2.0 3.0 12 
83 11-02-1998 21:18:52.7 -26.4051 27.6073 2.0 3.3 11 
84 22-04-1998 12:44:32.3 -26.3894 27.4288 2.0 3.2 9 
85 26-04-1998 00:50:25.1 -26.3748 27.5041 2.0 3.9 13 
86 14-05-1998 10:36:43.3 -28.0590 26.8025 2.0 3.1 3 
87 16-05-1998 16:26:47.8 -28.0404 26.8115 2.0 3.1 2 
88 30-05-1998 16:34:01.6 -26.4325 27.4130 2.0 3.0 20 
89 17-06-1998 12:50:24.3 -26.3959 27.4880 2.0 2.9 17 
90 19-06-1998 15:52:07.4 -26.4200 27.4100 2.0 3.3 16 
91 22-06-1998 14:22:26.7 -26.4368 27.4208 2.0 3.1 15 
92 22-06-1998 14:47:56.5 -26.3823 27.4830 2.0 3.2 20 
93 27-06-1998 04:35:56.5 -26.3800 27.4800 2.0 3.1 17 
94 09-07-1998 22:55:24.8 -26.3700 27.5900 2.0 3.5 9 
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95 13-07-1998 07:05:06.7 -27.9500 26.7500 2.0 3.8 14 
96 17-07-1998 12:49:25.0 -26.3500 27.5300 2.0 3.2 11 
97 18-07-1998 05:16:26.1 -26.4700 27.4800 2.0 3.5 9 
98 23-07-1998 05:22:03.3 -26.3982 27.4387 2.0 3.2 11 
99 27-07-1998 18:56:52.1 -26.4400 27.4000 2.0 3.6 13 
100 01-08-1998 06:33:26.5 -25.8933 28.3949 2.0 3.7 9 
101 04-08-1998 11:50:59.5 -26.4774 27.3272 2.0 2.9 6 
102 17-08-1998 09:17:40.9 -26.3879 27.4814 2.0 3.5 14 
103 04-09-1998 11:35:47.3 -26.3472 27.6304 2.0 3.3 14 
104 08-09-1998 16:22:32.4 -26.3875 27.4441 2.0 3.3 15 
105 02-10-1998 07:35:29.2 -26.4311 27.3833 2.0 3.7 17 
106 02-10-1998 10:17:52.1 -26.3953 27.4703 2.0 3.8 20 
107 07-10-1998 04:51:05.9 -26.3916 27.4920 2.0 3.7 18 
108 07-10-1998 06:46:51.2 -26.3905 27.4981 2.0 3.5 16 
109 08-10-1998 22:44:07.2 -25.2380 27.3401 5.0 3.2 9 
110 12-10-1998 14:20:57.0 -24.7500 27.4200 0 4.7 5 
111 12-10-1998 16:09:08.9 -22.8830 28.9430 6.5 3.1 5 
112 13-10-1998 05:12:07.0 -25.9340 27.0130 3.5 4.4 5 
113 13-10-1998 06:05:20.2 -26.4343 27.6024 2.0 3.1 14 
114 13-10-1998 08:54:47.3 -25.8300 29.5490 0 4.3 7 
115 13-10-1998 09:26:24.5 -27.7000 23.0980 22.0 4.3 3 
116 13-10-1998 10:44:37.1 -26.0080 29.4320 0 4.7 4 
117 13-10-1998 14:01:43.3 -26.2160 25.2420 1.0 4.6 2 
118 13-10-1998 15:52:39.1 -24.4810 30.4740 3.8 4.7 8 
119 14-10-1998 00:16:44.8 -28.0700 26.8210 1.1 3.6 2 
120 14-10-1998 00:55:18.5 -26.4620 27.4510 3.8 3.7 5 
121 14-10-1998 06:36:25.3 -26.4710 27.4800 4.7 4.3 5 
122 14-10-1998 10:52:13.1 -28.1010 26.7190 1.0 4.8 2 
123 15-10-1998 11:43:15.9 -26.3680 29.2600 0 4.3 8 

      124 15-10-1998 11:52:25.5 -23.6210 27.4680 0 4.3  1 
125 15-10-1998 13:04:48.6 -22.4570 29.3300 19.0 4.0  4 
126 15-10-1998 13:52:04.5 -26.4650 27.3660 0.5 5.1 2 
127 15-10-1998 17:26:07.1 -26.4730 27.4550 1.0 4.9  4 
128 16-10-1998 00:17:16.4 -27.5000 27.3700 0 2.8  2 
129 16-10-1998 02:39:05.3 -27.0230 26.8000 0 3.9  2 
130 16-10-1998 10:17:59.2 -23.9600 30.7790 3.6 3.4  3 
131 17-10-1998 05:03:12.8 -25.0000 30.2440 0 3.3 2 
132 17-10-1998 07:27:23.8 -22.4230 29.2970 7.1 4.7  3 
133 19-10-1998 09:39:41.8 -27.7010 23.0160 12.0 3.5  7 
134 20-10-1998 08:23:24.0 -25.9830 29.5340 0.9 3.9  5 
135 20-10-1998 09:59:57.5 -25.9980 29.6690 0 4.3  4 
136 20-10-1998 11:46:20.1 -23.6770 27.5200 0 3.2  10 
137 20-10-1998 18:31:41.2 -26.3830 27.4290 0.1 3.1  17 
138 21-10-1998 06:31:40.9 -25.6570 27.2970 0 3.8  4 
139 21-10-1998 14:14:03.5 -26.2070 25.0190 23.9 5.1  4 
140 21-10-1998 19:43:10.0 -24.7630 27.2630 0 3.7  2 
141 22-10-1998 07:22:21.7 -24.6770 27.3500 0 4.0  11 
142 23-10-1998 10:10:36.6 -22.4090 29.3680 3.3 4.0  4 
143 23-10-1998  11:10:11.7 -24.5340 27.3280 0 3.2  8 
144 27-10-1998 10:34:57.2 -23.9430 30.6400 0 4.8  1 
145 27-10-1998 11:43:50.2 -23.6700 27.5940 0 5.6  1 
146 28-10-1998 10:00:09.5 -24.0220 28.9040 0 5.4  1 
147 28-10-1998 11:41:07.3 -23.6800 27.5090 0 4.4  2 
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148 29-10-1998 08:17:08.8 -24.2900 27.7810 0 3.3  5 
149 29-10-1998 09:21:28.0 -22.3770 29.9920 10.0 2.6  2 
150 30-10-1998 13:00:47.8 -24.4710 24.6260 0.1 4.5  7 
151 30-10-1998 14:46:30.1 -24.2400 29.3020 0 3.6  3 
152 30-10-1998 21:40:25.3 -26.4000 27.4700 2.0 3.4  18 
153 01-11-1998 04:57:05.3 -24.8710 27.2960 0 5.0  3 
154 01-11-1998 05:15:36.8 -24.7730 27.2900 0 4.7  3 
155 02-11-1998 08:04:40.1 -24.8800 27.1480 0 4.3  8 
156 02-11-1998 09:58:50.2 -24.6620 27.3810 0          4.2  7 
157 02-11-1998 14:08:18.3 -25.1810 27.6200 0 4.2  7 
158 03-11-1998 10:21:54.6 -24.0090 28.8040 0 3.9  3 
159 03-11-1998 10:54:26.6 -24.6600 27.3630 0 4.7  4 
160 03-11-1998 14:59:16.8 -24.1630 29.9090 0  4.3  2 
161 04-11-1998 15:36:17.3 -24.7730 27.2990 0  4.5  3 
162  05-11-1998  09:08:28.7 -23.8450 30.7040 0 4.0  5 
163 06-11-1998 14:44:20.8 -26.0800 27.7800 2.0 2.6  11 
164  07-11-1998     07:54:05.5 -24.7730 27.2060 1.1 3.7  3 
165 07-11-1998 08:04:55.0 -24.2100 29.2590 0  3.9  1 
166 09-11-1998 11:42:05.2 -23.6650 27.5890 2.6  3.3  13 
167 10-11-1998 09:09:39.1 -27.7660 23.1890 19.3  4.8  2 
168 10-11-1998 13:42:08.8 -25.8880 29.5350 1.6  3.6  10 
169 11-11-1998 11:25:36.3 -24.3070 29.2640 0 4.5  7 
170 13-11-1998 00:42:07.6 -24.8610 27.2970 0 3.9  7 
171 13-11-1998 01:06:19.4 -24.8760 27.2880 0  4.3  2 
172 13-11-1998 09:57:04.0 -24.0150 28.8900 0  4.1  11 
173 13-11-1998 10:45:39.2 -23.9310 31.1160 9.0 4.1  4 
174 14-11-1998 07:18:57.4 -26.9300 26.7500 2.0  3.8  14 
175 17-11-1998 10:09:29.0 -24.0120 28.9050 0.6 3.1  5 
176 17-11-1998 11:41:59.8 -23.6800 27.5000 1.8 4.6  4 
177      17-11-1998 20:17:58.4 -26.8000 26.7600 2.0 4.4  18 
178 18-11-1998    16:30:05.7 -26.9460 26.7810 1.2 3.9  14 
179 18-11-1998  13:01:32.2 -23.8460 30.6570 6.6  3.6  2 
180  18-11-1998     13:30:39.3 -24.9520 30.1580 2.4  4.4  2 
181 19-11-1998      14:07:43.5 -26.4780 27.3380 0.9 3.1  16 
182 20-11-1998      10:06:06.1 -24.0090 28.9080 1.4 4.2  5 
183 24-11-1998      11:37:29.3 -23.6630 27.5960 4.8 4.0  5 
184 25-11-1998     11:44:25.2 -23.6630 27.4930 4.7  5.1 10 
185 26-11-1998      06:55:07.3 -26.3800 27.4200 2.0 3.0  12 
186 26-11-1998      23:52:33.9 -26.9800 26.7600 2.0 3.5  13 
187 27-11-1998     10:19:04.4 -22.2990 29.2720 3.3 4.3  2 
188 30-11-1998                09:47:22.96 -26.3520 30.1190 0 3.8  2 
189 01-12-1998     09:22:49.3 -26.9200 26.8200 2.0 3.6  13 
190 01-12-1998     23:01:47.8 -27.7000 30.1600 5.0 3.5  1 
191 01-12-1998    18:12:16.3 -28.0400 26.8800 2.0 3.7  11 

      192      05-12-1998  04:52:44.8 -26.3500 27.5400 2.0 4.3  16 
193  05-12-1998     13:11:10.2 -23.3660 30.1910 3.1 4.7  3 
194 07-12-1998 16:58:46.9 -26.8600 26.7500 2.0  3.4  12 
195 16-12-1998 16:00:02.1 -26.4000 27.4500 2.0  3.9  18 
196 23-12-1998 07:39:01.6 -26.4400 27.2800 2.0  3.1  13 
197 24-12-1998 14:02:57.6 -26.3900 27.3500 2.0 3.0  13 
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[1] The nature of the lower crust across the southern African shield has been investigated
by jointly inverting receiver functions and Rayleigh wave group velocities for 89
broadband seismic stations located in Botswana, South Africa and Zimbabwe. For large
parts of both Archaean and Proterozoic terrains, the velocity models obtained from the
inversions show shear wave velocities �4.0 km/s below �20–30 km depth, indicating a
predominantly mafic lower crust. However, for much of the Kimberley terrain and
adjacent parts of the Kheis Province and Witwatersrand terrain in South Africa, as well as
for the western part of the Tokwe terrain in Zimbabwe, shear wave velocities of �3.9 km/s
are found below �20–30 km depth, indicating an intermediate-to-felsic lower crust. The
areas of intermediate-to-felsic lower crust in South Africa coincide with regions where
Ventersdorp rocks have been preserved, suggesting that the more evolved composition of
the lower crust may have resulted from crustal reworking and extension during the
Ventersdorp tectonomagmatic event at c. 2.7 Ga.
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velocity structure of the lower crust in southern Africa: Evidence for compositional heterogeneity within Archaean and Proterozoic

terrains, J. Geophys. Res., 114, B12304, doi:10.1029/2008JB006217.

