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Abstract

The general aim of this thesis is to investigatetogeneity in the structure of the crust
and uppermost mantle of Archaean and Proterozaiais in southern Africa and to
use the findings to advance our understanding @cdmbrian crustal genesis.
Teleseismic, regional and local seismic recordibgsthe broadband stations of the
Southern African Seismic Experiment (SASE), Kimbgrlarray, South African
National Seismograph Network (SANSN) and the Gldeismic Network (GSN) are

used in the inversion procedures to address thegims thesis.

In the first part of the thesis, the nature of liveer crust across the southern African
shield is investigated by jointly inverting receivienctions and Rayleigh wave group
velocities. The resultant Vs models show that matisouthern Africa has a lower

crust that is mafic in composition, whereas the temss parts of the Kaapvaal and
Zimbabwe Cratons have a lower crust that is inteiate-to-felsic in composition

probably due to rifting. The second part of thestt@valuates the “dipping-sheet” and
“continuous-sheet” models of the Bushveld Complaing better-resolved seismic
models derived in a two-step approach, employingh{iilequency Rayleigh wave

group velocity tomography and the joint inversidrhigh-frequency receiver functions
and 2-60 sec Rayleigh wave group velocities. Tlelt@nt seismic models favor a
“continuous-sheet” model of the Bushveld Compldthaugh detailed modelling near

the centre of the Complex shows that the subsurfede layering could be disrupted.

The third part of the thesis, is focused on jointlyerting high-frequency teleseismic
receiver functions and 10-60 sec Rayleigh wave mgralocities to place shear wave
velocity constraints on the source of the Beattigaghttic Anomaly (BMA) at depth
and to evaluate existing geophysical models of BMA source. The resultant Vs
models across the BMA suggest the BMA source tatbepper to middle crustal
depths (5-20 km) with high velocity layers 8.5 km/s). Further to this, is a lower
crust that is highly mafic (V& 4.0 km/s) and a crust beneath the BMA that is on
average thicker than 40 km. Plausible models oBil&\ source are massive sulphide
ore bodies and/or mineralized granulite-facies omigstal rocks and/or mineralized

Proterozoic anorthosites.
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Overall, the findings in this research project emasistent with the broad features of a
previous model of Precambrian lithospheric evolutiut 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 investigatéehegeneity in the composition and structure of
the crust and uppermost mantle of Archaean aneiigic terrains in southern Africa and to
use these findings to advance our understandinghef genesis and evolution of the
lithosphere. In this introductory chapter (Chapgr briefly review the state of knowledge
prior to this study and the problems to be addkb$sethis research study. | also give an

outline of the thesis.

Since this thesis comprises separate chaptersp#pruse similar methodologies and study
the same tectonic region, the description of geadya settings and methodology has not
been repeated in each chapter. Wherever the descspare not exactly identical, a full
description has been provided. For example, the joversion method has been implemented
in different ways and therefore pertinent desarimi have been provided. Chapters 2 and 3 are
essentially a summary of the two peer-reviewed gipeluded in this thesis, while chapter 4

describes research work that has not yet beenghioli

Chapters 2, 3 and 4 each begin with a review efdture, geology, data sources, and
modelling methods. The review is followed by a digdion of the results achieved.

Subsequent to this, there will be an interpretatiod summary of the findings in each of the
chapters. The thesis concludes with Chapter 5, lwpiovides an overall summary of the

findings, recommendations for further studies, &mel tectonic implications of the findings.



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

the thesis) are described in each of the centegitehns.

1.1.1 The southern African shield

The Precambrian lithosphere making up the soutA&inan shield is primarily comprised of
the Kaapvaal and Zimbabwe Cratons surrounded big loélvarious ages: the Proterozoic
Namaqua-Natal Belt (NNB) and the Phanerozoic Capd Belt (CFB) to the south; and the
Proterozoic Kheis and Okwa-Magondi Belts to the tvasl northwest, respectively (e.g. de
Wit et al., 1992; Eglington and Armstrong, 2004igufe 1.1 is a simplified tectonic map of
southern Africa showing major Precambrian terrairesrain names and boundaries shown in
Figure 1.1 are taken from Eglington and Armstro2604) and Jelsma and Dirks (2002).
Tectonic structures not shown in Figure 1.1 areAhshaean-ProterozoicRehobothProvince
and the Neoproterozoic Damara Belt (both mainlyoseg in Namibia, but also extending
further into the western parts of Botswana) locdtether west of both cratons, and the Pan-
African belts on the eastern border of the Zimbalis&ton (ZC). The RehobothProvince was
recently geochronologically determined to have Asdm remnants, in addition to its known
Proterozoic rocks (e.g. Hartnady et al., 1985; €brat al., 1998; Van Schijndel, 2013). The
eastern margin of the Kaapvaal Craton (KC) is attarzed by a sequence of N-S striking
Jurassic Karoo volcanics called the Lebombo Moneclisee Figure 1.2). The cratons have
been modified by several well-known tectonomagmesients (e.g. the Ventersdorp, the Great
Dyke, the Bushveld) and a meteorite impact (e g Mredefort). Figure 1.2 shows a simplified

geological version of the tectonic map in Figurke. 1.
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Figure 1.2 shows that the early formation of bdtb KC and ZC were characterized by the
emplacement of greenstones, granites and gneisgesTjokwe Gneiss (~ 3.6 Ga) in central
Zimbabwe, Ngwane Gneiss ( > 3.6 Ga) in eastern ¥adpBarberton Supergroup (> 3.1 Ga)
in eastern Kaapvaal]. The KC stabilized around@aawvhilst the ZC stabilized around 2.6 Ga.
The two cratons were subsequently fused circa 2@the collisional orogen called the
Limpopo Belt (3.5-2.0 Ga) (de Wit et al., 1992sdeh and Dirks, 2002; Kramers et al., 2006).
Both the KC and the ZC, together with the surroogdmnobile belts, have attracted many
geoscientific investigations, of which the Southekfrican Seismic Experiment (SASE)
deployment (1997 — 1999) (Carlson et al., 1996)dessn the most notable in terms of size and

multidisciplinary attention.

1.1.2 Crustal structure

This research project aims to build on the stu@iemduding SASE) of the crustal structure of
southern Africa (e.g. Green and Durrheim, 1990;rBeim and Green, 1992; Harvey et al;
2001; Nguuri et al., 2001; Stankiewicz et al., 2001 and James, 2002; James et al., 2003;
Kwadiba et al., 2003; Wright et al., 2003; de Widarlinker, 2004; Webb et al., 2004, 2010;
Nair et al., 2006; Gore et al., 2009). The findifigen these studies show that the Moho is
guite variable across the Archaean and Proteromiains in southern Africa, with the
undisturbed cratonic areas having a Moho depttbei@ km, most of the adjacent Proterozoic
regions with a crustal thickness in the range of5@0km and Phanerozoic regions with a
crustal thickness around 36—45 km. A seismic réfsacstudy of the central parts of the KC
shows a felsic upper crystalline crust and an mésliate-felsic lower crust (Durrheim and
Green, 1992). It was further noted by de Wit andké&r (2004) in a seismic reflection study

that the lowermost crust in the central parts efKIC is of trondhjemite-tonalite-granodiorite



(TTG) composition and was probably partially meltad the Ventersdorp magmatic event
(~2.7 Ga) resulting in a flat Moho. A seismologistiidy of the Kimberley area (within the
Kimberley region) in the western part of the KCigades the prevalence of an intermediate-
felsic lower crust above a flat Moho. A gravity nebdby Webb et al. (2004, 2010) postulates
the continuity of the mafic layering at upper calstepths across the centre of the Bushveld
Complex (BC) (northern part of the KC), with the fiodayer isostatically compensated by a
thickened Moho (~50 km) in the centre of the BCofdgysical studies of the Beattie Magnetic
Anomaly (BMA) across the Namaqua-Natal Belt (NNBijth of the KC) constrain it to be
located at upper to middle crustal depths (~5-20 &nud also show the BMA body to have
compressional velocities of 6.6—7.0 km/s (i.e.,ash@ave velocities of ~3.8-4.0 km/s) (e.g.
Harvey et al.,, 2001; Lindeque et al.,, 2007, 201bptk, 2012; Quesnel et al., 2009;

Stankiewicz et al., 2007, 2008; Weckmann et al0;720b).

While previous studies have provided important ltissand constraints, much remains
unknown. For example: the variation in the compaositof the lower crust and uppermost
mantle of the southern African shield, the continor otherwise) of the BC, and the origin
of the Beattie Magnetic Anomaly (BMA). These quess are addressed in this thesis using
new data acquired by an extensive broadband netwbrkeismic stations spread across

southern Africa.

1.1.3 Studies of mantle anisotropy
The geodynamic model derived from mantle studiesooithern Africa is that Neo-Archaean
collisional orogenesis was responsible for genegata mantle fabric that subsequently

controlled the magmatic history of southern Afrimad produced much of the deformation



seen on surface (e.g. Fouch et al., 2004; Silvat.eR001, 2004, 2006; Adam and Lebedev,
2012). According to Silver et al. (2004, 2006),rthevere four major magmatic events: the
Great Dyke (~2.57 Ga) in the ZC, the Ventersdogtorgomagmatic event (~2.7 Ga) in the
southwestern part of the Kaapvaal Craton (KC),Bhshveld magmatic event (~2.06 Ga) in
the northern part of the KC, and the Soutpanshéngg event (~1.88 Ga) around the northern

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

Shear wave splitting and surface wave observateigs Silver et al., 2001, 2004, 2006; Adam
and Lebedev, 2012) provide evidence of mantle #migp with fast polarization orientations

that coincide and are sub-parallel to crustal festie.g. the Great Dyke, the Thabazimbi
Murchison Lineament in the northern part of the kli& Colesburg Lineament in the western
part of the KC, and the Palala and Triangle SheaneZ that cross-cut the LB. The SKS
studies further show strong mantle anisotropy ewlestern parts of the KC and the ZC, and
weak anisotropy in the eastern part of the KC a@d There is weak anisotropy in the Kheis
Belt and few localities on the western part of B@. Figure 1.3 shows the magnitude and
distribution of mantle anisotropy based on SKS olaens. This study seeks to establish the

correlation if any, between deformation in the tarsd uppermost mantle.

1.1.4 Sn velocities

Based on 1-D surface wave inversions, past seistudies generally show Sn velocities that
vary from 4.5-4.7 km/s within the KC between Molepths of 60—70 km (e.g. Freybourger et
al., 2001; Larson et al., 2006). Recent surfaceewtamographic studies (e.g. Li and Burke,

2006; Adam and Nyblade, 2011) generally show Soocités of 4.5-4.7 km/s between Moho



and 60 km depth beneath the KC, and Sn velocitiasdre slightly > 4.7 km/s beneath the

adjacent Proterozoic belts at similar depths.
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Figure 1.2 A and B. Shear wave
splitting observations showing magnitude
and orientation of anisotropy in the lower
lithosphere and asthenosphere. Weak
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dots. Both diagrams were reproduced from
Adam and Lebedev (2012F. Shear
wave splitting observations at mantle
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These Sn velocities do not show significant vasiadi across the different terrains. It is
therefore one of the aims of this research pramceconcile the Vs results of the uppermost

mantle from this study with the findings of the abanentioned studies.

1.2 Thesis outline

The research program that is described in thisighiesdivided into three parts. Detailed

description follows below.

1.2.1 Vs structure of the southern African lithosplere

The first part of the thesis (Chapter 2) examinas variability of the lower crust and
uppermost mantle across southern Africa using 8divand seismic stations, including the
SASE. A joint inversion technique (e.g. Julia ef 2000, 2003) was used to invert teleseismic
P-wave receiver functions and the Rayleigh waveugreelocity dispersions to obtain 1-D
shear wave velocity models. Previous studies fartteon Africa have focused on the
independent inversion of either the receiver fuori(Midzi and Ottemdéller, 2001) or surface
wave dispersions (e.g. Yang et al., 2008). Thiegtigation jointly inverts both data sets,
which places new constraints and improves the wésal of the Vs—depth models. This study
seeks to determine the distribution of mafic litgiks in the lower crust throughout southern
Africa and deduce the implications of the evolutadnPrecambrian crust. Past seismological
studies have either concentrated on a small argheoouthern African shield or placed
insufficient constraints on the lower crust for oof the terrains within the southern Africa
shield. As a result, they did not produce a systendescription of the presence of mafic

lithologies in the lower crust of the Archean cratand the adjacent mobile belts (e.g.



Durrheim and Green, 1992; Niu and James, 2002; N@awal., 2001; Kwadiba et al., 2003;
Nair et al., 2006).