1. Introduction

[2] Motivated by previous studies suggesting that there
may be significant variability in the composition of the
lower crust across the southern African shield, here we
investigate the nature of both Archaean and Proterozoic
lower crust in southern Africa using 1-D shear wave
velocity models obtained by jointly inverting receiver
functions and Rayleigh wave group velocities. Characteriz-
ing the variability in lower crustal composition across
southern Africa is important not only for improving our
understanding of crustal growth and tectonics in Africa, but
also globally. As many studies have shown, the composition
of the lower crust remains one of the largest unknowns in
the overall structure of the crust, leading to considerable
uncertainty in the role of the lower crust in continental

dynamics [e.g., Christensen and Mooney, 1995; Rudnick
and Fountain, 1995; Rudnick and Gao, 2003].
[3] Much of the evidence for variability in lower crustal

composition across southern Africa comes from interpreting
seismic data. Niu and James [2002], for example, using
receiver function analysis, found that the lower crust around
the Kimberley region in the western part of the Kaapvaal
Craton has an intermediate-to-felsic composition. From this
result, they suggested that the lower crust beneath the
Kaapvaal Craton could be dominated by intermediate-to-
felsic lithologies. Receiver function analyses by Nguuri
[2004] and Nair et al. [2006], however, yielded crustal
Vp/Vs ratios as high as 1.78 for parts of the Kaapvaal
Craton and surrounding Proterozoic mobile belts, suggest-
ing that in some areas the lower crust may contain a
significant proportion of mafic rock. Crustal velocity models
developed using seismic reflection and refraction data also
suggest significant variability in lower crustal composition
[e.g., Green and Durrheim, 1990; Durrheim and Green,
1992; de Wit and Tinker, 2004].
[4] The 1-D shear wave velocity models obtained from

jointly inverting receiver functions and Rayleigh wave group
velocities span the greater part of the exposed Precambrian
shield of southern Africa (Figures 1 and 2) and indicate
considerable differences in lower crustal composition within
and between a number of terrains. In this paper, following a
brief review of the geological framework of southern Africa,
we describe the data sets and technique used for the joint
inversions, discuss similarities and differences in lower
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crustal composition indicated by the velocity models, and
examine possible causes for the lower crustal heterogeneity
that we observe vis-à-vis major Precambrian tectonothermal
events that affected the region.

2. Tectonic and Geological Framework of
Southern Africa

2.1. Overview of Precambrian Structure

[5] The Kalahari Craton, which forms the nucleus of the
southern African shield, is comprised of the Archaean
Kaapvaal Craton welded to the Archaean Zimbabwe Craton
by the Archaean and Palaeoproterozoic Limpopo Belt
[de Wit et al., 1992] (Figure 1). The Kalahari Craton is

bounded by the Palaeoproterozoic Okwa-Magondi Belt to
the northwest, the Mesoproterozoic Namaqua-Natal Belt,
including Kheis Province, to the south and southwest, and
the Palaeozoic Cape Fold Belt even further to the south
(Figure 1). A brief description of these tectonic terrains
follows.

2.2. Kaapvaal Craton

[6] The Kaapvaal Craton is an Archaean granite-greenstone
terrain that formed between 3.7 and 2.7 Ga [de Wit et al.,
1992; Eglington and Armstrong, 2004]. Based on the age
distribution of supracrustal and intrusive rocks, and the
presence of major structural boundaries, the craton has
been subdivided into four tectonostratigraphic terrains; the

Figure 1. Tectonic map of southern Africa showing major Precambrian terrains. Terrain names and
boundaries are taken from Eglington and Armstrong [2004] and Jelsma and Dirks [2002]. Political
boundaries are shown with thin dashed lines. The box shown with bold dashed lines encloses the region
affected by the Bushveld Complex. TML, Thabazimbi Murchison Lineament.

B12304 KGASWANE ET AL.: CRUSTAL STRUCTURE OF SOUTHERN AFRICA

2 of 19

B12304



Kimberley (3.0–2.8 Ga), the Pietersburg (3.0–2.8 Ga), the
Witwatersrand and Swaziland terrains (3.6–3.1 Ga) sepa-
rated by the Thabazimbi-Murchison and Colesburg linea-
ments and the Inyoka Fault (Figure 1) [de Wit et al., 1992;
Eglington and Armstrong, 2004]. The Swaziland terrain is
the oldest (>3.2 Ga) and the Witwatersrand terrain was
accreted to it at �3.2 Ga. The Pietersburg and Kimberely
terrains were joined to the Witwatersrand-Swaziland terrain
between 3.0 and 2.8 Ga. Other tectonothermal events that
affected the craton are represented by a series of rift-related,
intracratonic basins, including the Dominion (3.1 Ga),
Witwatersrand (3.0–2.8 Ga), Ventersdorp (2.7 Ga), Transvaal
(2.6–2.2 Ga) and Waterberg (2.0–1.8 Ga) basins, and the
emplacement of the Bushveld Complex (2.05 Ga) [Eglington
and Armstrong, 2004; Johnson et al., 2006].

2.3. Zimbabwe Craton

[7] The Zimbabwe Craton consists of granite-greenstone
terrains that formed between 3.6 and 2.5 Ga in three stages

of crustal formation [e.g., Dirks and Jelsma, 2002]. The
Tokwe Gneiss terrain in the center of the craton, which
formed at 3.6–3.3 Ga, contains mafic fragments that
represent the remnants of highly deformed and metamor-
phosed greenstone belts. A sequence of clastic sediments
and greenstones accreted against the western part of the
Tokwe Gneiss terrain between 3.2 and 2.8 Ga. The principal
period of greenstone formation and accretion occurred
between 2.7 and 2.6 Ga, with stabilization of the craton
around 2.6 Ga. The Great Dyke was emplaced around
2.58 Ga, marking the last major tectonothermal event to
affect the craton [Jelsma and Dirks, 2002].

2.4. Limpopo Belt

[8] The Limpopo Belt is a roughly east-west trending zone
of high-grade metamorphic rocks that separates the Kaapvaal
and Zimbabwe Cratons [e.g., McCourt and Armstrong,
1998; Kramers et al., 2006]. The belt has been subdivided
into three domains, the Northern Marginal Zone (NMZ), the

Figure 2. Map showing distribution of broadband seismic stations used in this study in relation to the
terrain boundaries shown in Figure 1. The open square in the central part of the Kimberley terrain shows
the location of the Kimberley array. The area within the box is enlarged in map in the bottom right corner.
AA, AfricaArray network; GSN, Global Seismic Network; SANSN, South Africa National Seismic
Network; SASE, Southern African Seismic Experiment.
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Central Zone (CZ) and the Southern Marginal Zone (SMZ),
separated by major shear zones [Kramers et al., 2006]. The
NMZ and SMZ contain remnants of Archaean granite-
greenstone terrains that were modified by a major orogenic
event at 2.6–2.5 Ga during which the rocks attained
amphibolite to granulite facies metamorphism [e.g., Berger
et al., 1995; Kreissig et al., 2000; Kramers et al., 2006]. The
CZ (>3.0 and 2.6 and 2.0 Ga) is dominated by granulite
facies gneiss with minor metasedimentary and ultramafic
intercalations [e.g., Barton et al., 1979; Kramers et al.,
2006] affected by orogenic activity at 2.6–2.5 Ga and then
again, importantly, at 2.0 Ga, during which the CZ, the
NMZ and the SMZ attained their current configuration.

2.5. Bushveld Complex

[9] The Bushveld Complex (BC) (2.05 Ga) is the largest
known layered mafic intrusion, extending >350 km in both
north-south and east-west directions across the northern
Kaapvaal Craton, and reaching a vertical thickness of about
8 km [e.g., Webb et al., 2004] (Figure 1). The intrusion is
divided into the Rustenburg Mafic Layered Suite, the
Lebowa Granite Suite, the Rashoop Granophyre Suite,
and the Rooiberg Group, which consists of rhyolites and
basaltic andesites [South African Committee for Stratigraphy,
1980; Hatton and Schweitzer, 1995; Cawthorn et al., 2006].

2.6. Mesoproterozoic to Palaeozoic Mobile Belts

[10] The Magondi Belt (�2.0–1.8 Ga) to the west and
northwest of the Zimbabwe Craton is dominated by passive
margin, shelf sediments of the Magondi supergroup thrust
eastward onto the craton during the Magondi Orogeny
[McCourt et al., 2001]. Magondi Belt rocks have been
correlated with deformed mafic and felsic magmatic rocks
of the 2.05 Ga Okwa terrain in central Botswana (Figure 1)
[Stowe, 1989], suggesting the presence of a continuous
northeast trending orogenic belt to the west of the Zimbabwe
Craton, possibly merging with the CZ of the Limpopo Belt.
[11] The Namaqua-Natal Belt (NNB) to the south and

west of the Kaapvaal Craton is comprised of igneous and
supracrustal rocks that accreted against the craton during the
Namaqua Orogeny (1.2–1.0 Ga). The NNB is exposed to
the west (the Namaqua Sector) and southeast (the Natal
Sector) of the craton [Cornell et al., 2006], but the central
part of the belt is covered by younger sediments of the
Karoo Supergroup. The Namaqua Sector is composed of
five distinct terrains with ages between 2.0 to 1.3 Ga.
These terrains are separated from the Kaapvaal Craton
by a passive margin sequence of siliciclastic rocks of
the Olifantshoek Supergroup (2.0–1.7 Ga), referred to as
the Kheis Province [Cornell et al., 2006]. Accretion of the
Namaqua Sector to the craton at 1.0–1.2 Ga coincided with
eastward thrusting of Olifantshoek sediments onto the
craton [Moen, 1999; Eglington and Armstrong, 2004],
resulting in a thin-skinned fold-and-thrust belt, called the
Kheis Belt. The Kheis Belt has been correlated with the
Okwa terrain and Magondi Belt to the north [e.g., Stowe,
1986], but this correlation is in doubt in light of recent
dating summarized by Cornell et al. [2006].
[12] The Cape Fold Belt (CFB) is comprised of the silici-

clastic passive margin Cape Supergroup (500–330 Ma)
[Thamm and Johnson, 2006], deformed in a northeast
verging fold-and-thrust belt during the Cape Orogeny

(�278–245 Ma). The belt is thought to have formed as a
result of a subduction zone along the southern margin of the
Gondwana supercontinent and also resulted in the formation
of the Karoo foreland basin [e.g., Ransome and de Wit,
1992; Newton et al., 2006].