Mafic lithologies have been shown to exist in thevér crust in regions such as the Tanzanian
craton (Julia et al., 2005) and in most Proterozaistal regions. The joint inversion results in
this study show evidence of the presence of maéthholbgies in the lower crust in most
Archaean and Proterozoic terrains in southern AfriExceptions include regions in the
western parts of the KC and ZC. The crustal thiskes derived from the joint inversion
further show a good correlation with crustal thieks estimates from other studies. A further
examination of the joint inversion results showtttieere is no clear relationship between the
average Vs in the lowermost crust (below 30 km llepind crustal thickness throughout
southern Africa. The joint inversion results shom\&locities varying from 4.5 to 4.8 km/s in
the uppermost mantle region (i.e., from Moho tok60depth) of southern Africa. The above
velocity range indicates that Sn variations dodetiate more than 0.3 km/s. This implies that
there are no significant Sn variations in the uppat mantle across the Precambrian tectonic
terrains of southern Africa. These results are asosistent with previous findings. The
material in this chapter was published in a peeiemeed article (appended to this thesis) with
the following citation: Kgaswane, E.M., Nyblade, A.A., Julia, J., Dirks, HRG.M.,
Durrheim, R.J., Pasyanos, M.E., 2009. Shear wavéogiy structure of the lower crust in
southern Africa: Evidence for compositional heteregeity within Archaean and
Proterozoic terrains. Journal of Geophysical Resehr 114,

B12304.d0i:10.1029/2008JB006217.

My contribution in the above-mentioned publicatienthat | compiled a catalogue of 100

teleseismic earthquakes that | used to computeiviexcéunctions. | then used the joint
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inversion code developed by Prof. Jordi Julia (othvar) to obtain Vs profiles for 101
broadband seismic stations. | assembled a prelmnideaft of the text, figures, and tables,
with the exception of Figure 4, which was contrdaliby Prof. Michael Pasyanos (co-author).
The supervision team (Profs. Andy Nyblade, Pauk®iand Ray Durrheim) including the
other two co-authors (indicated above) helped iexeing the publication during its drafting
phase and conceptually guided the different aspeicthe publication. | have also partly
assisted with the maintenance and removal of th8ESAL997-1999) temporary broadband
deployment which formed a huge observational corapb(B81%) of the seismic network used

in this study.

1.2.2 Continuity of the Bushveld Complex

The second part of the thesis (Chapter 3) aimvatuate the “dipping-sheet” (Meyer and De
Beer, 1987) and “continuous-sheet” (e.g. Webb ¢t24l04, 2010) models of the Bushveld
Complex (BC) using seismic models with greater Ikggm than that used in the first part of
the thesis. The “dipping-sheet” model of Meyer ddel Beer (1987) predicts a BC that is
discontinuous with no compensation at the Moho. oatinuous-sheet” model of Webb et
al. (2004) predicts a BC that is connected at depith compensated by thickening at the
Moho. | have placed the new constraints on thenseignodels by first tomographically
obtaining Rayleigh wave group velocity maps betwpenods of 2—-15 s. Vs variations with
depth and distance were not definitive due to latckesolution and therefore did not yield
publishable results. Second, | extended the Rdylaigve group velocities in the 2-15 s
period range to periods of 60 s using the dispassfoom the revised Pasyanos and Nyblade
(2007) model. | then jointly inverted the compodRayleigh wave group velocity dispersions

with high-frequency receiver functions for 16 brbadd stations distributed across the BC.
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The newly constrained seismic models indicate datayering between the BC outcrops that
is spatially heterogeneous and more complexly idigeed than that predicted by the
“continuous-sheet” model and further show evideofca thickened crust beneath the centre of
the BC. The joint inversion results on the uppetmmoantle region (Moho-60 km depth)
beneath the BC show no systematic differences past studies. The material in this chapter
was published in a peer-reviewed article (appendédtis thesis) with the following citation:
Kgaswane, E.M., Nyblade, A.A., Durrheim, R.J., JaliJ., Dirks, P.H.G.M., and Webb, S.J.,
2012. Shear wave velocity structure of the Bushv€loimplex, South Africa. Tectonophysics

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

My contribution in the publication indicated abdsethat | used the inversion code developed
by Prof. Charles Ammon (Department of Geoscienesn State University, USA) to obtain
Rayleigh wave group velocity maps using 197 minielgted and tectonic earthquakes
recorded by 45 seismic broadband stations (whicluited SASE seismic stations) located
across the BC. Part of the mining and tectonichgarke catalogue was contributed by my
colleague, Tarzan Kwadiba. | then used the joineigsion code to obtain 16 Vs profiles for
broadband seismic stations located within an afdaest resolution. The receiver functions
(which | computed) used in the joint inversions eafnom the catalogue of telesismic
earthquakes | had already compiled for the workculesd in Chapter 2. | assembled a
preliminary draft of the text, figures, and tablesth the exception of Figures 2a and b which
were contributed by Dr. Sue Webb (co-author). Tingesvision team (Profs. Andy Nyblade,
Paul Dirks and Ray Durrheim) including the co-aushbelped in reviewing the publication

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

The third part of the thesis (Chapter 4) aims tcelshear wave velocity constraints on the
source of the Beattie Magnetic Anomaly (BMA) withihre Namaqua-Natal Belt (NNB) and to
evaluate the merits of the existing geophysical @l®df the BMA source. The crustal source
of the BMA has been much debated (e.g. Corner, ;198BS et al., 1992; Harvey et al., 2001;
Weckmann et al., 2007a,b; Quesnel et al., 2009jddne et al., 2011). | jointly inverted the
high-frequency receiver functions with recently italdle Rayleigh wave group velocities
(Raveloson et al., 2012) that are better resolliad the group velocities used in the first part
of the thesisThe resulting seismic models suggest that the sanfrthe BMA lies at upper to
middle crustal depths with high V& 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 estimafteth® crustal host of the BMA suggest
that the BMA source could either be an NNB mid-tnwith massive sulphide ore bodies,
and/or granulite-facies mid-crustal rocks enrichwith iron bearing mineralization, and/or
massif anorthosites enriched with iron bearing maheation. These are all plausible models
of the BMA source. The joint inversion results dowe tuppermost mantle (i.e., Moho—60 km

depth) are consistent with the findings in Chagtand also consistent with past studies.

My contribution in the chapter described abovénét 1 used the joint inversion code to obtain
Vs profiles for the three SASE broadband seismatists distributed along the Beattie
Magnetic Anomaly. | assembled a preliminary drafttext, figures and tables of this chapter.
The IGRF versions of the magnetic field shown igure 4.9 were contributed by my

colleague, Stephanie Scheiber. The supervision (Panfis Andy Nyblade and Ray Durrheim)

13



helped in reviewing this chapter during its draftiphase 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 funstiand Rayleigh wave group velocities are
jointly inverted to investigate the nature of tlogvér crustal structure across southern Africa.
The investigation entailed the use of teleseismiomdings by 89 broadband seismic stations
located in Botswana, South Africa and Zimbabwe. THe shear wave velocity models
obtained from the joint inversion show that mosthef Archaean and Proterozoic terrains in
southern Africa have a lower crust (below 20-30 d#epths) with velocities 4.0 km/s,
implying a lower crust that is mafic in compositidrhis is in contrast to a greater portion of
the Kimberley terrain (including small portions dhe adjacent Kheis Province and
Witwatersrand terrain) in South Africa and the veestpart of the Tokwe terrain within the
Zimbabwe Craton, which show a lower crust (below3Dkm depths) with velocities that are
< 3.9 km/s, implying a lower crust that is internadito-felsic in composition. The
intermediate-to-felsic nature of the lower crustle Kimberley terrain is attributed to rifting
and crustal thinning due to the Ventersdorp tectoagmatism (~ 2.7 Ga). Similar type of

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

The material in this chapter is fully described thee peer-reviewed paper with the
following citation: Kgaswane, E. M., A. A. Nyblade, J. Julia, P. H. ®1. Dirks, R.
J.Durrheim, and M. E. Pasyanos (2009), Shear wawdocity structure of the lower
crust insouthern Africa: Evidence for composition&leterogeneity within Archaean and
Proterozoicterrains, J. Geophys. Res., 114, B1231%1;10.1029/2008JB006217
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2.1 Introduction

This study aims to add onto the existing knowleddethe structure and compositional
variability of the crust across the southern Amicdield already gathered by previous seismic
studies. The lower crust is one part of the southifrican shield that still needs further
elucidation. In fact, the composition of the loveeust is still an active research area of global
geodynamics (e.g. Christensen and Mooney, 1995niRkiind Fountain, 1995; Rudnick and
Gao, 2003). In this study the nature of both Aremaand Proterozoic crust in southern Africa
is investigated by using 1-D shear wave velocityais obtained by jointly inverting receiver

functions and Rayleigh wave group velocities.

Receiver function analysis by Niu and James (200@hd that the lower crust around most
parts of the Kimberley region in the western pdrttlte Kaapvaal Craton (KC) has an
intermediate-to-felsic composition. From this résuhey suggested that the lower crust
beneath the KC is dominated by intermediate-tdefelghologies. In contrast, receiver

function analyses by Nguuri (2004) and Nair e{(2006), yielded crustal Vp/Vs ratios as high
as 1.78 for parts of the KC and the surroundingtdPozoic mobile belts, suggesting the
presence of mafic lithologies in the lower crustcertain parts. Crustal velocity models
developed using seismic reflection and refractiatadalso suggest significant variability in

lower crustal composition (e.g. Green and Durrhdi®90; Durrheim and Green, 1992; de Wit
and Tinker, 2004). The joint inversion results @ftad recorded by the array of broadband
seismographs (see Figure 2.1) covering a consilgegiea of the southern African shield
indicate conspicuous differences in the lower @usbmposition within and between the

Archaean and Proterozoic terrains.
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Figure 2.1  Map showing distribution of broadband seismicistet used in this
study in relation to the terrain boundaries showfRigure 1.1. The open square in
the central part of the Kimberley terrain showslteation of the Kimberley array.
The area within the box is enlarged in the bottaghtrcorner. AA, AfricaArray
network; GSN, Global Seismic Network; SANSN, SoAfnica National Seismic
Network; SASE, Southern African Seismic Experiment.
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In this chapter, following a brief review of thedjegical framework of southern Africa, |

describe the data sets and technique used forothe ipversions, discuss similarities and
differences in the lower crustal composition intikchby the resultant velocity models, and
further examine the implications of the lower calidheterogeneity in terms of the major
tectonomagmatic events that affected the Precamioriastal fabric of the southern African

shield.

2.2 Tectonic and geological framework of southern fhica

The Precambrian lithospheric fabric of the southrican shield is mainly comprised of the
Archaean KC and Zimbabwe Craton (ZC), which arenested by the Archaean and
Palaeoproterozoic Limpopo Belt (LB) (de Wit et 4992) (see Figure 1.1). The Archaean KC
and ZC together form central piece of the so-calathhari Craton, which is rimmed by the
Palaeoproterozoic Okwa-Magondi Belt to the northwise Mesoproterozoic Namaqua-Natal
Belt (NNB) and the Palaeoproterozoic Kheis Provirfk®) to the south and southwest,
respectively, and the Palaeozoic Cape Fold BelBjG#ven further to the south (Figure 1.1).
The KC (~3.7-2.7 Ga) (de Wit et al., 1992; Eglingtand Armstrong, 2004) is basically a
granite-greenstone terrain subdivided into four-wuhains: the Kimberley (3.0-2.8 Ga),
Pietersburg (3.0-2.8 Ga), Witwatersrand and Swaditarrains (both 3.6-3.1 Ga), which are
separated by the Thabazimbi-Murchison and Coleskuoegments and the Inyoka Fault (see
Figure 1.1). Throughout geological time, the KC bagn subjected to a series of magmatic
and deformation events that are responsible foptesence of intracratonic basins including
the Dominion (3.1 Ga), Witwatersrand (3.0-2.8 Gé&gntersdorp (2.7 Ga), and Transvaal

(2.6-2.2 Ga) (Eglington and Armstrong, 2004; Johrestoal., 2006).
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The ZC (~3.6-2.5 Ga) is also a granite-greensten@ih that formed in three stages (e.g.
Dirks and Jelsma, 2002). The Tokwe Gneiss terdid—3.3 Ga) was formed in the centre of
the craton. A sequence of clastic sediments anehgtenes accreted against the western part
of this terrain between 3.2 and 2.8 Ga. The Gre&eDvas emplaced around 2.58 Ga and
marks the last major tectonothermal event to affieetcraton (Jelsma and Dirks, 2002). The
LB (Figure 1.1) is an east-west trending zone ghkgrade metamorphic rocks that separates
the KC and ZC (e.g. McCourt and Armstrong, 1998arders et al., 2006) and is subdivided
into three domains: the Northern Marginal Zone (NMihe Central Zone (CZ), and the
Southern Marginal Zone (SMZ), which are separatgdnbjor shear zones (Kramers et al.,
2006). The Bushveld Complex (BC) (2.06 Ga) (Figlr® is the largest known layered mafic
intrusion, extending > 350 km in both north-soutld @ast-west directions across the northern
KC. It is divided into the Rustenburg Mafic Layer&dite, the Lebowa Granite Suite, the
Rashoop Granophyre Suite, and the volcanic RooiBeayp (e.g. South African Committee
for Stratigraphy, 1980; Hatton and Schweitzer, 198fbb et al., 2004; Cawthorn et al.,

2006.