3. Seismic Structure of Southern African Crust

[13] Early studies of the crust in the Kaapvaal Craton
mainly used seismic recordings of mine tremors associated
with gold mining activity in the Witwatersrand basin [e.g.,
Gane et al., 1949; Willmore et al., 1952; Gane et al., 1956;
Hales and Sacks, 1959]. Hales and Sacks [1959] describe a
two-layered crust in the eastern Kaapvaal Craton with a
Moho depth of 37 km and a �24 km thick upper crustal
layer with P and S wave velocities of 6.0 and 3.6 km/s,
respectively. They also found a lower crustal layer �13 km
thick with P and S wave velocities of 7.0 and 4.0 km/s,
respectively. In an early surface wave study, Bloch et al.
[1969] inverted Rayleigh and Love wave group and
phase velocities from regional earthquakes and obtained a
Poisson’s ratio of 0.28 for the lower crust in the northern
Kaapvaal Craton and a crustal thickness in the range of
40–45 km. The first seismic refraction studies in and
around the Witwatersrand basin yielded a crustal thickness
of 35 km and lower crustal P wave velocities in the range of
6.4 to 6.7 km/s [Durrheim and Green, 1992]. A similar study
byGreen and Durrheim [1990] of the NNB obtained a Moho
depth of 42 km and lower crustal P wave velocities in the
range 6.6 to 6.9 km/s.
[14] More recently, crustal structure in southern Africa

has been investigated using data from the Southern African
Seismic Experiment (SASE) [Carlson et al., 1996]. A
compilation of results from Harvey et al. [2001], Nguuri
et al. [2001], Stankiewicz et al. [2002], Niu and James
[2002], James et al. [2003], Kwadiba et al. [2003], Wright
et al. [2003], Webb et al. [2004], and Nair et al. [2006]
show crustal thicknesses of 35–45 km and 34–37 km,
respectively, for the Kaapvaal and Zimbabwe cratons. The
studies reported Moho depths for the Kheis Province, BC,
Limpopo Belt, Okwa/Magondi Belt, NNB and CFB of
40 km, 40–53 km, 37–55 km, 40–45 km, 40–50 km and
26–45 km, respectively.
[15] Nguuri [2004] and Nair et al. [2006] reported vari-

able Vp/Vs ratios for a number of crustal terrains across
southern Africa (Table 1) and interpreted Vp/Vs ratios >
1.76 to be indicative of mafic and ultramafic lithologies
in the crust. The differences in the Vp/Vs ratio for some
terrains, as well as the number of stations used to compute
the average ratios, reflect different selections of geographic
regions and data in the two studies. One of the most detailed
investigations of crustal structure in the Kaapvaal Craton
has been undertaken by Niu and James [2002] for a small
area in the Kimberley terrain using data from the Kimberley
seismic array. Niu and James [2002] obtained for the
lowermost crust P and S velocities of 6.75 and 3.90 km/s,
respectively, and a Poisson’s ratio of 0.25, indicating an
intermediate-to-felsic composition for the lowermost crust.
They also found a sharp (i.e., less than 0.5 km wide) and flat
(i.e., topographic relief less than 1 km) Moho. Petrologic
studies of the Kimberley area by Schmitz and Bowring
[2003a, 2003b] show that mafic granulites are absent from
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lower crustal xenolith suites, consistent with the findings of
Niu and James [2002].

4. Sources of Data

[16] Broadband seismic data from a total of 101 seismic
stations were initially used in this study to compute receiver
functions, however, as discussed in section 6, results from
only 89 stations are presented and used for interpretation.
The stations belong to the SASE network (82 stations), the
AfricaArray network (10 stations), the South Africa National
Seismic Network (1 station) and the Global Seismic Network
(3 stations) (Figure 2). The SASE network was deployed
over 2 years (1997–1999) (Figure 2), and data from five
stations in the Kimberley array (1999), which was operated
as a high resolution extension to the SASE network [Niu
and James, 2002], were also used. The AfricaArray network
began operation in 2006 and consists of permanent seismic
stations spread across eastern and southern Africa. More
than 1 year of data from the AfricaArray stations in southern
Africa were used for this study (Figure 2). A total of 89
teleseismic earthquakes with epicentral distances between
30� and 99� recorded by the stations were selected for
computing receiver functions (Figure 3). The earthquakes
have moment magnitudes ranging from 5.8 to 9.0.
[17] Rayleigh wave group velocities used in this study

for periods of 10 to 90 s were taken from a revised version
of the model presented by Pasyanos and Nyblade [2007].
In the revised Pasyanos and Nyblade [2007] model, group
velocity measurements from 39 broadband seismic stations
spread across southern Africa were combined with the
measurements used for constructing the original Pasyanos
and Nyblade [2007] model (Figure 4). The group velocity
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Figure 3. Distribution of teleseismic earthquakes used for
this study (small solid circles). The triangle shows the center
of the SASE network. Large circles show distance in 20�
increments from the center of the network.
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measurements were made using single station measurements
(event to station) and the inversion method used to obtain
group velocity maps is based on ray approximation.
[18] For periods of 100 to 175 s, group velocities were

taken from the Harvard model [Larson and Ekström, 2001].
A single dispersion curve for each station was obtained by
first joining the group velocities from 10 to 90 s and 100
to 175 s and then smoothing the composite curve using a
3-point running average. The group velocity measurements
from the Harvard model were included in the composite
curve so that the 1-D models obtained from the inversions
would show mantle structure that is regionally representa-
tive of southern Africa.

5. Data Processing and Modeling Methodology

5.1. Receiver Functions

[19] Receiver functions were computed using the iterative
deconvolution method of Ligorrı́a and Ammon [1999]. The
deconvolution procedure equalizes the teleseismic wave-
forms so that near-source and instrumental effects are
removed from the resulting time series [Langston, 1979].
Only the radial receiver functions were used in the joint
inversion with the Rayleigh wave group velocity curves.
The transverse receiver functions are identically zero for
isotropic and laterally homogeneous media, and were com-

puted to verify that this is the case for crust and upper mantle
structure under each station.
[20] For each station, receiver functions were binned in

ray parameter groups from 0.04 to 0.049 s/km, 0.05 to
0.059 s/km and 0.06 to 0.069 s/km. The purpose of
grouping the receiver functions according to ray parameter
is to properly account for the phase move out due to varying
incidence angles [Cassidy, 1992; Gurrola and Minster,
1998]. Receiver function averages were then computed for
each ray parameter bin.
[21] For each teleseismic event, receiver functions were

computed at two overlapping frequency bands: a low
frequency band of f � 0.5 Hz (Gaussian bandwidth of
1.0 s), and a high frequency band of f � 1.25 Hz (Gaussian
bandwidth of 2.5 s). The low frequency bandwidth provides
a better constraint on longer wavelength features in the
subsurface, while the high frequency bandwidth provides a
better constraint on shorter wavelength features. The com-
bination of low and high frequency receiver functions help
in discriminating sharp versus gradational transitions in the
subsurface [Owens and Zandt, 1985; Julià, 2007].

5.2. Joint Inversion of Receiver Functions and
Rayleigh Wave Group Velocities

[22] The joint inversion of receiver functions and surface
wave dispersion curves results in 1-D shear wave depth-

Figure 4. Map showing raypath coverage for 20 s Rayleigh waves used in the revised Pasyanos and
Nyblade [2007] group velocity model. Station locations are shown with solid triangles, and event
locations are shown with white circles. Most of the events are located outside of the area shown in the map.
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velocity profiles for each recording station [Julià et al.,
2000, 2003]. The technique has been widely used to
investigate crustal and upper mantle structure in other
continental regions, for example, the Arabian shield [Julià
et al., 2003], the Tanzania Craton [Julià et al., 2005] and the
Ethiopian Plateau [Dugda et al., 2007]. The advantage
of jointly inverting receiver functions and surface wave
dispersion measurements is that better resolution of the
subsurface shear wave velocity structure can be obtained

compared to independent inversions of either data set [Julià
et al., 2000, 2003].
[23] The joint inversion method makes use of a linearized

inversion procedure that minimizes a weighted combination
of the L2 norm of the vector residuals corresponding to
each data set. The weights consist of a normalization
constant that accounts for the different number of data
points and different physical units in each data set, as well
as an influence parameter that controls the relative influence

Figure 5. (top) Five different starting models used in the joint inversion algorithm to produce (bottom)
velocity models for station SA40. This illustrates that the inversion results are not sensitive to the starting
model.
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of each data set on the inverted model [Julià et al., 2000]. In
order to obtain smoothly varying depth-velocity profiles, the
objective function also includes a model vector difference
norm of the second order differences between adjacent
layers [Ammon et al., 1990; Julià et al., 2000].
[24] Influence factors and smoothing parameters were

selected for each tectonic domain in order to obtain smooth
depth-velocity profiles that match the observations. For
most of the stations, a good fit to the data was obtained for
an influence factor of 0.5 and a smoothing parameter from
zero to 0.2. The smoothing parameter had to be raised as high
as 0.3 for some of the stations within the mobile belts,
suggesting a greater degree of small-scale heterogeneity.
[25] The model parameterization consisted of 74 layers

extending to a depth of 532 km. Layer thicknesses of 1 and
2 km were used for the first and second layer, 2.5 km for
layers between 3 and 60.5 km depth, 5 km for layers
between 60.5 and 255.5 km depth, and 17 to 40 km for
layers below 255.5 km depth. The increase in layer thick-
nesses with depth corresponds to a decrease in the resolving
power of the dispersion velocities with increasing period.
The starting model used for the inversions is the PREM
model [Dziewonski and Anderson, 1981] modified for con-
tinental structure above 60.5 km depth (Figure 5). Poisson’s
ratio in the starting model was set at 0.25 in the crust and
mantle to a depth of 86 km, 0.28 between depths of 86–
230 km, 0.29 between depths of 230 and 374 km, 0.30
between depths of 374–430 km and 0.29 between depths
of 430–532 km. Densities were obtained from P wave
velocities using the empirical relationship of Berteussen
[1977].

5.3. Starting Model Dependence and Trade-Offs

[26] To test the dependence of the inversion results on the
starting model, a range of regional models were used as
starting models for the inversion [Qiu et al., 1996; Zhao et
al., 1999; Simon et al., 2002; Li and Burke, 2006]. P wave
velocities were computed using the same Vp/Vs ratio as for
the starting model. The outcome of this test, illustrated in
Figure 5, shows that the inversion results in the 0–60 km
depth range are not sensitive to the starting models.
[27] Because long-period group velocities constrain aver-

age velocity structure within relatively large depth ranges in
the upper mantle, a trade-off exists between shallow and
deep structure [e.g., Julià et al., 2005]. To constrain this
trade-off, we forward modeled structure below 200 km
depth using a trial-and-error process by finding models that
best fit the 140–175 s period group velocities. This was
done by fixing velocities below 200 km between a range of
�5 and +5% of the PREM velocities and then inverting for
the velocity structure above 200 km depth. The best fitting
model for each station was selected when the predicted
group velocities in the 140–175 s range matched the

observed group velocities. Figure 6 shows an example for
one station with velocities of PREM and �2, �3, �5%
PREM below 200 km depth. The best fitting model for this
station is �3% PREM. For most of the stations, it was
found that a �2% PREM model tends to fit the 140–175 s
period group velocities best. However, a �3% PREM
model was used for the stations in the Kheis Province,
Limpopo Belt, Okwa terrain and Zimbabwe Craton and a
�5% PREM model was used for both the NNB and CFB.