The Kalahari Craton is surrounded by Proterozoi®t@anerozoic belts.The Magondi Belt
(2.0-1.8 Ga) to the west and northwest of the Z@aminated by passive margin, shelf
sediments of the Magondi Supergroup. These rocks baen correlated with deformed mafic
and felsic magmatic rocks of the 2.05 Ga Okwa terma central Botswana (Figure 1.1)
(Stowe, 1989; McCourt et al., 2001). The NNB (Fegarl) to the south and west of the KC is
comprised of igneous and supracrustal rocks thateted against the craton during the
Namaqua Orogeny (1.2-1.0 Ga). The NNB is exposd¢daesouthwest (the Namaqua Sector)

and southeast (the Natal Sector) of the craton ognell et al., 2006), but the central part of

25



the belt is covered by younger sediments of theo&&upergroup. The Kheis Belt (Figure
1.1) rims the western part of the KC and is chara#d by the passive margin of the
sequence of siliciclastic rocks of the Olifantshdg@kpergroup (2.0-1.7 Ga). The belt was
formed as a thin-skinned fold-and-thrust belt whee Olifantshoek rocks were thrust
eastward onto the craton and coincided with theetion of the Namaqua Sector of the NNB
(1.2-1.0 Ga) to the far west (e.g. Stowe, 1986; Md®99; Eglington and Armstrong, 2004;
Cornell et al., 2006). The Palaeozoic to Mesozdi® (see Figure 1.1) is located further south
of the KC and is comprised of the siliciclastic gige sequence of the Cape Supergroup (500—
330 Ma), which deformed in a northeast vergingfahdi-thrust belt during the Cape Orogeny
(~278-245 Ma). There is ongoing debate as to whettiefold belt formed as a result of a
subduction zone on the southern margin of the Gandwsupercontinent or as a result of a
south-dipping major crustal shear zone (e.g. ThantNewton, 2006 and references therein;

Newton et al., 2006 and references therein).

2.3 The crustal structure of southern Africa — liteature review

Earthquakes or tremors due to gold mining actisiiie the Witwatersrand Basin were the
energy sources used by early seismological stunfighe crustal structure of the KC (e.qg.
Gane et al., 1949; Willmore et al., 1952; Ganel etl856; Hales and Sacks, 1959). Based on
their observations, Hales and Sacks (1959) postlititat the crust of the eastern KC had a
two-layered structure. This study estimated theeugpust to have P and S wave velocities of
6.0 and 3.6 km/s, respectively, and the rest ofctiast to have P- and S-wave velocities that
reach 7.2 km/s and 4.2 km/s, respectively. Theysfudher estimated a crustal thickness of
~37 km and P-wave velocity of 8.0 km/s in the uppest mantle. Pioneering surface wave

studies (e.g. Bloch et al., 1969) used seismograouced by regional earthquakes to invert
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fundamental and higher mode Rayleigh and Love vgawap and phase velocities to derive a
shear wave velocity model of the northern KC. Thadat shows a Poisson’s ratio of 0.28 for

the lower crust of the northern KC and a crustiakitness in the range of 40-45 km.

Durrheim and Green (1992) conducted the first otiiva study of the central KC using mine
tremors from the gold mines in the WitwatersrangdiBaT he resulting model showed a crustal
thickness of 35 km and P-wave velocities in thegeaaf 6.4-6.7 km/s for the lower crust. A
similar approach using explosives as energy sourweas carried out for the NNB by Green
and Durrheim (1990). Numerous seismological studieshe past decade were based on
seismic broadband data collected from the SASE or&t¢Carlson et al., 1996). These studies
(e.g. Harvey et al., 2001; Nguuriet al., 2001; Kimwicz et al., 2002; Niu and James, 2002,
James et al., 2003, Kwadiba et al., 2003; Wrightet2003; Webb et al., 2004; Nair et al.,
2006; Gore et al., 2009) show crustal thicknes$&5e45 km and 34-37 km for the KC and
ZC, respectively. Thestudies further reported MobHepths for the KP, BC, LB,
Okwa/Magondi Belt, NNB and CFB to be 40 km, 40-53 B7-55 km, 40-45 km, 40-50 km,
and26-45 km, respectively. A seismic refractiordgtaf the Damara Belt (~ 0.55 Ga) and the
Archaean-Proterozoic Rehoboth Province indicatatithese two tectonic terrains have lower
crustal P-wave velocities of ~7.2 km/s (i.e, ~ Wn2/s Vs), crustal thicknesses of ~47 km, and

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

Nguuri (2004) and Nair et al. (2006) reported Males/p/Vs ratios for a number of crustal
terrains acrosssouthern Africa (see Table 1 iratteched paper) and interpreted Vp/Vs ratios
>1.76 to be indicative of mafic and ultramafic ditbgies in the crust. The differences in the

Vp/Vs ratio for some terrains, as well as the nundfestations used to compute the average
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ratios, reflect different selections of geograpbigons and data in the two studies. Gore et al.
(2009) estimated a Poisson’s ratio greater thaf @2the LB, implying a mafic crust, and
Poisson’s ratio ok 0.26 for the ZC, suggestive of the lack or absesfamafic layers in the

cratonic crust.

Niu and James (2002) used receiver function armlisiinvestigate the crustal structure
beneath a small area in the Kimberley terrain usiatg from the Kimberley seismic array.
They obtained P and S velocities for the lowernoogst of 6.75 and 3.90 km/s, respectively,
and a Poisson’s ratio of 0.25, indicating an intdtiate-to-felsic composition for the

lowermost crust.They also found a sharp (i.e., fleas 0.5 km wide) and flat (i.e., topographic
relief less than 1 km) Moho. Petrologic studieshaf Kimberley area by Schmitz and Bowring
(2003a, b) show that mafic granulites are absemh flower 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 weredusecompute receiver functions but after
quality control only 89 stations (see Results segtivere used for further interpretation. The
101 seismic stations belong to the SASE networkstafions), the AfricaArray network (10

stations), the South African National Seismogragtwadrk (1 station), the Global Seismic
Network (3 stations) and the Kimberley array (Sistes) which was deployed in 1999 as a
high resolution extension of the SASE network (Miond James, 2002). The AfricaArray
network (consisting of seismic stations coverirgubstantial portion of the African continent)

began operation in 2006 and only more than 1 yeaata from the AfricaArray stations in
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southern Africa were used for this study (see FEidud). A total of 89 teleseismic earthquakes
with epicentral distances between 30° and 99° dmwbiby the stations were selected for
computing receiver functions (Figure 2.2a). Thetheprakes have moment magnitudes

ranging from 5.8 to 9.0.

Appendix A describes the full details of the eant#kes. Rayleigh wave group velocities used
in this study for periods of 10-90 s were takemfra revised version of the model presented
by Pasyanos and Nyblade (2007). In the reviseddPasyand Nyblade (2007) model, group
velocity measurements from 39 broadband seismiimstaspread across southern Africa were
combined with the measurements used to constraabriginal Pasyanos and Nyblade (2007)
model (Figure 2.2b). The group velocity measuresiemere made using single station
measurements (event to station) and the inversigthad used to obtain group velocity maps
is based on ray approximation. For periods of 1@6-4, group velocities were taken from the
Harvard model (Larson and Ekstrom, 2001). A sirdjepersion curve for each station was
obtained by first joining the group velocities frdt—90 s and 100-175 s and then smoothing
the composite curve using a 3-point running average group velocity measurements from
the Harvard model were included in the compositeesgo that the 1-D models obtained from

the inversions would show mantle structure thagggonally representative of southern Africa.
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Figure 2.z  (a). Distribution of teleseismic
earthquakes used for this study (small solid c#)cle
The triangle shows the center of the SASE network.
Concentric circles show distance in 20° increments
from the center of the networkb)( Map showing
raypath coverage for 20 s Rayleigh waves useddn th
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 outsidé¢hef
area shown in the map.
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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 cotepufrom three-component seismograms
and shows the relative response of Earth struttemeath or near the receiver site (Ammon et
al, 1990; Ammon, 1997). Receiver functions in thiisdy were computed using the iterative
deconvolution method of Ligorria and Ammon (199B). computing a receiver function
response, the deconvolution procedure removesteféssociated with near-source structure,
source time function, and instrumental effects frima time series waveforms (Langston,
1979) Only the radial receiver functions were used ia jibint inversion with the Rayleigh
wave group velocity curves. The transverse recdivastions are identically zero for isotropic
and laterally homogeneous media, and were compotedrify that this is the case for crust

and upper mantle structure under each station.

To properly account for the phase move out dueatying incidence angles (Cassidy, 1992;
Gurrola and Minster, 1998), receiver functions greuped according to ray parameter. For
each station, receiver functions were binned inpayameter groups from 0.04 to 0.049 s/km,
0.05 to 0.059 s/km, and 0.06 to 0.069 s/km. Recdiwvection averages were then computed
for each ray parameter bin. For each teleseismanteveceiver functions were computed at
two overlapping frequency bands: a low frequenaydbef f< 0.5 Hz (Gaussian bandwidth of

1.0 s), and a high frequency band of f1.25 Hz (Gaussian bandwidth of 2.5 s). The low
frequency bandwidth provides a better constraintl@mger wavelength features in the

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

wavelength features. The combination of low andchHigquency receiver functions helps in
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discriminating sharp versus gradational transitionthe subsurface (Owens and Zandt, 1985;

Julia, 2007).

2.4.2.2 Joint inversion method

The joint inversion of receiver functions and fumdantal-mode surface wave dispersions
makes use of a linearized inversion procedure andiges 1-D shear wave depth-velocity
profiles for each recording station (Julia et @000, 2003). The application of the joint
inversion method assumes that both the receivectitms and surface wave dispersions
sample the same portion of the Earth structuretia@dnedium is plane-layered, isotropic, and
laterally homogeneous. The advantage of jointhertiag receiver functions and surface wave
dispersion measurements is that better resolutioth@ subsurface shear wave velocity
structure can be obtained compared to when eititar gkt is inverted independently (Julia et
al.,, 2000, 2003). The linearized inversion proceduminimizes an objective function
consisting of a weighted combination of the L2 nahithe vector residuals corresponding to
each data set and a model vector difference namodggness constraint) of the second order
differences between adjacent layers (Ammon et1&890; Julia et al., 2000). The weights
consist of a normalization constant that accouatstie different number of data points and
different physical units in each data set, as aglan influence factor that controls the relative
influence of each data set on the inverted modelia(Jet al., 2000). The model vector
difference norm helps in stabilizing the inversgmocedure by placing smoothness constraint

on the resulting 1-D depth-velocity profiles.

The resulting Vs models are, therefore, a comprenistween fitting observations, model

simplicity, anda priori constraints (Julia et al., 2005). Appendix B pd®g a theoretical basis
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for the linearized form of the joint inversion saie as developed by Julia et al. (2000, 2003).
The joint inversion technique has been widely usethvestigate crustal and upper mantle
structure in other continental regions, the Arabsaield (Julia et al., 2003), the Tanzania
Craton (Julia et al., 2005), and the Ethiopiand&at(Dugda et al., 2007). Influence factors
and smoothing parameters (in this study) were sa&lefor each tectonic domain in order to

obtain smooth depth-velocity profiles that matca tbservations. For most of the stations, a
good fit to the data was obtained for an influefaeor of 0.5 and a smoothness parameter
from zero to 0.2. The smoothness parameter hae t@ibed as high as 0.3 for some of the

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

The parameterization of the starting model congisfe74 layers extending to a depth of 532
km. Layer thicknesses of 1 and 2 km were usedhfitst and second layer, 2.5 km for layers
between 3 and 60.5 km depth, 5 km for layers batvé®e5 and 255.5 km depth, and 17 to 40
km for layers below 255.5 km depth. The increaskayer thicknesses with depth corresponds
to a decrease in the resolving power of the dispenrgelocities with increasing period. The
starting model used for the inversions is the PREaMlel (Dziewonski and Anderson, 1981)
modified for continental structure above 60.5 knptHe(see Figure 5 of attached paper).
Poisson’s ratio in the starting model was set 2b 0n the crust and mantle to a depth of 86
km, 0.28 between depths of 86—230 km, 0.29 betwdmgpths of 230 and 374 km, 0.30
between depths of 374-430 km, and 0.29 betweerhsleyt430-532 km. Densities were

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

The sensitivity of the inversion results towards #tarting model can be tested using a range
of regional models as starting models for the isiar (Qiu et al., 1996; Zhao et al., 1999;
Simon et al., 2002; Li and Burke, 2006). P-waveogities were computed using the same
Vp/Vs ratio as for the starting model. The resoltshis test (see Figure 5 of attached paper)
indicate inversion results in the 0-60 km depthgeathat produce the same or similar
inversion results and this confirms the inversiesults of the joint inversion algorithm are not

sensitive to the starting models.