5.4. Model Uncertainties

[28] To determine the uncertainties in the model results at
crustal depths, we have examined the uncertainty introduced
by our selection of model parameters for the inversions as
well as by the group velocities taken from the revised
Pasyanos and Nyblade [2007] model. Following the approach
by Julià et al. [2005], we estimated the uncertainties in the
inversion results from parameter selection by repeating
inversions for each station using a range of weighting
parameters, constraints and Poisson’s ratio. The uncertainties
in the shear wave velocities for the crust obtained from this
procedure are around 0.1 km/s.
[29] Resolution tests of the revised Pasyanos and Nyblade

[2007] group velocity model indicate that the spatial resolu-
tion at periods most sensitive to crustal structure (�10–50 s)
is 3 to 4 degrees, and thus the revised Pasyanos and Nyblade
[2007] group velocity model has sufficient resolution to
image differences in group velocities between regions that
are �300 to 400 km wide. To assess the uncertainty in
crustal velocities possibly introduced by the group velocity
measurements for regions smaller than that, we have taken
two dispersion curves from the revised Pasyanos and
Nyblade [2007] model showing ‘‘end-member’’ high and
low group velocities, and have rerun the inversions for
many stations using them.
[30] The results are illustrated in Figure 7 for two stations.

For station BOSA in the middle of the Kaapvaal Craton,
group velocities in the 10–50 s range are lower than for
station SA81 in the NNB, and the 1-D inversions for
these stations show very different lower crustal structure
(Figures 7a and 7c). When the 1D inversion is performed
for BOSA using the higher group velocities for SA81, the
shear wave velocities increase by 0.1 to 0.2 km/s (Figure 7b).
When the 1D inversion is performed for SA81 using the
lower group velocities for BOSA, the shear wave velocities
decrease by 0.1 to 0.2 km/s. In all four models, the
dispersion curves and receiver functions are fit equally well
(Figure 7). This exercise indicates that even for regions less
than 300 to 400 km wide, at most an uncertainty of 0.1 to
0.2 km/s in shear wave velocity is introduced by using the
group velocities from the revised Pasyanos and Nyblade
[2007] model.

Figure 6. Diagram for station SA55 to illustrate the procedure used for determining structure below 200 km. Shown are
different models tested for structure below 200 km depth using velocities from PREM and 2%, 3%, and 5% less than
PREM. (a) Observed (black line) and predicted (gray line) group velocity curves. The insets show the fit to the longest
period (140–175 s) group velocities for the four different models tested. (b) Observed (black line) and predicted (gray line)
receiver functions. (c) The shear wave velocity models obtained from the joint inversion (black line) and the PREM shear
wave velocity model (gray line) for reference. The 3% less than PREM model for shear wave velocities below 200 km
depth gives the best fit to the longest period group velocities.
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[31] Given these considerations, we place the overall
uncertainty in the shear wave velocities at no more than
0.2 km/s for any given crustal layer in the model. This
uncertainty in the shear wave velocity translates into an
uncertainty of no more than 2 to 3 km in Moho depth for
most stations where a velocity discontinuity can be seen
between the crust and mantle, and no more than 5 km where
a smoothly varying shear wave velocity profile is found,
indicating a gradational Moho.

6. Results

[32] For twelve of the 101 stations, the inversions did not
yield good fits to the receiver functions, and therefore,
results for these stations are not presented or interpreted.
The receiver functions are too noisy to obtain good wave-

form fits at stations SA01, SA02, SA03, SA58, SA69,
SA82, SA139, SA155, CNG, while it is difficult to see a
Moho Ps conversion on the receiver functions for stations
SA07, SA08, SA12 (all in the NNB). The results for the
remaining 89 stations are summarized in Figures 8, 9, 10,
and 11.
[33] Figures 8a–8d show the shear wave velocity profiles

grouped by tectonic terrain, and Table 2 provides a sum-
mary of key crustal parameters derived from these profiles.
Crustal thickness beneath each station was determined
by placing the Moho at the depth where the shear wave
velocity exceeds 4.3 km/s. Shear wave velocity ranges for
typical lower crustal lithologies obtained by using experi-
mentally determined P wave velocities and Vp/Vs ratios
[e.g., Christensen and Mooney, 1995; Christensen, 1996]
show that shear wave velocities in the lower crust cannot

Figure 7. Analysis of uncertainties in the joint inversion results using two stations, BOSA and SA81, with different group
velocity curves. (a) Results for BOSA using the group velocities for the location of BOSA from the revised Pasyanos and
Nyblade [2007] model. (b) Same as Figure 7a but with the group velocities for the location of SA81 in the revised Pasyanos
and Nyblade [2007] model. (c) Model results for SA81 using the group velocities for the location of SA81 from the revised
Pasyanos and Nyblade [2007] model. (d) Same as Figure 7c but with the group velocities for the location of BOSA. The
top plots show 1-D velocity models from the joint inversion using the receiver functions shown in the middle plots and the
group velocities shown in the bottom plots. For the receiver functions, 1s error bounds are shown with gray shading around
the average observed receiver functions (black line) and the predicted receiver functions (light gray line). The high (hf1,
hf2) and low (lf1, lf2) frequency receiver functions are grouped in different ray parameter bins.

Figure 8. (a–d) Shear wave velocity profiles grouped by tectonic terrain. Moho depths are indicated
with horizontal lines and numbers in km. Lower crustal layers with Vs � 4.0 km/s are shaded, and
reference lines at 4.0 km/s (solid), 4.3 km/s (dotted), and 4.5 km/s (dashed) are shown in each profile. See
text for explanation of profiles where two horizontal lines (one dotted and one solid) are shown.
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Figure 8. (continued)
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be higher than 4.3 km/s. Therefore, we take shear wave
velocities above 4.3 km/s to indicate the presence of
lithologies with mantle compositions, and we place the
Moho where the shear wave velocities exceed that value.
For many stations, there is a significant increase in velocity
at the depth at which the shear wave velocity exceeds
4.3 km/s, but for other stations the change in shear wave
velocity is gradational. In addition, for 10 stations (SA10,
SA22, SA43, SA44, SA66, SA73, SA169, GRM, MOPA,
POGA) the velocity profiles show two depths where there is
an increase in shear wave velocity above 4.3 km/s with a
region of velocity less than 4.3 km/s in between. This
high-low-high velocity structure is indicated in Figure 8 for
the 10 stations by showing the first increase in velocity
above 4.3 km/s with a dotted line and the second increase
with a solid line. For these 10 stations, we do not attempt
to define the Moho and therefore do not use them for
further analysis.
[34] Within the reported uncertainties, we find a 1-to-1

correlation between our Moho estimates and those reported
by Nguuri et al. [2001], Nguuri [2004] and Nair et al.
[2006], except for a handful of stations, which are shown
in Figure 9 with solid symbols. Five stations (SA05,
SA09, SA49, SA81, SUR) lie more than 5 km above
the 1-to-1 correlation line in Figure 9, where our estimates

Figure 8. (continued)

Figure 9. Comparison of crustal thickness estimates from
this study with crustal thickness estimates from previous
studies. The dashed line shows the 1-to-1 correlation, and
the solid symbols show stations that do not fall close (�5 km)
to the 1-to-1 line.
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of Moho depth for these stations are less than those
reported by Nguuri et al. [2001], Nguuri [2004] and Nair
et al. [2006]. Four stations (SA16, SA47, SA48, SA70) lie
more than 5 km below the 1-to-1 correlation line, where
our estimates of Moho depth are greater than those
reported by Nguuri et al. [2001], Nguuri [2004] and Nair
et al. [2006]. The velocity profiles for these stations show
complicated lowermost crustal structure commonly with a
gradational Moho. We attribute the different Moho depth
estimates for these stations to difficulty in identifying the
crust-mantle boundary when the velocity structure across
this boundary is gradational.

6.1. Lower Crustal Structure

[35] Formost terrains, shear wave velocities reach 4.0 km/s
or higher over a substantial part of the lower crust (Table 2).
The Kimberley terrain and the western part of the Tokwe
terrain, however, are different. In these terrains, mean
velocities of �3.9 km/s occur in the lower part of the crust
(Table 2). These terrains also have, on average, less than
5 km of high velocity (Vs � 4.0 km/s) rock within the lower
part of the crust.
[36] The variability in lower crustal structure is illustrated

in Figures 10 and 11. In Figure 10, the spatial variability in
lower crustal velocity structure is shown for 1 x 1 degree

blocks. The mean shear wave velocity below 30 km depth is
indicated with shaded boxes, and superimposed on the
boxes are symbols showing the thickness of lower crustal
layers with Vs � 4.0 km/s. The anomalous nature of lower
crustal structure in the Kimberley terrain and the western
part of the Tokwe terrain is readily apparent. It can also be
seen that the anomalous region of lower crustal structure
extends beyond the Kimberley terrain into the western part of
the Witwatersrand terrain and the eastern part of the Kheis
Province. The lack of high velocity rock in the lower parts of
the crust in these terrains can also be seen in Figure 8.

6.2. Upper Crustal Structure

[37] A high velocity zone in the upper crust at depths
<15 km can be seen in the velocity models for a number
of stations (Figure 8). The high velocity zones are isolated
features seen on one or two stations in some terrains (e.g.,
station SA61 in the Okwa terrain), and given the resolution
of the revised Pasyanos and Nyblade [2007] group velocity
model, these isolated upper crustal high velocity zones
might not be well imaged. However, for the NNB, a high
velocity zone in the upper crust is found over an area wide
enough to be resolved by the revised Pasyanos and Nyblade
[2007] model (Figure 8c). Shear wave velocities within
these zones are between 3.7 and 4.0 km/s, and decrease to

Figure 10. Map showing the average shear wave velocity below 30 km (gray shading) and the average
total layer thickness with Vs � 4.0 km/s (shown as open and solid squares and denoted as ‘‘Th’’)
for 1 x 1 degree blocks. The blocks without symbols are areas where the average total layer thickness
with Vs � 4.0 km/s is between 5 and 15 km. Solid lines show the outlines of the tectonic terrains from
Figure 1.

B12304 KGASWANE ET AL.: CRUSTAL STRUCTURE OF SOUTHERN AFRICA

14 of 19

B12304



3.5–3.7 km/s below these zones, creating the appearance of
a low velocity layer in the midcrust. However, it is the upper
crustal velocities that are anomalous, not the midcrustal
velocities.

6.3. Mantle Structure

[38] For most of the terrains within both the cratonic areas
and mobile belts, the mean shear wave velocity from the
Moho to depths of �60 km is between 4.5 and 4.7 km/s
(i.e., uppermost mantle; Table 2). We find little evidence for
systematic differences in the uppermost mantle (i.e., the top
10–20 km of the mantle) velocities across southern Africa.
As a result of using group velocities for periods >90 s from
the Harvard model in the inversions to obtain a regionally
representative upper mantle model, mantle structure below
�60–70 km is not sufficiently resolved to comment on
variations in lithospheric thickness or sublithospheric mantle
structure between terrains.

7. Discussion

[39] Because southern Africa has not experienced a major
tectonothermal event since the Karoo flood basalt volca-

nism at c. 180 Ma, the variability found within the shear
wave velocities at lower crustal depths most likely results
from compositional differences rather than thermal ones. It is
well established from laboratory studies that mafic lithologies
commonly found in the continental crust, such as amphib-
olite, garnet-bearing and garnet-free mafic granulite, and
mafic gneiss, have higher shear wave velocities (>3.9 km/s),
while intermediate-to-felsic lithologies have lower shear
wave velocities (<3.9 km/s) [e.g., Holbrook et al., 1992;
Christensen and Mooney, 1995; Rudnick and Fountain,
1995; Rudnick and Gao, 2003].

7.1. Interpretation of Higher Shear Wave Velocities in
the Lower Crust

[40] We interpret the crustal layers in our models with
shear wave velocities of 4.0 km/s or higher as consisting of
predominantly mafic lithologies. Rudnick and Fountain
[1995] andRudnick andGao [2003] argued that high velocity
(Vp � 7.0 km/s, Vs � 4.0 km/s), mafic rock is characteristic
of the lower crust in many Precambrian terrains globally.
Thus, our interpretation is not unprecedented.
[41] Rudnick and Gao [2003] also suggest several explan-

ations for the origin of mafic lower crust in Precambrian

Figure 11. Map showing the average shear wave velocity below 30 km (gray shading), with distribution
of the Ventersdorp supergroup (white line) taken from van der Westhuizen et al. [2006] and the location
of lower crust xenoliths obtained from Pretorius and Barton [2003] and Schmitz and Bowring [2003a].
The number labels 1–15 represent the names of the kimberlites: 1, Newlands; 2, Markt; 3, Uintjiesberg;
4, Klipfontein-08; 5, Beyersfontein; 6, Lovedale; 7, Star Mine; 8, Kaalvallei; 9, Lace; 10, Voorspoed; 11,
Mothae; 12, Letseng-la-Terae; 13, Matsoku; 14, Venetia Mine; and 15, Jwaneng. Terrain boundaries are
the same as in Figure 1.
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terrains, such as basaltic underplating, magmatic intrusion,
and tectonomagmatic processes responsible for the forma-
tion of Archaean crust. The mafic layer in the lower crust of
the BC is likely caused by a combination of magmatic
intrusion and underplating. It has been estimated that the
total magma volume that has been added to the Bushveld
crust is around 0.6 � 106 km3 [Von Gruenewaldt et al.,
1985], thickening the crust by �5–10 km. The large
(>10 km) thickness of mafic rock in the lower parts of the
crust in the NNB, the CZ of the Limpopo Belt, parts of
the Kheis Province and the CFB can be attributed to suture
processes during the formation of these terrains. In Precam-
brian sutures elsewhere (e.g., the Superior Province [Gibb et
al., 1983], the Tanzania Craton [Nyblade and Pollack,
1992], the Yilgarn Craton [Mathur, 1974; Wellmann,
1978], the Indian shield [Subrahmanyam, 1978], the Mann
shield [Blot et al., 1962; Louis, 1978; Black et al., 1979]),
5–10 km of crustal thickening is observed along with the
presence of mafic units in a crust commonly affected by
granulite facies metamorphism and extraction of a felsic
partial melt component. Both the thicker crust and the large
thickness of lower crust with high shear wave velocities
found in the NNB, CZ, and Kheis Province is consistent
with typical ‘‘suture’’ thickened crust found in other Pre-
cambrian terrains, and need not be viewed as anomalous.
[42] The mafic lower crust we find in the BC is consistent

with Vp/Vs ratios of >1.76 as described by Nguuri [2004]
andNair et al. [2006] (Table 1). Similarly, the reported Vp/Vs
ratios of 1.78 and 1.84 for the NNB and Limpopo Belt,
respectively, are consistent with our findings (Table 1).

7.2. Interpretation of Lower Shear Wave Velocities in
the Lower Crust

[43] Following the experimental studies of rock velocities
discussed above, we interpret the lower shear wave veloc-
ities (Vs � 3.9 km/s) in the lower parts of the crust in
several terrains to indicate the presence of predominantly
intermediate-to-felsic lithologies. The lack of mafic material
in the lower crust and the mean crustal thickness of 37 km
for the Kimberley terrain are consistent with the findings by
Niu and James [2002]. Our results indicate that the region
of low shear wave velocities in the lower crust extends
across much of the Kimberley terrain and into parts of the
adjacent Kheis Province andWitwatersrand terrain (Figure 10).
Low shear wave velocities in the lower crust also occur in the
western part of the Tokwe terrain.
[44] To explain an intermediate-to-felsic composition for

the lower crust in the Kimberley terrain, as well as the flat
Moho that Niu and James [2002] observed, James et al.
[2003] suggested that the crust could have been extensively
melted during the Ventersdorp tectonomagmatic event at
c. 2.7 Ga. However, it is not clear how melting of the lower
crust during the Ventersdorp event would have resulted in
the removal of the lower mafic crust unless accompanied by
crustal thinning. Figure 11 shows the distribution of the
Ventersdorp Supergroup superimposed on the shear wave
velocity structure of the lower crust. Most of the areas
underlain by intermediate-to-felsic lower crust in South
Africa coincide with the region where Ventersdorp rocks
have been preserved.
[45] Using seismic reflection profiles, de Wit and Tinker

[2004] describe Ventersdorp age half graben systemsT
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within the upper crust across the central Kimberley and
Witwatersrand terrains. The half grabens are characterized
by asymmetrical listric faults that trend east to southeast,
and de Wit and Tinker [2004] argued that the listric faults
are associated with thinning of underlying lower crust.
Consequently, regions in the Kaapvaal Craton underlain
by an intermediate-to-felsic lower crust may reflect areas
where mafic lower crust was either thinned or removed
during regional crustal thinning associated with the
Ventersdorp event. A similar explanation could be invoked
for the low shear wave velocities observed in the lower crust
in the western part of the Tokwe terrain, which is overlain
by 3.1–2.95 Ga transgressive passive margin and rift
sequences [Jelsma and Dirks, 2002].

7.3. Crustal Xenoliths

[46] Lower crustal xenoliths in southern Africa are most
commonly found within kimberlite pipes [e.g., Dawson,
1980; Nixon, 1987; Schmitz and Bowring, 2003a] (see
numbers in Figure 11 for locations). Cratonic lower crustal
granulite xenoliths have been described from the Kimberley
region (location 1), NNB (locations 2, 3, 4, 5, 6), Free State
province (locations 7, 8, 9, 10), northern Lesotho (locations
11, 12, 13) [Schmitz and Bowring, 2003a]. Off-craton and
craton-margin xenoliths come from the CZ of the Limpopo
Belt (location 14) [Pretorius and Barton, 2003] and the
unexposed extension of the Magondi Belt in north central
Botswana (location 15) [Schmitz and Bowring, 2003a].
[47] Xenoliths from kimberlite pipes [e.g., Dawson, 1980;

Nixon, 1987; Schmitz and Bowring, 2003a] can be used as
an independent check on the composition of the lithosphere
through which the pipe ascended. In this way, suites of
lower crustal xenoliths collected from kimberlite pipes in
the Kaapvaal Craton and surrounding mobile belts
[Schmitz and Bowring, 2003a; Pretorius and Barton,
2003] (Figure 11) can be used to confirm the presence or
absence of mafic rocks in the lower crust.
[48] Lower crustal xenoliths from the Kimberley terrain

are dominated by metapelite, and mafic rocks are absent
[Schmitz and Bowring, 2003a]. In contrast, mafic granulite
xenoliths are common at all of the other localities [Dawson
and Smith, 1987;Dawson et al., 1997; Schmitz and Bowring,
2003a, 2003b] (Figure 11), which is consistent with the
variability in the shear wave velocity structure of the lower
crust described in this study.

8. Summary

[49] To investigate details of lower crustal structure in
southern Africa, we have jointly inverted receiver functions
and Rayleigh wave group velocities for broadband seismic
stations spanning the greater part of the exposed Precam-
brian shield of southern Africa. From the joint inversion, 1-D
shear wave velocity profiles for the crust and uppermost
mantle beneath 89 stations have been obtained.
[50] Within the reported uncertainties, we find a 1-to-1

correlation between our Moho depth estimates and those
reported by previous studies [Nguuri et al., 2001; Nguuri,
2004; Nair et al., 2006]. The primary new observation that
we make is that there is considerable variability in the
velocity structure of the lower part of the crust across
southern Africa. For most terrains, shear wave velocities

reach 4.0 km/s or higher over a large part of the lower crust.
In contrast, for much of the Kimberley terrain and adjacent
parts of the Kheis Province and Witwatersrand terrain, as
well as for the western part of the Tokwe terrain, mean
shear wave velocities of �3.9 km/s characterize the lower
part of the crust. The lower shear velocities in the lower
crust of the Kimberley terrain are consistent with results
from previous studies [Niu and James, 2002; James et al.,
2003].
[51] Our findings indicate that the lower crust across

much of the southern African shield in both Archaean and
Proterozoic terrains has a predominantly mafic composition,
except for the southwest part of the Kaapvaal Craton and
western part of the Zimbabwe Craton, where the lower crust
is intermediate to felsic in composition. The mafic layer in
the lower crust of the BC is likely caused by a combination
of magmatic intrusion and underplating. The large thickness
of high shear wave velocity lower crust found in the NNB,
CZ, and Kheis Province are consistent with typical ‘‘suture’’
thickened crust found in Precambrian terrains globally.
[52] Most of the areas in the Kaapvaal Craton underlain