Since long-period group velocities constrain averaglocity structure within relatively large
depth ranges in the upper mantle, a trade-off &Xistween shallow and deep structure (e.g.
Julia et al., 2005). This trade-off can be conetdiby forward modelling structure below 200
km depth using a trial-and-error process to findlais that best fit the 140-175 s period group
velocities. This was done by fixing velocities bgl200 km between a range of -5 and +5% of
the PREM velocities and then inverting for the e#tlp structure above 200 km depth. The
best fitting model for each station was selectedmie predicted group velocities in the 140—
175 s period range matched the observed groupitielbbcAs an example, station SA55 with
velocities of PREM and -2, —3, —5% of PREM below Réh depth was forward modelled and
the best fitting model for this station is —3% PRIEdde Figure 6 of attached paper). For most
of the stations, it was found that a —2% PREM maeetis to fit the 140-175 s period group
velocities best. However, a —3% PREM model was tisethe stations in the KP, LB, Okwa

terrain, and ZC, and a —-5% PREM model was uselddtir the NNB and CFB.
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2.4.2.4 Model Uncertainties

The uncertainties in the Vs models at crustal deptbre determined by a selection of model
parameters for the inversions, as well as by thmumrvelocities taken from the revised
Pasyanos and Nyblade (2007) model. Following theragezh by Julia et al. (2005), the
uncertainties in the inversion results from paraneselection were estimated by repeating
inversions for each station using a range of wéaighparameters, constraints, and Poisson’s
ratio. The uncertainties in the shear wave velegifor the crust obtained from this procedure
are around 0.1 km/s. Resolution tests of the rdviBasyanos and Nyblade (2007) group
velocity model indicate that the spatial resolutadrperiods most sensitive to crustal structure
(10-50 s) is 3 to 4 degrees, and thus the reviasgldhos and Nyblade (2007) group velocity
model has sufficient resolution to image differenae group velocities between regions that

are 300 to 400 km wide.

Uncertainties in crustal velocities introduced W tgroup velocity measurements were
assessed by selecting two dispersion curves franrdhised Pasyanos and Nyblade (2007)
model showing “end-member” high and low group agties. The high group velocities from
one station were replaced with the low ones fromtlzr station (and vice versa) and
subsequently the joint inversions were performedeach station with the newly acquired
group velocities. This approach was repeated famynsdations using the approach indicated
above. The results are illustrated for two stati®@@SA and SA81 (shown in Figure 2.3). For
station BOSA in the middle of the KC, group vel@gdtin the 10-50 s range are lower than for
station SA81 in the NNB, and the 1-D inversionstfase 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 BQ®ing the higher group velocities for
SA81, the shear wave velocities increase by 0.0.20km/s (Figure 2.3b). When the 1D
inversion is performed for SA81 using the lowerugporelocities for BOSA, the shear wave
velocities decrease by 0.1 to 0.2 km/s (Figure)2.Bdall four models, the dispersion curves
and receiver functions are fit equally well (Fig@8). This exercise indicates that even for
regions less than 300 to 400 km wide, at most aensainty of 0.1 to 0.2 km/s in shear wave
velocity is introduced by using the group veloatieom the revised Pasyanos and Nyblade
(2007) model. According to these assessments, tReeald uncertainty in the shear wave
velocities is no more than 0.2 km/s for any givastal layer in the model. This uncertainty in
the shear wave velocity translates into an uncegtaf no more than 2 to 3 km in Moho depth
for most stations where a velocity discontinuity d& seen between the crust and mantle, and
no more than 5 km where a smoothly varying sheaewalocity profile is found, indicating a

gradational Moho.
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Figure 2.Z Assessment of uncertainties in the joint inversiesults using two stations, BOSA and SA81, witffiedent
group velocity curves.a). Normal inversion results for BOSA using the graelocities for the location of BOSA from the
revised Pasyanos and Nyblade (2007) mobel.Ifversion results similar to Figure 2.3a butaited with the group velocities
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2.5 Results

The inversion yielded poor results for twelve of th01 stations and therefore interpretations
were not made for these stations. The inversionltsefor these twelve stations either showed
a poor signal-to-noise ratio, leading either to mpaaveform fits (e.g. stations SA01, SA02,
SA03, SA58, SA69,SA82, SA139, SA155, CNG), or thehd Ps conversion was indistinct
(e.g. stations SA07, SA08, SA12). The resultslierremaining 89 stations are summarized in
Figure 2.4a—d. The velocity profiles for 10 staiq®A10, SA22, SA43, SA44, SA66, SA73,
SA169, GRM, MOPA, POGA) show two depths where thsran increase in shear wave

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

Detailed modelling of the receiver functions andylRmh wave group velocities associated
with the joint inversion results in Figure 2.4 ateown in Appendix C. Figure 2.4 shows the
shear wave velocity profilesgrouped by tectonicaie; and Table 2.1 provides a summaryof
key crustal parameters derived from these profilée crustal thickness beneath each station
was determined by picking the Moho at the depthrevhes exceeds 4.3 km/s (e.g. Christensen
and Mooney, 1995; Christensen, 1996). Shear walgzitye ranges fortypical lower crustal
lithologies obtained by using experimentallydeterad P-wave velocities and Vp/Vs ratios
(e.g. Christensen and Mooney, 1995; Christensed6)1¢how that shear wave velocities in the
lower crust cannot be higher than 4.3km/s. Shearewelocities above 4.3 km/s have
therefore been assumed to indicate the preseniihabgies with mantle compositions, and
therefore the Moho has been picked where the shaae velocities exceed that value. Many
of the stations show a clear Moho discontinuity ieh¥s increases from < 4.3 km/s to > 4.3

km/s, but for other stations the change in sheaewalocity is gradational.
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Figure 2.4 (&d) Shear wave velocity profiles grouped by tectoeitdin. Moho depths are

indicated with horizontal lines and numbers in Krower crustal layers with Vs 4.0 km/s are
shaded, and reference lines at 4.0 km/s (soli@)kdh/s (dotted), and 4.5 km/s (dashed) are shown in
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Table 2.1Summary of crustal structure by geological tesahown in Figures 2.4 and 2.5

Regime Terrain Average Num- Sn Average | Average | Average | Average
Moho ber of (km/s) | Vsofthe | Vsbelow | Vs below | thickness
depth + | stations crust + 20 km 30 km of layers
standard standard depth depth in the
deviation deviation (km/s) (km/s) lower
(km) (km) crust
with Vs >
4.0 km/s
(km)
KC Witwatersrand 37+3 11 4.6 3.7x0.1 3.9 4.0 11
Swaziland 392 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 361 17 4.6 36+0.1 3.8 3.8 2
(central)
Kimberley (N-S 391 4 4.6 3.7+x0.1 3.9 4.0 6
margins)
ZC Western part of 36+1 3 4.5 3.7+£0.0 3.9 3.9 4
the Tokwe
terrain
Eastern part of 41 +3 4 4.5 3.8+£0.0 4.0 4.0 15
the Tokwe
terrain
BC 42 +£5 13 4.6 3.7+x0.1 4.0 4.1 15
NNB 45+4 8 4.7 39+0.1 4.2 4.3 22
LB SMZ 400 1 4.5 3.7+0.0 4.0 4.0 17
Ccz 475 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 43+ 0 2 4.5 3.7+£0.0 3.9 4.0 11
terrain
CFB 26 2 1 4.7 3.8+0.1 4.2 4.4 19

N.B. KC — Kaapvaal Craton; ZC — Zimbabwe Craton; BCusBveld Complex; NNB — Namaqua-Natal

Belt; LB — Limpopo Belt; KP — Kheis Province; CFBCape Fold Belt; Sn — shear wave refracted by

the uppermost mantle layer.

The velocity profiles for 10 stations (SA10, SABA43, SA44, SA66, SA73, SA169, GRM,

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

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

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

stations have been excluded from further intergicetaof Moho.

There is a 1-to-1 correlation within the reportedcertainties between Moho estimates
obtained in this study and estimates by Nguurile{Z901), Nguuri (2004) and Nair et al.
(2006), except for a handful of stations, showrrigure 2.5 (Figure 9 in the attached paper)
with solid symbols. Moho estimates for five staofBA05, SA09, SA49, SA81, SUR) lie
more than 5 km above the 1-to-1 correlation lingyFe 2.5), and are less than those reported

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

25_- / O Nguuri et al., 2001; Nguuri, 2004

1l 7 A Nair et al., 2006

2 — 71 rr T rr 1 r T r T r 1T T T T* 1
20 25 30 35 40 45 50 55 60
Crustal thickness from Joint Inversion (km)

Crustal thickness from other studies (km)
&
1

Figure 2.5 Comparison of crustal thickness estimates frons thi
study with crustal thickness estimates from presiagiudies. The
dashed line shows the 1-to-1 correlation, and ttiel symbols show
stations that do not fall close 6 km) to the 1-to-1 line.
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Moho estimates for four stations (SA16, SA47, SA3870) lie more than 5 km below the 1-
to-1 correlation line, and are greater than thepented by Nguuri et al. (2001), Nguuri (2004)
and Nair et al. (2006). The velocity profiles fbese stations show a complicated lowermost
crustal structure commonly associated with a giadat Moho. These differences in Moho
estimates could therefore either be attributed itbicdlty in identifying the crust-mantle
boundary when the velocity structure across thisnbdary is gradational or the criterion by

which the Moho was identified is different from tle@lopted by other studies.

A further examination done on the results was tifwé there was any relationship between
the average velocities in the lowermost crust (wed® km depth) and crustal thickness. The
outcome of this investigation is shown in Figuré.Zigure 2.6 shows two differing linear
trends suggesting a high gradient for the thintaagll km) (presumably related to Archaean
crust) and low gradient for the thick crust41 km) (presumably related to Proterozoic crust).
The two linear trends in Figure 2.6 suggest a bahaistribution for the Precambrian crust.
Figure 2.6 assumes 41 km to be the crustal thickrtheeshold distinguishing thinner
Archaean from thicker Proterozoic (above it) criddwever, Figure 2.4 suggest that there are
localities within the Archaean craton that havehigkt crust (i.e.> 41 km) e.g. Pietersburg
terrain with average Vs of 4.0 km/s in the lowermost crust. On the other hahdre are
localities within Proterozoic terrains (e.g. SA18A17, SA23, SA29, and UPI in the

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

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

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

relating to both Archaean and Proterozoic crusteré&fore the linear trends illustrated in

43



Figure 2.6 are apparent and for the relationshipvéen the two parameters to be meaningful,
a very lucid explanation as to under what condgishould certain terrains similar to the ones

indicated above be included or excluded from sunctyais is required.
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Figure 2.€ Average velocity below 30 km depth as a functiberastal thickness
for southern Africa (shown by the solid circlesheldashed lines through the solid
circles are the best lines. The relationship betvaaerage velocity below 30 km depth
and crustal thickness shows two linear trends wtierdinearity changes around 41 km
(marked by the dotted vertical line). See textfwther explanation.
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The global study by Rudnick and Fountain (1995)gsst) a crustal thickness threshold of 43
km distinguishing Archaean crust below it and Piateic crust above it. Assuming that the
41 km threshold can statistically be shown to hewtandard deviation of £2 km, therefore at
most the 41 km threshold could be increased tomM3443 km threshold is compatible with

crustal thicknesses for localities within the Areha craton e.g. SA63 in the Pietersburg
terrain (see Figure 2.4). However, this threshsldilso incompatible with localities within

Proterozoic terrains which have crustal thicknessdsw 43 km. Therefore, the linear trends
in Figure 2.6 require further research investigatiand do not yet yield publishable results in

this regard.