by intermediate-to-felsic lower crust and a shallower Moho
coincide with the region where Ventersdorp rocks have
been preserved. This correlation supports the suggestion
by de Wit and Tinker [2004] that extension along crustal-
scale listric fault systems that were active during the
Ventersdorp tectonomagmatic event at c. 2.7 Ga could have
resulted in the attenuation and local removal of mafic lower
crust. A similar explanation could be invoked for the low
shear wave velocities observed in the lower crust in the
western part of the Tokwe terrain, which is overlain by 3.1–
2.95 Ga transgressive passive margin and rift sequences
[Jelsma and Dirks, 2002]. The absence of mafic xenoliths in
the Kimberley terrain and the presence of mafic xenoliths in
the other terrains is consistent with the variability in the
shear velocity structure of the lower crust found in this
study.
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The structure of the crust in the environs of the Bushveld Complex has been investigated by jointly inverting
high-frequency teleseismic receiver functions and 2–60 s period Rayleigh wave group velocities for 16 broad-
band seismic stations located across the Bushveld Complex. Group velocities for 2–15 s periods were
obtained from surface wave tomography using local and regional events, while group velocities for 20–60 s
periods were taken from a published model. 1-D shear wave velocity models obtained for each station
show the presence of thickened crust in the center of the Bushveld Complex and a region at the base of
the crust where shear wave velocities exceed 4.0 km/s. The shear wave velocity models also suggest that ve-
locities in some upper crustal layers may be as high as 3.7–3.8 km/s, consistent with the presence of mafic
lithologies. These results favor a continuous-sheet model for the Bushveld Complex in which the outcropping
mafic layers of the western and eastern limbs are continuous at depth beneath the center of the complex.
However, detailed modeling of receiver functions at one station within the center of the complex indicates
that the mafic layering may be locally disrupted due to thermal diapirism triggered by the emplacement of
the Bushveld Complex or thermal and tectonic reactivation at a later time.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The Bushveld Complex (BC; ~2.06 Ga) is one of the largest layered
mafic igneous intrusions in the world, covering an area of
~66 000 km2 within the northern Kaapvaal Craton, South Africa
(Fig. 1a; e.g., Eglington and Armstrong, 2004; Walraven, 1997;
Webb et al., 2004). It hosts the world's largest deposits of platinum
group metals, as well as large reserves of chromium, titanium, vana-
dium, nickel and gold (e.g., Cawthorn et al., 2006). The BC, which in-
truded into the intracratonic sedimentary sequences of the Transvaal
Supergroup (e.g., Cawthorn and Webb, 2001), can be divided into the
Rooiberg Group (RG), the Rashoop Granophyre Suite (RGS), the
Lebowa Granite Suite (LGS) and the Rustenburg Layered Suite (RLS;
e.g., Cawthorn et al., 2006; Hatton and Schweitzer, 1995; South
African Committee for Stratigraphy, 1980). Fig. 1 shows the distribu-
tion of the different lithologies around the BC. The mafic units of the
RLS crop out in five geographically distinct areas, the Eastern Limb,
the Western Limb, the Far Western Limb and the two Northern
limbs (Fig. 1; e.g., Webb et al., 2004). A sixth limb, the Southeastern
ivate Bag X112, Pretoria 0001,
23.
Kgaswane).

rights reserved.
or Bethal Limb (Cawthorn and Webb, 2001), is buried under Karoo
sediments. The BC is disrupted in several places by alkaline intrusions
(Fig. 1).

The deep structure and emplacement history of the BC remain un-
certain. The BC was initially described as an internally layered lacco-
lithic (Jorissen, 1904; Mellor, 1906; Molengraaff, 1901) or lopolithic
structure (e.g., Du Toit, 1954; Hall, 1932; Molengraaff, 1902), but
gravity modeling by Cousins (1959) showed that a Bouguer gravity
low associated with the central region of the BC was not consistent
with these interpretations. Cousins (1959) suggested that the BC con-
sisted of separate intrusive limbs, with each limb having its own
magma feeder system. Cousins (1959) model underwent several re-
finements, resulting in a model with detached inward dipping bodies
(e.g., the “dipping-sheet model”; Biesheuvel, 1970; Du Plessis and
Kleywegt, 1987; Meyer and De Beer, 1987; Molyneux and Klinkert,
1978; Van der Merwe, 1976; Walraven and Darracott, 1976). Through
additional modeling of gravity data, the “dipping-sheet model” was
refined further by Meyer and De Beer (1987), who showed that the
limbs could extend to depths of 15 km with no compensation at the
Moho (Fig. 2a).

The gravity modeling by Meyer and De Beer (1987) was con-
strained by deep electrical soundings and resistivity observations,
which indicated the presence of a conductive layer beneath the

http://dx.doi.org/10.1016/j.tecto.2012.06.003
mailto:ekgaswane@geoscience.org.za
http://dx.doi.org/10.1016/j.tecto.2012.06.003
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granites of the western and eastern limbs of the BC. Meyer and De
Beer (1987) attributed this conductive layer to the Silverton shales
of the Transvaal Supergroup. An alternative interpretation by Webb
et al. (2004) of these resistivity observations based on drilling results
of Walraven (1987) indicates that the conductive layer could be relat-
ed to the rocks of the RLS.

More recent studies, based on geological observations and
modeled gravity data, (Cawthorn and Webb, 2001; Cawthorn et al.,
1998; Webb et al., 2004) have proposed the existence of continuous
mafic layering at depth across the central region of the BC connecting
the various limbs (Fig. 2b). In this model, hereinafter called the “con-
tinuous-sheet” model, the continuous mafic layering in the upper
crust is isostatically compensated for by a depressedMoho, consistent
with seismic constraints provided by receiver function studies
(Kgaswane et al., 2009; Nair et al., 2006; Nguuri et al., 2001). The seis-
mic velocity model of Nguuri et al. (2001) also shows a high shear
wave velocity layer (Vs~4.0 km/s) within the upper 10 km of the
crust for one location near the center of the BC. Additional evidence
supporting a model with continuous mafic layering under the center
of the BC comes frommafic xenoliths found in the Palmietgat kimber-
lite pipe (Fig. 1; Webb et al., 2010).

The purpose of this paper is to use new seismic velocity models of
the BC crust to evaluate the “dipping-sheet” and “continuous-sheet”
models. The seismic velocity models are obtained by first measuring
short-period Rayleigh wave group velocities using locally and region-
ally recorded seismic events, and then jointly inverting the group ve-
locity measurements with high-frequency receiver functions. This
study differs in two ways from the study by Kgaswane et al. (2009),
which used a similar approach. Firstly, to improve constraints on
the upper crustal velocity structure, we developed group velocity
maps for short-period Rayleigh waves (2–15 s). Secondly, to improve
resolution of fine-scale crustal structure, particularly in the upper
crust, we used high-frequency (f≤1.25 Hz) receiver functions in the
joint inversions with the group velocities. The study by Kgaswane et
al. (2009) investigated the S-wave velocity structure of the crust in
southern Africa by jointly inverting high- and low-frequency receiver
functions with Rayleigh wave group velocity curves in the period
range of 10–175 s. The results of this study provide better resolved
shear wave velocity models for locations across the BC and yield
new insights into the deep structure of the BC.

2. Data and methods

In this section, we first describe our Rayleigh wave tomography
method to obtain group velocity maps for periods between 2 and
15 s. We follow this with a brief description of our methodology for
computing receiver functions, and then explain how the two data
sets have been jointly inverted.

2.1. Group velocity tomography

A total of 197 mining-related and regional tectonic earthquakes
recorded by 45 broadband seismic stations were used for making
Rayleigh wave group velocity measurements. The seismic events
used have local magnitudes (ML) greater than 2.5 (Fig. 1b). An
event list is provided as Supplemental material. Fig. 2c shows the lo-
cation of the broadband seismic stations with respect to the outcrop
pattern of the BC. Forty-three (43) of the stations belong to the South-
ern African Seismic Experiment (SASE) network (Carlson et al., 1996)
and two of the stations belong to the Global Seismic Network (GSN)
Fig. 1. a. Map of the Bushveld Complex (BC) showing simplified geology and its six limbs (
(map modified from the 1:250 000 geology map of South Africa). Numbers 1, 2, 3, 4 and 5 sho
alkaline intrusions. The locations of the 16 seismic stations for which Vs models are reporte
Africa showing the locations of earthquakes (open circles) used in this study. The solid black
outlines of the Kaapvaal Craton, Limpopo Belt and the Zimbabwe Craton are shown in solid
and South African National Seismograph Network (SANSN). Event
catalogs (origin time, hypocenters and local magnitudes) were com-
piled from the earthquake bulletins published by the Council for Geo-
science, by gold mines in the Witwatersrand Basin area and by the
Incorporated Research Institutions for Seismology (IRIS). Mining-
related earthquakes account for 81% of the total number of earth-
quakes used for the measurements, the majority of which originated
within the gold mining districts of the Witwatersrand Basin.

Tomeasure Rayleighwave group velocities at each period, a code from
Ammon (2001)was used based onmultiplefilter analysis (e.g., Claerbout,
1992; Dziewonski et al., 1969; Keilis-Borok, 1989; Levshin et al., 1992).
The ray coverage is shown in Fig. 3, along with the total number of rays
for each period. Ray coverage is greater at shorter periods (2–8 s) com-
pared to longer periods (10–15 s). At each period the ensemble of mea-
surements vary by no more than 0.1–0.2 km/s (see Supplemental
material).

The group velocity measurements were inverted using a conjugate
gradient algorithm (LSQR) based on the method by Paige and
Saunders (1982). The LSQR algorithm solves the following equation:

A
λ

� �
x½ � ¼ b

0

� �
ð1Þ

where A represents a matrix of ray distances in each cell, x is a vector
of group velocity perturbations or slownesses, b is a vector of group
velocity travel-times (distance/group velocity) and λ is a Laplacian
smoothing constraint. The choice of an optimal smoothing parameter
was made by considering the trade-off between model smoothness
and travel-time misfit. Fig. 4 shows the results for 2, 4 and 6 s periods.
Trial-and-error inversions were performed using smoothing parame-
ters in the range of 0–200, revealing that a smoothing parameter of
100 provides a good balance between data misfit and model smooth-
ness at all periods. Therefore, a smoothing parameter of 100 was used
for the group velocity inversions.

We evaluated the resolution of the group velocity tomography
using checkerboard tests with 100 km and 125 km checkers (Fig. 5).
The rectangles shown with dashed lines enclose the region with
best resolution. The 100×100 km checkers are not as well recovered
at any period compared to the 125×125 km checkers, indicating that
velocity variations are not well resolved at scales less than ~125 km.
In addition, at 12 and 15 s period, only velocity variations within
the center of the BC can be resolved for the 125×125 km checkers.

The results of the group velocity tomography are shown in Fig. 6.
Across the areas of the BC where velocity variations are best resolved,
velocities at all periods vary between 2.8 and 3.2 km/s, but do not
show a clear spatial correlation from one period to the next. We
found group velocities at 10 and 15 s periods to be 10–30% greater
than those reported by Pasyanos and Nyblade (2007) and used by
Kgaswane et al. (2009). The ray path coverage reported by Pasyanos
and Nyblade (2007) is limited at periods of 10 and 15 s compared
to periods ≥20 s. Pasyanos and Nyblade (2007) did not report uncer-
tainties at 10 and 15 s and Fig. 4 of Pasyanos and Nyblade (2007)
shows uncertainties of less than 0.1 km/s for a period of 20 s.
Pasyanos and Nyblade (2007) did not report group velocities for pe-
riods less than 10 s.

2.2. Receiver functions

A total of 17 stations, including LBTB and SLR (Fig. 1), fall within
the area enclosed by the rectangles shown in Fig. 5. High quality
lobes) — the Eastern, Western, Far Western, Southeastern and the two Northern limbs
w the position of some of the domes, and numbers 6, 7, 8, 9 and 10 show the location of
d are shown with the prefix “SA” followed by the station number. b. Map of southern
rectangle encloses the study area. Outcrops of the BC are shown as gray polygons. The
black, gray and dotted lines, respectively.
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Fig. 3. Raypath maps for periods of 2, 4, 6, 8, 10, 12 and 15 s. Outlines of the BC outcrops are shown with solid black lines. The solid black circles show the position of the stations.
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receiver functions were obtained for 16 of these stations (shown in
Fig. 1). A total of 100 teleseismic earthquakes were used to compute
receiver functions (see Supplemental material), many of them the
same as used by Kgaswane et al. (2009).