2.5.1 Lower crustal structure

Table 2.1 clearly shows that most terrains hawaskvave velocities of 4.0 km/s or higher
over a significant part of the lower crust. However the Kimberley terrain and the western
part of the Tokwe terrain, average velocities<@.9 km/s occur in the lower part of the crust
(see Table 2.1). These terrains also have, on g@gless than 5 km of high velocity (¥4.0
km/s) rock within the lower part of the crust. Figsi 2.7a and b (see Figures 10 and 11 in the
attached paper) illustrate the spatial variabiifythe mean shear wave velocity below 30 km
depth in the lower crustal structure for 1 x 1 @egrblocks across southern Africa.
Superimposed on Figure 2.7a are boxes with difteskades illustrating the variability of the
average thickness of lower crustal layers witie\M&0 km/s. It can be seen from both Figures
2.4 and 2.7a that the base of the crust in the Kitalp terrain lacks a high velocity rock and
the crust is typically that of an evolved Archaeamst and deviates from an original or normal

Archaean setting. This anomalous pattern seen eénkKiimberley terrain extends into the
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western part of the Witwatersrand terrain and @egern 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 terrainsve high Vs zones in the upper 15 km of
the crust (see Figure 2.4c). However the poor ntisol of the revised Pasyanos and Nyblade
(2007) group velocity model could mean that theséated features are not well imaged in the
Okwa terrain since they are only shown by statié®1S In contrast, these features are seen
over a wide area in the NNB (see Figure 2.4c) andtmrobably the size of the area can be
resolved by the revised Pasyanos and Nyblade (20@del. Shear wave velocities within
these zones vary between 3.7 and 4.0 km/s andtdedelcrease to 3.5-3.7 km/s below these
zones, implying the presence of a low velocity taiyethe midcrust. However, the focus is
primarily on the upper crustal velocities (see Gbag) since they imply an anomalous upper

crustal structure.

2.5.3 Mantle structure

Most terrains within both the cratonic areas anditeobelts show an average Vs from the
Moho to depths of ~60 km that varies between 44 km/s (i.e., uppermost mantle; Table
2.1). Even though some terrains show an averagee®gity slightly higher than 4.6 km/s,
Table 2.1 shows that there is little evidence f@tasmatic differences in the uppermost mantle
(i.e., the top 10-20 km of the mantle) velocitiesogs southern Africa. These results are in
agreement with the findings from recent studiethefmantle (e.g. Li and Burke, 2006; Adam
and Nyblade, 2011) which indicate that there aresigaificant differences in the uppermost

mantle structure between the cratonic and the adjaeroterozoic regions. Mantle structure
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below 60 km might be inadequately resolved sinae d@ghoup velocity dispersions were

extended to periods > 90 s using the global Harmaodel.

2.6 Discussion

The Karoo flood magmatism (ca. 183 Ma) was the masjor tectonothermal event to have
affected the lithospheric structure of southernc&frand therefore it could be assumed that the
lithosphere has stabilized since then and the bititia reflected in Figure 2.7 could be

attributed to compositional differences rather tttearmal ones.

Many laboratory studies have established that nificlogies commonly found in the lower
continental crust, such as amphibolite, garnetibgaand garnet-free mafic granulite, and
mafic gneiss, have higher shear wave velocitieS.8>km/s), while intermediate-to-felsic
lithologies have lower shear wave velocities (< 8@/s) (e.g. Holbrook et al., 1992;
Christensen and Mooney, 1995; Rudnick and Founi#if5; Christensen and Stanley, 2003;
Rudnick and Gao, 2003). The average shear wavecitiek (i.e., 4.5-4.7 km/s) in the
uppermost mantle region (Moho-60 km depth) indicetly slight differences across southern
Africa and therefore suggest the presence of uétfammocks of which the common occurrence
(e.g. peridaotite) is either in varying co-existemedth other ultramafic rock types throughout
southern Africa, or it has a bulk composition tligtthe same but perhaps with varying
proportions of secondary mineral compositions aresuthern Africa. Most probably the
Archaean cratons would have garnet lherzolite girtbppermost mantle regions given the

relatively stable thermal and pressure conditioitkimthe subcratonic mantle roots.
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Figure 2.7 (a). Map showing the average Vs below 30 km (gray stggdand the average total layer thickness with>\s0 km/s (shown as open
and solid squares and denoted as “Th”) for 1 defree blocks. The blocks without symbols are andesge the average total layer thickness with>Vs
4.0 km/s is between 5 and 15 kr).(Map showing the average Vs below 30 km (gray stgdwith distribution of the Ventersdorp Supergrgqwhite
line) taken from van der Westhuizen et al. (2008) the location of lower crust xenoliths obtaineshi Pretorius and Barton (2003) and Schmitz and
Bowring (2003a). The number labels 1-15 represkatrtames of the kimberlites: 1, Newlands; 2, Mat;Uintjiesberg; 4, Klipfontein-08; 5,
Beyersfontein; 6, Lovedale; 7, Star Mine; 8, Kalibia9, Lace; 10, Voorspoed; 11, Mothae; 12, Letséa-Terae; 13, Matsoku; 14, Venetia Mine; and
15, Jwanengrhe solid and dashed lines in both (a) and (b) rttakectonic and political boundaries, respedgivel
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2.6.1 Interpretation of higher shear wave velocitig in the lower crust

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

imply the presence of mafic lithologies. The lowaust in many Precambrian tectonic settings
is characterized by mafic lithologies typically Wwivp ~7.0 km/s and Vs ~ 4.0 km/s (e.g.

Rudnick and Fountain, 1995; Rudnick and Gao, 20DB¢refore, the suggestion in this study
that most terrains within southern Africa have aficmébower crust is not unusual. Several

possibilities have been suggested by Rudnick arad(&203) for the genesis of a mafic lower
crust in Precambrian tectonic settings: (a) basaltiderplating, (b) magmatic intrusion

(basaltic type of magma), and (c) tectonomagmaticgsses responsible for the formation of
Archaean crust. Given these possibilities, the enlafyer in the lower crust of the BC is likely

caused by a combination of magmatic intrusion ardeeplating.

It has been estimated that the total magma voliatehias been added to the Bushveld crust is
around 0.6 x 10km® (Von Gruenewaldt et al., 1985), thickening thestioy ~5-10 km. The
large (>10 km) thickness of mafic rock in the lovgarts of the crust in the NNB, the CZ of
the LB, parts of the KP and the CFB can be atteidub suture processes during the formation

of these terrains.

In Precambrian terrains elsewhere, suture regigpscdlly with ~5-10 km of crustal
thickening are distinguishable [e.g. the Superimvice (Gibb et al., 1983), the Tanzania
Craton (Nyblade and Pollack, 1992), the Yilgarnt@naMathur, 1974; Wellmann, 1978), the
Indian shield (Subrahmanyam, 1978), and the ManeldliiBlot et al., 1962; Louis, 1978;
Black et al., 1979)]. The crustal thickening instlype of settings is usually associated with

the presence of mafic units in a crust that is comlyn affected by granulite-facies
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metamorphism and extraction of a felsic partialtmemponent. Both the thicker crust and the
large thickness of lower crust with high shear waglscities found in the NNB, CZ, and KP
is consistent with typical “suture” thickened stufound in other Precambrian terrains, and
need not be viewed as anomalous. The mafic lowst estimated in the BC is consistent with
Vp/Vs ratios of >1.76, as described by Nguuri (20&4d Nair et al. (2006) (see Table 1 in the
attached paper). Similarly, the reported Vp/Vsastf 1.78 and 1.84 for the NNB and LB,

respectively, are consistent with the findingshi$ study (Table 2.1).

2.6.2 Interpretation of lower shear wave velocitiem the lower crust

Experimental and laboratory studies as indicatedvabclearly indicate velocity bounds
associated with rock type, therefore shear wavecitgds below 4.0 km/s (Vs 3.9 km/s) can
be interpreted to be representative of composititbas are primarily intermediate-to-felsic.
Figure 2.7a shows several terrains with these itedecand this is more likely to indicate that
the lower crust in these terrains is primarily of iatermediate-to-felsic composition. The
study by Niu and James (2002) has already notethdkeof mafic material in the lower crust
for the Kimberley terrain and moreover, this st estimated a mean crustal thickness of
37 km for this region. The findings by Niu and JanG2002) are consistent with the findings
in this study since a larger portion of the Kimbgrlterrain, as shown in Figure 2.7a, is
characterized by a lower crust of an intermediatielsic composition. However, the
observation of regions with low shear wave velesit{Vs< 3.9 km/s) in the lower crust
extends much further beyond the Kimberley terraid 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 casdan in the western part of the Tokwe
terrain in the ZC. In explaining the intermediabefelsic composition for the lower crust in the
Kimberley terrain and the flat topography of the o which are some of the features
observed by Niu and James (2002), James et al3(2@gested that the crust could have
been extensively melted during the Ventersdorpotemhagmatic event (~2.7 Ga). As a
further suggestion to this, | propose that thenai@ion of the mafic layer was effected by both
melting and crustal thinning associated with thentéesdorp event. The study by de Wit and
Tinker (2004) noted the presence of listric fauitsthe area overlain by the Ventersdorp

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

Figure 2.7b shows the distribution of the Venterpddupergroup superimposed on the shear
wave velocity structure of the lower crust. Mosttleé areas underlain by an intermediate-to-
felsic lower crust in South Africa coincide withetihegion where Ventersdorp rocks have been
preserved. The distribution of the Ventersdorp lemn® in Figure 2.7b means a substantial
portion of the Kimberley terrain underlain by ateirmediate-to-felsic lower crust may reflect
areas where the mafic lower crust was either tldroreremoved during the regional crustal
thinning associated with the Ventersdorp eventirdilar explanation could be invoked for the
low shear wave velocities observed in the lowestci the western part of the Tokwe terrain,
which is overlain by 3.1-2.95 Ga transgressive ipagsargin and rift sequences (Jelsma and

Dirks, 2002).

2.6.3 Crustal Xenoliths

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

composition of the lower crust can be deciphereblyisanalyzing xenoliths exposed on the
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surface or at shallow depths and these exposeditkenibave been shown in many studies to
coincide with the presence of mafic lithologiestie lower crust. Jurassic and Cretaceous
lower crustal xenoliths in southern Africa are mosimmonly found within kimberlite pipes
(e.g. Dawson, 1980; Nixon, 1987; Schmitz and Bogyr20D03a) (see Figure 2.7b for locations
of xenoliths or Figure 11 in the attached paperpat@hic lower crustal granulite xenoliths
from the Kimberley region (location 1), NNB (loaatis 2, 3, 4, 5, 6), Free State province
(locations 7, 8, 9, 10), and northern Lesotho fiocs 11, 12, 13) have been described by
Schmitz and Bowring (2003a). Off-craton and cratamergin xenoliths come from the CZ of
the LB (location 14) (Pretorius and Barton, 2003 she unexposed extension of the Magondi

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

Xenoliths from kimberlite pipes (e.g. Dawson, 1980xon, 1987; Schmitz and Bowring,
2003a) can be used as an independent check orotiygosition of the lithosphere through
which the pipe ascended. In this way, suites ofelowrustal xenoliths collected from
kimberlite pipes in the KC and surrounding mobilelt® (Schmitz and Bowring, 2003a;
Pretorius and Barton, 2003) (Figure 2.7b) can keslue confirm the presence or absence of
mafic rocks in the lower crust. Lower crustal xatin® from the Kimberley terrain are
dominated by felsic rocks such as metapelite, amadicnrocks are absent (Schmitz and
Bowring, 2003a). Moreover, Cretaceous and Jurassioliths within the Kimberley terrain
are a manifestation of mantle metasomatism by higitikaline mafic silicate melts (e.qg.

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

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

eruptions, it is possible that felsic rocks suctpegmatites could have been crystallized from
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the alkaline melts by metamorphic processes antt adberefore be forming layering in the
lowermost crust and uppermost mantle regions oKih@erley terrain. However, these felsic
layers from the alkaline melts are probably a sgicraverprinting of the lowermost crust and
uppermost mantle regions (i.e., appearing mostigvb¢he kimberlite pipes) of the terrain in
an area that was already extensively affected éwtmtersdorp volcanism (see section 2.6.2).
In contrast, mafic granulite xenoliths are commoralaof the other localities (Dawson and
Smith, 1987; Dawson et al., 1997; Schmitz and Bogyr2003a, 2003b) (Figure 2.7b) and are
consistent with the variability in the shear waedoeity structure of the lower crust described

in this study.

2.7 Conclusions
The 1-D shear wave velocity models from the joiveirsion of P-wave receiver functions and
Rayleigh wave group velocities for 89 broadbandrm@ stations indicate and further suggest
the following:
1. There is a 1-to-1 correlation within the reportattertainties between Moho depth
estimates from this study and those from previdudiss (e.g. Nguuri et al., 2001;

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

2. There is considerable variability in the lower ¢rasross southern Africa and most
terrains have shear wave velocities of 4.0 km/siginer over a significant part of the

lower crust.

3. Much of the Kimberley terrain and a fraction ofethadjacent KP and the
Witwatersrand terrain, as well as the western prtthe Tokwe terrain, are

characterized by average shear wave velocities 2B km/s in the lower part of the
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crust. The lower shear velocities in the lower trak the Kimberley terrain are
consistent with results from previous studies (Mnd James, 2002; James et al.,

2003).

The lower crust across much of the southern Afrishield in both Archaean and
Proterozoic terrains has a predominantly mafic awsijon (i.e., Vs> 4.0 km/s) and

this is in contrast to the southwestern part ofikfieand western part of the ZC, where
the lower crust is intermediate-to-felsic in comfion (i.e., Vs < 4.0 km/s). The mafic

layer in the lower crust of the BC is likely caudeyl a combination of magmatic
intrusion and underplating. The thick high velodibck in the lower crustal parts of
the NNB, CZ, and Kheis Province are consistent wyigical “suture” thickened crust

found in Precambrian tectonic settings globally.sMof the areas in the KC that are
underlain by an intermediate-to-felsic lower craistl a shallower Moho coincide with
the region where Ventersdorp rocks have been p@serhis correlation supports the
suggestion by de Wit and Tinker (2004) of crustdkrsion taking place along listric
fault systems during the Ventersdorp tectonomagneatent (ca 2.7 Ga). A similar
explanation could be invoked for the low shear weslecities observed in the lower
crust in the western part of the Tokwe terrain, alwhis overlain by 3.1-2.95 Ga
transgressive passive margin and rift sequencdsn{deand Dirks, 2002). Overall,

these results are consistent with the Precambriagehby Durrheim and Mooney

(1994), which suggest that areas of the Archaeast evith a low-velocity base have
gone through repeated melting and the crust wathdurdifferentiated through

recycling processes and therefore this resultedtramafic cumulates being part of
the mantle. In contrast, the Proterozoic crust traskened and had undergone

underplating which imparted a high-velocity basgidr.
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5. The lack of mafic xenoliths in the Kimberley terraand the presence of mafic
xenoliths in the other terrains is consistent wiile variability in the shear wave

velocity structure of the lower crust found in thisidy.

6. The shear wave velocity results of the uppermosttimaiegion (i.e., in the 10-20 km
depth below the Moho) indicate average Sn velxitie4.5-4.7 km/s which do not

suggest systematic differences between the difféeerains 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 igesdtigated by jointly inverting high-
frequency teleseismic receiver functions and 2-€@0Rayleigh wave group velocities for 16
broadband seismic stations spanning the BushvelshpgBzx. Group velocities for 2—15 sec
periods were obtained from a surface wave tomograjding local and regional events, while
group velocities for 2090 sec periods were takemfa published model. The 1-D shear
wave velocity models obtained for each station stimvpresence of a thickened crust in the
centre of the Bushveld Complex and that S velsciteach 4.0 km/s or higher over a
significant portion of the lower crust (below 30 lkdepth). The 1-D shear wave velocity
models also reveal that the upper crustal struct{aieove 10 km depth) across the Bushveld
Complex is characterized by S velocities as high~3s-3.8 km/s, consistent with the
presence of mafic lithologies. These results fav@uicontinuous-sheet” as opposed to a
“dipping-sheet” model for the Bushveld Complexwihich the mafic layers are continuous at
depth beneath the centre of the complex. Howeetajledd modelling of receiver functions at
one station within the centre of the complex ingisahat the mafic layering maybe locally

disrupted by diapirism and metamorphism.

The material in this chapter is fully described the peer-reviewed paper with the
following citation: Kgaswane, E.M., Nyblade, A.A., Durrheim, R.J., JaliJ., Dirks,
P.H.G.M., and Webb, S.J., 2012. Shear wave veloatyucture of the Bushveld
Complex, South Africa. Tectonophysics, 554-557, B34,
doi:10.1016/j.tecto.2012.06.0(
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3.1 Introduction

The Bushveld Complex (BC) (Figure 3.1) was emplaateca. 2.06 Ga in the northern part of
the Kaapvaal Craton (KC) and is one of the largestic layered igneous intrusions in the
world. It covers an area of ~ 66 000 *mithin the northern Kaapvaal Craton, South Africa
(e.g. Walraven, 1997; Eglington and Armstrong, 2004bb et al., 2004). It has an abundance
of platiniferous group metals, as well as largeeress of chromium, titanium, vanadium,
nickel, and gold (e.g. Cawthorn et al., 2006).nruded into the intracratonic sedimentary
sequences of the Transvaal Supergroup and isgsaphiically divided into the Rooiberg
Group (RG), the Rashoop Granophyre Suite (RGS)|.&db®wa Granite Suite (LGS), and the
Rustenburg Layered Suite (RLS; e.g. South Africam@ittee for Stratigraphy, 1980; Hatton
and Schweitzer, 1995; Cawthorn and Webb, 2001; kawtet al., 2006). Figure 3.1a shows

the surface geology of the BC and the differehblivgies comprising the entire complex.

The mafic components of the RLS crop out in fivegraphically distinct areas: the Eastern
Limb, the Western Limb, the Far Western Limb, amel two Northern limbs (Figure 3.1; e.qg.
Webb et al.,, 2004). A sixth limb, the SoutheasterrBethal Limb (Cawthorn and Webb,
2001), is buried under Karoo sediments. The BCigsugted in several places by alkaline
intrusions (Figure 3.1). Much of the subsurfaceicdre of the BC above 10 km depth is
reasonably understood, but the deep structureeoBtD and how it was emplaced remains a
subject of ongoing research. The BC was origindilyught to be a laccolith (Molengraatff,
1901; Jorissen, 1904; Mellor, 1906) or lopolithg(eMolengraaff, 1902; Hall, 1932; Du Toit,
1954). However, gravity modelling by Cousins (1958pwed that a Bouguer gravity low

associated with the geographic centre of the BCneasonsistent with these models.
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Cousins (1959) suggested that the BC consistedepérate intrusive limbs. This model
underwent several refinements, resulting in a madil detached inward dipping bodies (e.qg.
the “dipping-sheet model”; Biesheuvel, 1970; Van Bierwe, 1976; Walraven and Darracott,
1976; Molyneux and Klinkert, 1978; Du Plessis an@yvegt, 1987; Meyer and De Beer,
1987). The “dipping-sheet” model was refined by Eegnd De Beer (1987) using gravity
modelling and they concluded that the detacheddimktended to depths of 15 km with no
compensation at the Moho (Figure 3.2a). Deep atettrsoundings and resistivity

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

indicated the presence of a conductive layer athddpeyer and De Beer (1987) interpreted
this conductive layer to be the Silverton shaleghef Transvaal Supergroup. However, an
alternative interpretation by Webb et al. (2004ygmsted that the conductive layer could be

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

Later geological and geophysical studies (Cawttatral., 1998; Cawthorn and Webb, 2001;
Webb et al., 2004) have proposed the existencecohtinuous mafic layering at depth across
the centre of the BC connecting the various limbigre 3.2b). In this model, hereinafter
called the “continuous-sheet” model, the continuouafic layering in the upper crust is
isostatically compensated for by a downwarped Matansistent with seismic constraints
provided by receiver function studies (Nguuri ef 2001; Nair et al., 2006; Kgaswane et al.,
2009). The study by Nguuri et al. (2001) suggedtiggh shear wave velocity layer (Vs ~ 4.0
km/s) within the upper 10 km of the crust for opedtion near the centre of the BC. More
recent findings (see Figure 3.1a; Webb et al., 28how the presence of mafic xenoliths in
the Palmietgat kimberlite pipe and this furtherttagsed the hypothesis of a continuous mafic

layering in the centre of the BC.
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The purpose of this study is to use new seismigcitgl models of the BC crust to evaluate the
“dipping-sheet” and “continuous-sheet” models. Beésmic velocity models are obtained by
first measuring short-period Rayleigh wave groupoeities using locally and regionally
recorded seismic events, and then jointly invertimggroup velocity measurements with high-
frequency receiver functions. The method is simitaKgaswane et al. (2009), but differs in
two ways. Firstly, group velocity maps for shortipd Rayleigh waves (2-15 sec) were
tomographically developed to improve constraintstio@ upper crustal velocity structure.
Secondly, high-frequency f 1.25 Hz) receiver functions were jointly invertith Rayleigh
wave group velocities to improve resolution of talistructure. These new constraints provide
better resolved shear wave velocity models fortlona 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 methsed to obtain group velocity maps for
periods between 2 and 15 sec is first describeis. i§tfollowed by a brief description of the
approach adopted to compute receiver functionallyimn explanation of how the receiver

functions and Rayleigh wave group velocity mease@m@shave been jointly inverted.

3.2.1 Group velocity tomography

Rayleigh wave group velocities were measured us8¥ymining-related and regional seismic
events (see Figure 3.1b) recorded by 45 broadbaisthi stations. The seismic events have
local magnitudes (ML) greater than 2.5. A detaiéeent list is shown in Appendix D. The
event list is comprised of event catalogues (patamnzed in origin time, hypocenters and

local magnitudes) compiled from the earthquake ébiné published by the Council for
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Geoscience (CGS), by gold mines in the WitwatesrBasin area, and the Incorporated
Research Institutions for Seismology (IRIS). Miniredated earthquakes account for 81% of
the total number of earthquakes used for the measmnts, the majority of which originated

within the gold mining districts of the WitwateradBasin. The locations of the 45 broadband
seismic stations with respect to the outcrop pattérthe BC are shown in Figure 3.2c. Forty-
three of the stations belong to the Southern AfriGeismic Experiment (SASE) network

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

South African National Seismograph Network (SANSN).

A multiple filter analysis (e.g. Dziewonski et al969; Keilis-Borok, 1989; Claerbout, 1992;

Levshin et al., 1992) software developed by Amma@0() was used to measure Rayleigh
wave group velocities at each period. Figures 3@ 34 shows the processing of group
velocity measurements at station SA31 and the ehafi@n optimal Gaussian width parameter
for the group velocity measurements (using staiéd6 as an example), respectively. While
all the three Gaussian width parameters tend tev dtapabilities of optimally constraining

group velocity observations, a variable Gaussiatttwparameter (Figure 3.4b) tends to show
a scatter of group velocity measurements thatightty biased both below and above the
theoretical PREM curve. In comparison, the othay parameters (in Figures 3.4a and c) tend

to show a scatter that is mostly biased abovehberétical PREM curve.

Figure 3 (in the attached paper) shows the ray regee(together with the total number of
rays) at each period that could be achieved in ghidy. Ray coverage is greater at shorter

periods (2—-8 sec) compared to longer periods (18eth
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Figure 3.Z Group velocity measurement using station SA31 as

an exampleA. Pre-processing of the Rayleigh wave group velocity
curve (black diamonds) and outlying black diamoadc{osed by
the dotted ellipse) far below (far left diagrarB). Post-processing
of the Rayleigh wave group velocity curve showinggeoup
velocity curve fitting a spline curve (white) aftexr scattered
outlying black diamond has been removed (far l&gchm). The
far left diagram in both A and B is the velocityroel spectrum, the
middle diagram is the seismogram along the groupcitg axis,
and the far right diagram is the amplitude spectmwithin the
USGS low- and high-noise curves (solid gray lineRhe white
triangles in the velocity-period spectra represth@ theoretical
group velocity dispersion from the PREM model.
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Since the ray paths originate from different souegons, they need to be averaged at each
period such that the variability of the measurem@mthe corresponding averages is assessed
and outlying points that could yield spurious featuin the resulting inversions are eliminated.
Figure 3.5 shows that at each period, the standiavihtion of the ensemble of measurements

varies by no more than 0.1-0.2 km/s.
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The level of uncertainty expected in the measumedig velocities at each period should at
least be around or less than 0.1 km/s (Ammon, 280d)so the above-mentioned size of the
standard deviation of the ensembles seem to basamable threshold not to permit significant

fluctuations in the resulting inverted models.

The group velocity measurements were inverted usiognjugate gradient algorithm (LSQR)
based on the method by Paige and Saunders (19B8)L$QR algorithm is based on the

following matrix equation:

el e

where A represents a matrix of ray distances in each gal, a vector of group velocity
perturbations or slownessels,is a vector of group velocity travel-times (distafgroup
velocity) andl is a Laplacian smoothing constraint. A smoothiragameter of 100 was
selected as an optimal constraint for the groupail inversions considering the trade-off in
the model smoothness versus travel-time misfit (ate Figure 4 in the attached paper).
Figure 4 only shows results for 2, 4, and 6 segdsr Further trial-and-error inversions were
performed and reveal that a smoothing parametetO0f provides a better contrast in the
inversion results compared to parameters in thgerafi 0—200. Resolution tests (see Figures
5a and b in the attached paper) using an input hwaite checkerboard sizes of 100 and 125
km? indicate that the 100 x 100 krsheckers are not well recoverébhe 125 x 125 kr
checkerboards on the other hand show better regafecheckers at all periods and this
indicates that the velocity variations across tl& &e not well resolved at scales less than
~125 km. In addition, at 12 and 15 sec period, eslpcity variations within the centre of the

BC can be resolved for the 125 x 125%aheckers.
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3.2.2 Receiver functions

A total of 17 stations, falling within the area loést resolution as shown in Figure 5 (see
attached paper), were used to acquire receivertifunsc Only 16 of these stations were
ultimately used because they are high quality vecdunctions. Figure 3.6 shows examples of
receiver functions for stations LBTB and SA47 {astrate the quality of the data. A total of
100 teleseismic earthquakes (including those us&hapter 2) were used to compute receiver
functions (see Appendix A), the same as used bysKgae et al. (2009). The processing of
receiver functions is already discussed in se@idr2.1 but the only exception in this case is
that only receiver functions of< 1.25 Hz (Gaussian bandwidth of 2.5 s) were contptae
each teleseismic event with a maximum number of &@€ations using the iterative
deconvolution code based on the method by Ligoard Ammon (1999). These high-

frequency receiver functions were stacked accorttingackazimuth and ray-parameter.