Receiver functions were computed using the iterative time-domain
deconvolution method of Ligorría and Ammon (1999). For each
teleseismic event, receiver functions were computed at a frequency
band of f≤1.25 Hz (Gaussian bandwidth of 2.5 s) with a maximum
number of 200 iterations. For each station, the receiver functions were
binned in ray parameter groups from 0.04 to 0.049 s/km, 0.05 to
0.059 s/km, and 0.06 to 0.069 s/km, and also by backazimuth, and
then stacked. The purpose of grouping the receiver functions according
to ray parameter is to account for the phase move-out due to varying
incidence angles (Cassidy, 1992; Gurrola and Minster, 1998). Fig. 7
shows examples of receiver functions for two stations, illustrating
the quality of the data.
Fig. 2. a. Meyer and De Beer (1987) gravity model. b. Webb et al. (2004) gravity model. The
SASE (solid circles), GSN (solid square) and SANSN (solid triangle) broadband stations with
line EF. The area marked BS is the Molopo Farms Complex and represents one of the Bushveld
political boundaries are shown by dashed black and gray lines, respectively.
2.3. Joint inversion

The joint inversion of receiver functions and surface wave disper-
sion measurements yields 1-D Vs models of the structure beneath
each recording station (Julià et al., 2000, 2003). The method used in
this study employs a linearized inversion procedure that minimizes
a weighted combination of the L2 norm of the vector residuals
corresponding to each data set and a model roughness norm
(Ammon et al., 1990). The weighting among the data sets is com-
posed of normalization constants that are helpful in equalizing the
contribution of each data set to the overall misfit of the objective
function. Each data set is normalized by the number of data points,
variances and an influence factor controlling the relative influence
of each data set on the inverted 1-D Vs models (Julià et al., 2000).
The model vector difference norm helps in stabilizing the inversion
procedure by placing smoothness constraints on the resulting 1-D
models in a) and b) have been reproduced from Webb et al. (2004). c. Locations of the
in and surrounding the BC. The profile of the two gravity models is shown by the solid
satellites. The background gray-shaded regions show the Kaapvaal Craton. Terrain and
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depth-velocity profiles. The model difference norm corresponds to
second order differences between adjacent layers (Ammon et al.,
1990; Julià et al., 2000). The resulting Vs models are, therefore, a bal-
ance between fitting observations, model simplicity and a priori con-
straints (Julià et al., 2005).

Rayleigh wave group velocities obtained in this study from 2 to
15 s were combined with group velocities from 20 to 60 s from
Pasyanos and Nyblade (2007) to create a composite dispersion
curve for each station. The dispersion curves were smoothed with a
3-point running average prior to joint inversion with the receiver
functions. For each inversion, the influence factor was set to 0.5 and
no smoothing was applied, except for stations SA42, SA43 and SA53,
for which smoothing parameters slightly greater than or equal to
0.1 were used. An influence factor of 0.5 equalizes the contribution
of the combined misfit from each dataset. Fig. 8 shows trade-off cur-
ves of (i) waveformmisfit versus model roughness and (ii) waveform
misfit versus model smoothness for two stations, illustrating that
using little, if any, smoothing is justified in the inversions.

The starting model used for the inversions is the PREM model
(Dziewonski and Anderson, 1981) modified for continental structure
above 60.5 km depth and further modified for the BC upper crust
above 10 km depth (Figs. 9 and 10). The model parameterization
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consisted of 1-km thick layers to a depth of 10 km, 2.5-km thick layers
between depths of 10 to 47.5 km, 5-km thick layers between 47.5 and
242.5 km depth, and 17 to 40-km thick layers below 242.5 km depth.
The importance of using 1 km thick layers to parameterize the model
in the upper 10 km of the crust is illustrated in Fig. 9, where the fits to
the data are compared for two models for station SA47, one with 1-
km thick layers and the other with 2 km thick layers. The model
with 1-km thick layers fits the receiver function stack better than
the model with 2 km thick layers.

To estimate the uncertainties in our velocity model, we follow the
approach developed by Julià et al. (2005) for their inversion method,
which involves repeatedly performing the inversions using a range of
inversion parameters. This may be viewed as an overly simplistic ap-
proach, but it is effective in developing a sense of the range of varia-
tion of the inverted parameters given the observations and the a
priori constraints. As explained by Julià et al. (2000), more sophisti-
cated and statistically rigorous approaches generally require that
the observations meet desirable properties, such as being normally
distributed, which in general are not satisfied by the data. By follow-
ing the approach of Julià et al. (2005) of repeatedly performing the in-
versions with a range of inversion parameters, we obtain an
uncertainty of approximately 0.1–0.2 km/s for the velocity in each
layer, which translates into an uncertainty of ~2–3 km in the depth
of any boundary observed in the model, such as the Moho.
2.3.1. Results
Fig. 10 shows the joint inversion results for all 16 stations, and

crustal parameters used in the models are summarized in Table 1
and illustrated in Fig. 11. Many of the stations show a discontinuity
where Vs increases from b4.3 km/s to >4.3 km/s, clearly delineating
the Moho. For some stations, however, a velocity gradient is observed
going from the lower crust into the upper mantle, and for those sta-
tions we have placed the Moho at the depth where Vs exceeds
4.3 km/s because velocities≥4.3 km/s are indicative of mantle lithol-
ogies (Christensen, 1996; Christensen andMooney, 1995). The crustal
thicknesses obtained for all 16 stations are similar (i.e., within ~1–
3 km) to those reported by Kgaswane et al. (2009).

Fig. 12 shows three profiles across the BC illustrating that the
Moho reaches a maximum depth of 45 km in the center of the BC
compared to ~37–38 km outside of the BC. In addition to ~5–8 km
of crustal thickening, most stations within the BC record a high veloc-
ity layer with Vs≥4.0 km/s in the lowermost crust (Table 1). For most
of the stations, the thickness of this layer exceeds 5 km, but for a few
stations (e.g., station SA50), it is less than 5 km thick.

The joint inversion yields an average Vs of 3.4–3.6 km/s for the
crust above 10 km depth for most localities within the BC (Table 1),
which is consistent with the upper crustal velocities reported by
Yang et al. (2008). However, structural complexities affecting the lay-
ering within the upper crust can be inferred for some stations that



Velocity anomaly (km/s)
2.8 2.9 3.0 3.1 3.2 3.3 3.4

a
2sec

-24°

-26°

26° 28° 30°

b
4sec

-24°

-26°

26° 28° 30°

c
6sec

-24°

-26°

26° 28° 30°

d
8sec

-24°

-26°

26° 28° 30°

e
10sec

-24°

-26°

26° 28° 30°

f
12sec

-24°

-26°

26° 28° 30°

g
15sec

-24°

-26°

26° 28° 30°

Fig. 6. Rayleigh wave group velocity maps at periods of 2, 4, 6, 8, 10, 12 and 15 s (a–g). The maps show the area within the dashed rectangle in Fig. 5.

90 E.M. Kgaswane et al. / Tectonophysics 554–557 (2012) 83–104
record velocities as high as 3.7–3.8 km/s for layers that are only
±2 km thick (i.e., SA47, SA50 and SA53; Fig. 11). In addition, consid-
erable variability in upper crustal structure can be seen for some sta-
tions as a function of backazimuth. Station SA47 is a good example,
and we examine this variability in detail in Section 3.4.

3. Discussion

To summarize, the main findings of this study are: a) in the center
of the BC the crust thickens to a depth of ~45 km (e.g., SA45, SA47,
SA48) (Fig. 12) and a substantial portion of the lower crust (greater
than 5 km thickness) across the BC consists of high velocity rock
(Vs≥4.0 km/s) (Fig. 11), and b) for some stations velocities as high
as 3.7–3.8 km/s are found in the upper crust (e.g., SA47, SA50,
SA53). For interpreting our results, we convert Vs to density using
the empirical Vs–density (ρ) relation from Christensen and Stanley
(2003), which was formulated for both crustal and uppermost mantle
lithologies at 200 MPa:

Vs ¼ 0:0014ρ–0:4019; ð2Þ

Using this equation, a lower crustal Vs of 4.0–4.3 km/s and an up-
permost mantle Vs of 4.4–4.6 km/s, yields a density contrast for the
crustal “root” of ~−0.2 to −0.3 g/cm3. Using Eq. (2) and an average
Vs of 3.4–3.6 km/s for the top 10 km of the crust, we obtain an aver-
age density for the upper crust of 2.7–2.9 g/cm3. For upper crustal
layers with Vs>3.6 km/s, we obtain densities>2.9 g/cm3, which are
consistent with the presence of mafic lithologies (Christensen and
Stanley, 2003). These findings and density estimates can be used to
evaluate the “dipping-sheet” and “continuous-sheet” models for the
BC.

3.1. “Dipping-sheet” model

As discussed in the Introduction, the “dipping-sheet” model by
Meyer and De Beer (1987) has a gap between the eastern and west-
ern limbs and no compensation at the Moho for the dense upper
crustal layers (Fig. 2a). This model is not consistent with our findings
of crustal thickening in the center of the BC, high Vs layers
(Vs≥4.0 km/s) in the lowermost part of the crust (≥40 km), or
high upper crustal densities beneath the center of the BC. Therefore,
this model is not favored.

3.2. “Continuous-sheet” model

The “continuous-sheet”model byWebb et al. (2004) (Fig. 2b) pro-
poses the presence of continuous mafic layering in the upper crust
across the central region of the BC connecting the eastern and
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western limbs of the BC. The model also includes isostatic compensa-
tion of the mafic layering by a thickened crust in the center of the BC,
extending to a depth of ~50 km. In this model, a density contrast of
0.3 g/cm3 for each of the upper crust mafic layers is used along with
a density contrast of−0.3 g/cm3 for the crustal root (>38 km depth).

Our results show that the crust has a thickness of ~45 km beneath
the center of the BC (Fig. 12), consistent with, but somewhat thinner
than, the lower crustal structure in the Webb et al. (2004) model. The
Webb et al. (2004) model assumes an average density of 2.9 g/cm3 for
the structure above 10 km depth in the center of the BC, which is
equivalent to a Vs of 3.65 km/s using the relation in Eq. (2). The Vs
models (Figs. 10 and 11) for some stations show Vs>3.65 km/s with-
in upper crustal layers, as noted previously, and therefore our results
are broadly consistent with the upper crustal structure in the Webb
et al. (2004) model.
3.3. Refinement of the Webb et al. (2004) density model

Fig. 13 shows a revised density model that includes several adjust-
ments to the Webb et al. (2004) model to make it consistent with our
seismic models. Similar to Webb et al. (2004), a background density
of 2.7 g/cm3 was used for the bulk crust as well as the same density
contrasts for the upper crustal layers (see Fig. 13). Based on the seis-
mic results, we assume a density of 3.3–3.4 g/cm3 for the uppermost
mantle. For the crustal “root” (>37.5 km depth), a density contrast of
−0.2 g/cm3 was used instead of the −0.3 g/cm3 density contrast
used by Webb et al. (2004). After changing the structure and density
of the crustal “root”, we then adjusted the thickness of the upper
crustal layers to obtain a good fit to the gravity data.

In the revised density model (Fig. 13), the mafic layering in the
upper crust remains continuous across the BC with a maximum
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thickness of 4–5 km, similar to Webb et al. (2004). However, the
layers of the Transvaal Sequence and younger sediments in the center
of the BC are somewhat thinner than those reported by Webb et al.
(2004). This illustrates that to accommodate the difference in crustal
thickness between the Webb et al. (2004) model and our seismic re-
sults, only minor adjustments are required to the Webb et al. (2004)
model.