3.2.3 Joint inversion method

The joint inversion of receiver functions and su€avave dispersion measurements yields 1-
D Vs models of the structure beneath each recorsfiation (Julia et al., 2000, 2003). The
details of this method have already been desciibagction 2.4.2.2 and further described in
the attached papers. In order to create regiomafyesentative dispersions, Rayleigh wave
group velocities obtained in this study from 2—¥s svere combined with group velocities
from 20 to 90 sec from Pasyanos and Nyblade (26D¢)eate a composite dispersion curve
for each station. The composite dispersion curvesewsmoothed with a 3-point running

average prior to using them in the joint inversiarith the receiver functions.
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Figure 3.€ (). Individual receiver functions for stations LBTB canSA47
(columns A and B, respectively) plotted using baakaith as a function of time. The
dashed gray lines show the theoretical arrival ohéhe Moho converted phase (Ps)
for the crustal thicknesses and average crustafoysstations LBTB and SA47
reported in Table 3.1. The theoretical arrival smeere computed using the joint
inversion code and assuming the PREM modigl. Stacked receiver functions
grouped according to ray parameter bins and backdki The gray shading around
the observed receiver functions showsetror bounds.

For each inversion, the influence factor was sdl.foand no smoothing was applied, except
for stations SA42, SA43, and SA53, for which smaajtparameters slightly greater than or
equal to 0.1 were useén influence factor of 0.5 equalizes the contribatof the combined

misfit from each dataset. Figure 3.7, using stati8A47 and SA53 as examples, shows trade-
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off curves of (i) waveform misfit versus model roungss and (i) waveform misfit versus
model smoothness, illustrating that using littkeamy, smoothing results in rougher velocity
models with best resolution. The starting model imgarameterization is similar to what has
been described in section 2.4.2.2 with the onlyepiion in this case being that 1 km thick
layers were used to a depth of 10 km. The impoeaof using 1 km thick layers to

parameterize the model in the upper 10 km of thstds illustrated in Figure 9 (see attached
paper), where the fits to the data are comparetiiomodels for station SA47, one with 1 km
thick layers and the other with 2 km thick layefbie model with 1 km thick layers fits the

receiver function stack better than the model ®i#tm thick layers.

In assessing the uncertainties in the resultingoisi models, the approach developed by Julia
et al. (2005) was used. This involves repeatediyopming the inversions using a range of
inversion parameters. This approach is simpligtig, it is effective in developing a sense of
the range of variation of the inverted parametévergthe observations and tlee priori
constraints. A rigorous statistical approach innegting the uncertainties will, amongst other
things, require that the observations follow a Gaurs distribution and this condition is
usually not satisfied. By following the approachlafia et al. (2005) of repeatedly performing
the inversions with a range of inversion parametgesobtain an uncertainty of approximately
0.1-0.2 km/s for the velocity in each layer, whicdnslates into an uncertainty of ~2—3 km in

the depth of any boundary observed in the modeh as the Moho.
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Plots of waveform misfit as a function of model gbness and model

smoothnessi @ndii, respectively) for stations SA47 and SA53. Lakkel8, C for station
SAA47 refer to the three receiver function stacksthies station shown in Figure 10 in the

attached paper.

3.3 Results

3.3.1 Group velocity tomography

Figures 3.8a—g show the distribution of group vitleg at periods 2—-15 sec obtained by

directly inverting Rayleigh group velocity measuents using the inversion approach as

outlined in section 3.2.1.
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Figure 3.€ (a—g). Rayleigh wave group velocity
maps at periods of 2, 4, 6, 8, 10, 12, and 15 Bke.
maps show the area of best resolution delimitethby
dashed rectangles in Figure 5 in the attached paper
outlines of the BC limbs are shown by dark soligk§.
The dots represent the grid points.

Rayleigh wave group velocities extracted at thd gdints (at a grid spacing of 50 km) shown
in Figure 3.8 were inverted using the joint inversmethod by setting the influence factor for
receiver functions to zero. From these inversidab, Vs models were obtained at each grid
point. A minimum curvature gridding algorithm (Shiend Wessel, 1990) was used to
interpolate between the 1-D Vs models to generatsie3D-shear wave velocity images at

varying depths from 2 to 15 km (shown in Figure) 3.9
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Figure 3.¢ (a—g). Horizontal slices through the shear wave
velocity model shown for depths of 2, 4, 6, 8, 1R, and 15
km.

The vertical cross-sections of the three profilasA’, B-B, C-C, shown in Figure 3.10)
were estimated from the Vs depth slices in Figue Bhe dashed rectangles shown in Figures
5a and b (in the attached paper) enclose the drbast resolution and therefore the group
velocity tomography results (shown in Figure 3.8 hased on the areas enclosed by the
rectangles. The results indicate that across tbasaof the BC where velocity variations are
best resolved, velocities at all periods vary betw2.8 and 3.2 km/s, but do not show a clear
spatial correlation from one period to the next.idfHPasyanos and Nyblade (2007) did not

report group velocities for periods less than ldbeds, the group velocities in this study at 10
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and 15 sec periods are estimated to be 10-30%egrian those reported by Pasyanos and
Nyblade (2007). The ray path coverage reportedasy&os and Nyblade (2007) is limited at
periods of 10 and 15 sec compared to periods >20Rasyanos and Nyblade (2007) did not
report uncertainties at 10 and 15 sec and furthewsuncertainties of less than 0.1 km/s at

period of 20 sec.

Given the lack of spatial correlation in Figure,3l& resolution of the quasi—3D shear wave
velocity models shown in Figure 3.9 is coarse aodsdnot clearly expose the outcropping
mafic limbs (probably associated with ¥3.7 km/s) of the BC seen at surface and subsurface
depths £ 3 km). The level of spatial resolution needs tocbasiderably smaller than 125 x
125 knf for the subsurface structure of the BC to be mdpmeurately. The vertical cross-
sections (Figure 3.10) also do not reflect the gmes of the outcropping mafic limbs at
surface or subsurface depths although there isaperh slight indication of a high velocity
body (Vs ~3.5-3.6 km/s) towards the southwest enGhC’ profile, probably associated with

a portion of the Western Limb. Overall, a defintiinterpretation of these results is not

possible.

3.3.2 Joint inversion method

In an effort to overcome the lack of resolutioncasated with the group velocity tomography,
joint inversions for 16 stations within the arealmfst resolution (enclosed by the dashed
rectangles in Figures 5a and b of the attachedrpajee performed. Figures 10 and 11 (in the
attached paper) shows the joint inversion resaltall 16 stations, and crustal parameters used
in the models are summarized in Table 3.1 showovweThe joint inversion results were

generated using composite Rayleigh wave group itgloarves in the period range of 2—-90
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sec. The 10-60 sec region of the group velocityadigons are most relevant for the crust and

therefore the results shown in Figure 10 of theeappd paper have only displayed the

dispersions up to 60 sec.
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Figure 3.1(  Vertical cross-sections of the

profiles (A-A’, B-B", C-C’) shown in Figure
3.9 llustrating the variation of shear wave
velocity with depth and distance. The gray
shading illustrates the approximate topograph
across the BC.

Many of the stations show a discontinuity whereirugeases from < 4.3 km/s to > 4.3 km/s,

clearly delineating the Moho (see Figure 11 in #itached paper). One of the receiver

function stacks for SA47 shows two depths whereetlie an increase in shear wave velocity

above 4.3 km/s with a region of velocity less tAahkm/s in between. The Moho depth in this

case has been excluded from further interpretat@me of the stations show a gradational

Moho and in such cases the Moho has been placéteadepth where Vs is 4.3 km/s.
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Velocities that are > 4.3 km/s are indicative ofnthea lithologies (Christensen and Mooney,
1995; Christensen, 1996). The crustal thicknesb&sired for all 16 stations are similar (i.e.,

within ~1-3 km) to those reported by Kgaswane ef24109).

Figure 3.11 shows three profiles across the BGtilhiing that the Moho reaches a maximum
depth of 45 km in the centre of the BC, compared36-38 km outside of the BC. In addition
to ~5—8 km of crustal thickening, most stationswritthe BC record a high velocity layer with
Vs> 4.0 km/s in the lowermost crust (Table 3.1). Fostrof the stations, the thickness of this
layer exceeds 5 km, but for a few stations (eai®st SA50), it is less than 5 km thick. With
the exception of the gray Vs profiles (included fmmpleteness), the uppermost mantle
(Moho—-60 km depth) in Figure 3.11 shows shear walecities of 4.5-4.6 km/s and this is in
agreement with the observations indicated in Chghtdantle structure below 60 km depth

could be insufficiently constrained because of gigiroup velocities up to 90 sec.

The upper crustal velocities above 10 km depth fthenjoint inversions yield an average Vs
of 3.4-3.6 km/s for most localities within the BCQable 3.1), and these velocities are
consistent with those reported by Yang et al. (20B88wever, some stations show velocities
as high as 3.7-3.8 km/s within the upper crustdgers that are only +2 km thick (i.e., SA47,
SA50 and SA53; see Figure 11 in the attached pajstations such as SA47 indicate
considerable variability in upper crustal struct@a® 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 BuskBaiaplex

Station Back- Vs Vs Vs below Crustal Thickness | AverageVs AverageVs Average | Average
azimuth (1 -5km (6—-10km | 30 km thickness | of layers | (1 —10 km Below 30 km | Crustal thickness
(deg) depth) £ depth) £ depth + | (km) with Vs > | depth) (km/s) | Depth (km/s) £| thickness | of layers
Std. Std. Std. 4.0 km/s | £ Std. deviation| Std. deviation| (km) in the lower
deviation deviation deviation (km) (km/s) (km/s) crust with
(km/s) (km/s) (km/s) Vs>4.0
km/s (km)
LBTB 46.5° 3.5+0.0 35+0.1 4.1 +0{042.5 15 35+0.1 41+0.1 42.5 11
87.4° 35+0.1 35+0.1 4.1+042.5 10
240.2° 35+0.1 35+0.1 4.0£0.40.0 10
257.1° 35+0.1 34+0.1 4.0£0.40.0 10
SA39 37.4° 3.4+0.1 35+0.1 4.0+0.10.0 5 35+0.1 40+0.1 40.0 5
SA40 35.0° 3.5+0.0 3.6+0.0 4.0+ 0.45.0 15 3.6+0.1 40+0.2 42.5 12
95.9° 3.6+0.1 3.6+0.1 4.0+0.2 425 8
SA42 86.3° 3.4+0.0 3.6+0.0 4.1+£0.20.0 13 35+0.1 41+0.1 40.0 13
SA43 90.0° 3.4+0.2 3.4+0.0 41+0.225 10 34+0.1 41+0.1 42.5 23
SA45 35.7° 3.4+0.0 3.5+0.1 41+0.425 13 35+0.1 41+0.0 45.0 15
96.3° 3.4+0.0 35+0.1 4.1+0,45.5 16
SA46 35.0° 3.3+0.1 3.6+0.0 4.1+Q.825 10 35+0.1 41+0.1 42.5 10
SA47 32.5° 3.5+0.2 3.6+£0.2 4.1+0,45.0 13 3.6+0.2 41+0.1 45.0 11
95.4° 35+0.1 3.6+0.2 - - -
240.0° 3.5+0.0 3.6+0.1 +0.22.5 8
SA48 244.6° 35+0.1 3.3+0.1 +0.45.0 18 3.4+0.1 42+0.1 45.0 18
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SA49 89.1° 3.3+0.1 35+0.1 41+0.B7.5 10 34+01 41+0.1 37.5 10
SA50 31.8° 35+0.1 36+0.1 3.9+0.20.0 5 36+0.1 39+0.1 40.0 4
157.1° 3.5+0.1 36+0.1 3.8+0.37.5 0
235.9° 3401 36+0.1 3.9+0.40.0 3
SA51 36.5° 3.3+0.1 34+0.1 4.0+0.825 8 34+0.1 40+0.1 42.5 8
SA52 31.5° 3401 34+0.0 40+0.37.5 6 34+0.1 40+0.2 37.5 6
SA53 97.2° 35+0.1 35+0.3 4.1+0.30.0 10 3501 41+0.1 40.0 10
SAG3 33.8° 3.5+£01 3.5+0.1 4.0+0.325 10 3.5+0.1 4.0+0.2 42.5 9
241.2° 3.6+0.0 35+0.1 40+x0.425 8
SLR 81.1° 3.5+0.2 3.4+0.2 3.9+0.B7.5 3 3.5+0.2 3.9+0.1 35.0 3
265.3° 3.5+%0.2 3401 3.9+0,135.0 3
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Figure 3.11 Cross-section of the crust across the BC from seeghto northeast (AB), northwest to
southeast (CD), and west to east (EF). The sheae wafiles in gray are from Kgaswane et al. (2009
The map (bottom right) shows the location of thefifgs (dotted lines) and station locations. Thayg
shading is the same as in Figure 3.2c.