3.4. Structural complexity in the upper crust

Although our results are in general agreement with Webb et al.
(2004) suggesting the presence of mafic lithologies beneath the cen-
ter of the BC, our results also indicate that there is a considerable
structural complexity within the upper crust, much more than is
shown in either the Webb et al. (2004) model or in Fig. 13. We illus-
trate this by carefully examining the receiver functions for station
SA47, which is located near the center of the BC (Fig. 1). The geology
immediately around station SA47 is shown in Fig. 14. Plotted on this
figure are average Ps conversion points at 5 km depth for the three re-
ceiver function stacks for SA47 shown in Fig. 10. The Vs profile for
SA47 at backazimuth (a) in Fig. 11 corresponds to the conversion
point at A in Fig. 14, and similarly the Vs profiles at backazimuths
(b) and (c) correspond to conversion points B and C, respectively.
Fig. 14 shows an overthrust just to the south of station SA47, resulting
in a complicated anticlinal structure with the receiver functions likely
sampling different lithologies (i.e., granites, sandstones, quartzites)
depending on backazimuth and depth.

In Fig. 15, the three receiver function stacks for SA47 are modeled
to ascertain the effect of upper crustal structure on the waveforms.
The synthetic receiver functions in the first column of Fig. 15 were
obtained from the joint inversion, whereas those in the second and
third columns were generated using a code based on a reflection ma-
trix method by Kennett (1983). For reference, the first column of re-
ceiver functions shows the fit between observed and synthetic
receiver functions for the models obtained from the joint inversion.
The first prominent phase after the direct P arrival within the first
2 s is labeled P1, and is the primary arrival resulting from upper crust-
al structure. There is a considerable variability in this phase between
the three receiver function stacks. For stack (a), the phase is charac-
terized by a large down-swing with a peak amplitude at 1.8 s. For
stack (b), the phase is characterized by a large down-swing with a
peak amplitude at 1.0 s. And for stack (c), the phase is characterized
by a small down-swing with a peak amplitude around 1.7 s. The Ps
conversion from the Moho is also labeled on each stack.

In the second column, we show synthetic receiver functions for a
velocity model that contains the velocity layering in the upper
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10 km of the crust from the joint inversion models (shown at far left
in Fig. 15), and a half space beneath it with a velocity of 3.6 km/s. A
comparison between the synthetic and actual receiver functions illus-
trates that the P1phase does indeedoriginate from structure (i.e. thrusted
zone) within the top 10 km of the crust.

To isolate which layers within the top 10 km of the crust influence
the P1 phase the most, in the third column we show two synthetic re-
ceiver functions with altered upper crustal layering (structure below
10 km is the same as in the joint inversion models). In the first one
(dotted line), the low velocity layer in the top 1 km of the model is re-
moved (i.e., the topmost velocity is increased to the velocity in the
layer just below it). A comparison of the receiver function fits shows
that the earlier arriving P1 phase in stack (b) is changed significantly
(effectively removed), but the fits for stacks (a) and (c) are essentially
unchanged, indicating that the later arriving P1 phases in those stacks
might be influenced by deeper structure. In the second case (gray
line), the velocity structure in the top 10 km is set to a uniform
3.4 km/s, thus removing all of the higher velocity layering in the top
10 km of the crust seen in the joint inversion models. Even though
the velocity models (gray lines) in the third column have been set to
a uniform 3.4 km/s in the top 10 km of the crust, the corresponding re-
ceiver functions are different because of influences from structures
below 10 km depth. In this case, the P1 phase in stacks (a) and (c) is
significantly altered, indicating that the higher velocity layering
between 1 and 10 km depth in the joint inversion model is re-
quired to fit the P1 phase.

Our modeling shows that the receiver function stacks from two of
the three backazimuths (stacks a and c) require higher velocity layers
(i.e., Vs of 3.7–3.8 km/s) in the upper crust to obtain a good fit, as
compared to stack (b). These results suggest that the mafic layering
may be better developed to the east and northeast of station SA47
than to the southwest, and hence the upper crustal structure is not
as uniform as illustrated by the gravity models (Fig. 13 and Webb et
al., 2004). The non-uniformity could potentially be a characteristic
of much of the central areas of the BC. The non-uniformity could ei-
ther be entirely or partially associated with the diapirism and
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metamorphism and associated structural complexity triggered by the
emplacement of the BC (Uken and Watkeys, 1997).

Fig. 1 shows the position of some of the domes associated with
diapirism triggered by high thermal gradients at the base of the BC.
According to Uken and Watkeys (1997), the domes were produced
by gravitational loading and heating of the sedimentary rocks of the
Transvaal Supergroup below the floor of the BC. For areas where tem-
peratures were above 550 °C, these floor rocks became unstable and
diapirically rose into the overlying units of the RLS. Although the
domes are best exposed towards the margins of the BC, as shown in
Fig. 1, the diapirism of floor rocks into the overlying RLS could be
widespread across the center of the BC, assuming that diapirism
was generally driven by thermal destabilization of low density rocks
of the Transvaal Sequence (Uken and Watkeys, 1997).

Thermally-driven diapirismas proposedbyUken andWatkeys (1997)
maynot be the only source of structural complexity affecting the BC. Field,
petrographic and 40Ar/39Ar data presented by Alexandre et al. (2006,
2007) for Pretoria Group rocks (west of Pretoria) strongly support a
~2040 Ma episode of intracratonic crustal shortening marked by folding,
thrusting and lower greenschist facies metamorphism best observed in
the broad area between Pretoria, the village ofMagaliesburg, and the Cra-
dle of Humankind (cf. Andreoli, 1988a, 1988b). Further evidence for this
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so-called “Transvaalide” tectonic–metamorphic event, tentatively linked
to coeval reactivation of the Central Zone in the Limpopo Belt, was
also identified in the Malip River–Pilgrim's Rest areas, close to the
NE and E margin of the BC respectively (cf. Alexandre et al., 2006;
Harley and Charlesworth, 1994).

4. Summary

The 1-D shear wave velocity models have been obtained for the BC
crust by jointly inverting high-frequency receiver functions and Ray-
leigh wave group velocities for 16 broadband seismic stations span-
ning the BC. The 1-D shear wave velocity models show that, 1) there
is ~5–8 km crustal thickening beneath the center of the BC, 2) shear
wave velocities reach 4.0 km/s or higher over a significant portion of
the lower crust, and 3) there are upper crustal layers beneath the cen-
ter of the BC with shear wave velocities high enough (Vs>3.65 km/s)
to indicate the presence of mafic lithologies. These findings are consis-
tent with the “continuous-sheet” model (e.g., Webb et al., 2004) for
the BC. However, detailedmodeling of receiver function stacks for sta-
tion SA47 in the center of the BC shows that the upper crustal struc-
ture varies considerably around the station, indicating that the
structure of the BC at depth is locally complicated. This inhomogeneity
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may be the result of thermal diapirism triggered by the emplacement
of the BC at ~2060 Ma, or thermal and tectonic reactivation produced
by a ~2040 Ma intraplate event.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.tecto.2012.06.003.
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Table 1
Summary of crustal parameters.

Station Back-azimuth
(deg)

Vs (1–5 km
depth)±Std.
deviation
(km/s)

Vs (6–10 km
depth)±Std.
deviation
(km/s)

Vs below 30 km
depth±Std.
deviation
(km/s)

Crustal
thickness
(km)

Thickness of
layers with
Vs≥4.0 km/s
(km)

Average Vs
(1–10 km depth)
(km/s)±Std.
deviation
(km/s)

Average Vs
below 30 km
depth (km/s)±
Std. deviation
(km/s)

Average
Crustal
thickness
(km)

Average
Thickness of
layers with
Vs≥4.0 km/s
(km)

LBTB 46.5° 3.5±0.0 3.5±0.1 4.1±0.0 42.5 15 3.5±0.1 4.1±0.1 42.5 11
87.4° 3.5±0.1 3.5±0.1 4.1±0.1 42.5 10

240.2° 3.5±0.1 3.5±0.1 4.0±0.1 40.0 10
257.1° 3.5±0.1 3.4±0.1 4.0±0.1 40.0 10

SA39 37.4° 3.4±0.1 3.5±0.1 4.0±0.1 40.0 5 3.5±0.1 4.0±0.1 40.0 5
SA40 35.0° 3.5±0.0 3.6±0.0 4.0±0.1 45.0 15 3.6±0.1 4.0±0.2 42.5 12

95.9° 3.6±0.1 3.6±0.1 4.0±0.2 42.5 8
SA42 86.3° 3.4±0.0 3.6±0.0 4.1±0.1 40.0 13 3.5±0.1 4.1±0.1 40.0 13
SA43 90.0° 3.4±0.2 3.4±0.0 4.1±0.1 42.5 10 3.4±0.1 4.1±0.1 42.5 23
SA45 35.7° 3.4±0.0 3.5±0.1 4.1±0.1 42.5 13 3.5±0.1 4.1±0.0 45.0 15

96.3° 3.4±0.0 3.5±0.1 4.1±0.1 45.5 16
SA46 35.0° 3.3±0.1 3.6±0.0 4.1±0.1 42.5 10 3.5±0.1 4.1±0.1 42.5 10
SA47 32.5° 3.5±0.2 3.6±0.2 4.1±0.1 45.0 13 3.6±0.2 4.1±0.1 45.0 11

95.4° 3.5±0.1 3.6±0.2 – – –

240.0° 3.5±0.0 3.6±0.1 4.0±0.2 42.5 8
SA48 244.6° 3.5±0.1 3.3±0.1 4.2±0.1 45.0 18 3.4±0.1 4.2±0.1 45.0 18
SA49 89.1° 3.3±0.1 3.5±0.1 4.1±0.1 37.5 10 3.4±0.1 4.1±0.1 37.5 10
SA50 31.8° 3.5±0.1 3.6±0.1 3.9±0.2 40.0 5 3.6±0.1 3.9±0.1 40.0 4

157.1° 3.5±0.1 3.6±0.1 3.8±0.1 37.5 0
235.9° 3.4±0.1 3.6±0.1 3.9±0.1 40.0 3

SA51 36.5° 3.3±0.1 3.4±0.1 4.0±0.1 42.5 8 3.4±0.1 4.0±0.1 42.5 8
SA52 31.5° 3.4±0.1 3.4±0.0 4.0±0.2 37.5 6 3.4±0.1 4.0±0.2 37.5 6
SA53 97.2° 3.5±0.1 3.5±0.3 4.1±0.1 40.0 10 3.5±0.1 4.1±0.1 40.0 10
SA63 33.8° 3.5±0.1 3.5±0.1 4.0±0.3 42.5 10 3.5±0.1 4.0±0.2 42.5 9

241.2° 3.6±0.0 3.5±0.1 4.0±0.1 42.5 8
SLR 81.1° 3.5±0.2 3.4±0.2 3.9±0.1 37.5 3 3.5±0.2 3.9±0.1 35.0 3

265.3° 3.5±0.2 3.4±0.1 3.9±0.1 35.0 3
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