3.4 Discussion

The main findings of this study are:

a) The BC crust in the centre thickens to a depth db km (e.g. SA45, SA47, SA48) (see
Figure 3.11) and a considerable portion of the loevast (greater than 5 km thickness) across

the BC consists of high velocity layers (¥€.0 km/s) (see Figure 11 in the attached paper).
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b) Some stations show velocities as high as 3.7k8/8 in the upper crust (e.g. SA47, SA50,
SA53). The empirical relation from Christensen &tdnley (2003) is used to convert Vs to
density for interpreting the results obtained iis thtudy. The empirical Vs — density) (
relation was formulated for both crustal and uppeEstmantle lithologies at 200 MPa:

Vs = 0.0014 — 0.4019 (3-2)
Using this equation, a lower crustal Vs of 4.04418s and an uppermost mantle Vs of 4.4-4.6
km/s, yields a density contrast for the crustabttaf ~ —0.2 to —0.3 g/cfn Using equation
(3-2) and an average Vs of 3.4-3.6 km/s for thelidfgm of the crust, we obtain an average
density for the upper crust of 2.7-2.9 gicifor upper crustal layers with Vs > 3.6 km/s, we
obtain densities > 2.9 g/émwhich are consistent with the presence of maflwlogies
(Christensen and Stanley, 2003). These findingsdendity estimates can be used to evaluate

the “dipping-sheet” and “continuous-sheet” modelsthe BC.

3.4.1 “Dipping-sheet” and “continuous-sheet” models

As already indicated in the introductory sectidre tdipping-sheet” model by Meyer and De
Beer (1987) has a gap between the eastern andrwdistdds and no compensation at the
Moho for the dense upper crustal layers (Figur@)3.2he findings in this study (i.e., crustal
thickening in the centre of the BC (up to 45 kmighhVs layers (Vs> 4.0 km/s) in the
lowermost part of the crust (@0 km), and high upper crustal densities bendahcéentre of
the BC) are not consistent with the features of“thipping-sheet” model and therefore this

model is not supported.

In contrast, the “continuous-sheet” model by Weblale (2004) (Figure 3.2b) proposes the

presence of a continuous mafic layer in the uppest@cross the geographic centre of the BC
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connecting the eastern and western limbs of theNB&eover, the presence of the mafic layer
in the upper crust is isostatically compensated ldownwarped Moho which thickens to a
depth of ~ 50 km in the centre of the BC. In theritinuous-sheet” model, a density contrast
of 0.3 g/cnd for each of the upper crust mafic layers is usegther with a density contrast of

—0.3 g/cnifor the lowermost crust or the so-called crustabtt (> 38 km depth).

The results in this study show that the crust ht#gckness of ~ 45 km beneath the centre of
the BC (Figure 3.11), consistent with, but somewhainer than, the lower crustal structure in
the Webb et al. (2004) model. The Webb et al. £20080del assumes an average density of
2.9 gl/cnd for the structure above 10 km depth in the ceottte BC, which is equivalent to a
Vs of 3.65 km/s using the relation in equation }3The Vs models (Figures 10 and 11 in the
attached paper) for some stations show Vs > 3.65 kvithin upper crustal layers, as noted
previously, and therefore results in this studye hroadly consistent with the upper crustal

structure in the Webb et al. (2004) model.

3.4.2 Refinement of the Webb et al. (2004) densityodel

Figure 3.12 illustrates a revised version of thaviy model by Webb et al. (2004) which
allows for a minor adjustment to the thicknesshef layers of that model. Similar to the Webb
et al. (2004), a background density of 2.7 d/dor the bulk crust and the same density
contrasts for the upper crustal layers were usede® on the seismic results, we assume a
density of 3.3—-3.4 g/chfor the uppermost mantle. For the crustal “root’37.5 km depth), a
density contrast of —-0.2 g/émvas used instead of the —0.3 glaensity contrast used by
Webb et al. (2004). After changing the structurd density of the crustal “root”, we then

adjusted the thickness of the upper crustal laigeobtain a good fit to the gravity data.
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In the revised density model (Figure 3.12), the imédyering in the upper crust remains
continuous across the BC with a maximum thicknégk-6 km, similar to Webb et al. (2004).
However, the layers of the Transvaal Sequence andger sediments in the centre of the BC
are somewhat thinner than those reported by Webhl.e2004). This signifies that to
accommodate the difference in crustal thickneswéomt the Webb et al. (2004) model and the
seismic results obtained in this study, only miadjustments are required to the Webb et al.

(2004) model.
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Figure 3.1z  Revised Webb et al. (2004) density model basetth@¥'s models for
the five seismic stations indicated. The densfiieside brackets in the legend) for the
different crustalayers are taken from Webb et al., 2
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3.4.3 Structural complexity in the upper crust

Although the seismic models obtained in this stgegerally concur with the density model by
Webb et al. (2004), the Vs models for station SAd&@e Figure 11 in the attached paper)
indicate that there could be considerable strutwmmplexity in the centre of the BC. The

presence of a uniform mafic layer, as suggestethdtly the revised (Figure 3.12) and the
Webb et al. (2004) density model, could be an idetbn of the subsurface centre of the BC

which in reality could be more structurally compkaxd heterogeneous

The structural complexity can be demonstrated bgfaly examining the receiver functions
for station SA47, which is located near the cemfethe BC (Figure 3.1)The geology

immediately around station SA47 is shown in Figlie (see attached paper). This figure
shows average Ps conversion points at 5 km deptthéothree receiver function stacks for
SA47 shown in Figure 10 (see attached paper). Thprbfile for SA47 at backazimuth (a) in
Figure 11 (see attached paper) corresponds todheersion point at A in Figure 14 (see
attached paper), and similarly the Vs profiles atkazimuths (b) and (c) correspond to

conversion points B and C, respectively.

Figure 14 (in the attached paper) shows an ovestlsuucture just to the south of station
SA47, resulting in an anticlinal structure with ttezeiver functions likely sampling different
lithologies (i.e., granites, sandstones, quartgidepending on backazimuth and depth. Figure
3.13 is a conceptual representation of verticatigtraphy up to 6 km depth based on the
geology in Figure 14 and the Vs results for SA4Figure 11. The positions of the Vs profiles
at A, B, and C (as shown in Figure 3.13) are basethe assumption that the wavelengths of

the teleseismic recordings are greater than 5 kmther correlation lengths of the

92



heterogeneities within the crust (i.e., with higlelocity fluctuations) for teleseismic

wavefields (~0.3-3 Hz) are of the order of 2—4 leng( Ritter et al., 1998; Ritter and Rothert,

2000).
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Figure 3.1 Schematic geological cross-sections across
station SA47 followinga. profile from B to A,b. profile
SA47 to C, all shown in Figure 14 (see attachedepap
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are inferred from the modelling results. The sap@ias to
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The Vs profiles for the positions indicated in FigwB.13 are < 3 km from the centre (i.e.,
station SA47) and therefore the Vs profiles carag®umed to be reasonably representative of
subsurface structure at those positidrigure 3.14 shows the modelling results of thedhre
receiver function stacks for SA47 which aim to mvilne effect of upper crustal structure on

the waveforms.
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Figure 3.14  Modelling results of the three receiver functitacks for station SA47.
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The synthetic receiver functions in the first cotuof Figure 3.14 were obtained from the joint
inversion, whereas those in the second and thilehots were generated using a code based
on a reflection matrix method by Kennett (1983)eThist column of receiver functions (in
Figure 3.14) shows the fit between observed anthsyio receiver functions for the models
obtained from the joint inversion. The first promim phase after the direct P arrival within the
first two seconds is labelled P1 and is the primargival resulting from upper crustal

structure.

There is considerable variability in the P1 phastwvben the three receiver function stacks.
For stack A, the phase is characterized by a ldoyen-swing with a peak amplitude at 1.8
sec. For stack B, the phase is characterized byge l[down-swing with a peak amplitude at
1.0 sec and for stack C, the phase is charactebyed small down-swing with a peak

amplitude around 1.7 sec. The Ps conversion fr@nMabho is also labelled on each stack.

The second column shows synthetic receiver funstion a velocity model that contains the
velocity layering in the upper 10 km of the crustnfi the joint inversion models (shown at far
left on Figure 3.14), and a half space beneathth @ velocity of 3.6 km/s. A comparison
between the synthetic and actual receiver functitnstrates that the P1 phase does indeed

originate from structure (i.e., thrusted zone) wittne top 10 km of the crust.

The third column shows synthetic receiver functidos two velocity models with altered
upper crustal layering (structure below 10 km is #ame as in the joint inversion models).
The aim of this exercise is teolate which layers within the top 10 km of thestrinfluence

the P1 phase the most. In the first model (doitez) | the low velocity layer in the top 1 km of
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the model is removed (i.e., the topmost velocitynigeased to the velocity in the layer just
below it). A comparison of the receiver functiots fshows that the earlier arriving P1 phase in
stack B is changed significantly (effectively rerady, but the fits for stacks A and C are
essentially unchanged, indicating that the lateiviag P1 phases in those stacks might be

influenced by deeper structure

In the second case (gray line), the velocity stmecin the top 10 km is set to a uniform 3.4
km/s, thus removing all of the higher velocity lepg in the top 10 km of the crust seen in the
joint inversion models. Even though the velocitydals (gray lines) in the third column have
been set to a uniform 3.4 km/s in the top 10 kmthaf crust, the corresponding receiver
functions are different because of influences fgirmctures below 10 km depth. In this case,
the P1 phase in stacks A and C is significantlgratl, indicating that the higher velocity

layering between 1 and 10 km depth in the joinemsion model is required to fit the P1 phase.

The modelling exercise above shows that the recdivection stacks from two of the three
backazimuths (stacks A and C) require higher veidaiers (i.e., Vs of 3.7-3.8 km/s) in the
upper crust to obtain a good fit, as compareddoksB. These results suggest that the mafic
layering may be better developed to the east amthewmst of station SA47 than to the
southwest, and hence the upper crustal structuretias uniform as illustrated by the gravity
models (Figure 3.12 and Webb et al., 2004). The-uroformity could potentially be
characteristic of much of the geographic centrahef BC. The suggestions by Uken and
Watkeys (1997) indicate there was diapirism andametphism across the BC associated with
its emplacement. Most probably, this non-unifornaiysuggested in this study could primarily

be linked with the diapirism and metamorphism astydated by Uken and Watkeys (1997).
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Figure 3.1 shows the position of some of the doasssciated with the diapirism triggered by
high thermal gradients at the base of the BC. Uked Watkeys (1997) suggested that the
domes were produced by gravitational loading aratihg of the sedimentary rocks of the
Transvaal Supergroup below the floor of the BC. &@as where temperatures were above
550°C, these floor rocks became unstable and diapyr rose into the overlying units of the
RLS. Although the domes are best exposed towaedmtrgins of the BC, as shown in Figure
1, the diapirism of floor rocks into the overlyiRiLS could be widespread across the centre of
the BC, assuming that diapirism was generally drive thermal destabilization of low density

rocks of the Transvaal Sequence (Uken and Watiké&@s).

An additional factor that could have potentiallgatred non-uniformity across the BC could be
attributed to the ~2040 Ma orogenic event corrotearay field, petrographic, arfdAr/>°Ar
data presented by Alexandre et al. (2006, 2007.folding, thrusting, and lower greenschist-
facies metamorphism of this orogenic event are bbserved in the broad area between
Pretoria, the village of Magaliesburg, and the Grad Humankind (cf. Andreoli, 1988 a, b).
Further evidence of this event, tentatively linkeccoeval reactivation of the Central Zone in
the Limpopo Belt, was also identified in the MaRver — Pilgrim’s Rest areas, close to the
NE and E margin of the BC, respectively (cf. Aledemnet al., 2006; Harley and Charlesworth,

1994).

3.5 Conclusion

The 1-D shear wave velocity models in this studiamied by jointly inverting high-frequency
receiver functions (£ 1.25 Hz) and Rayleigh wave group velocities (i@ preriod of 2—60 sec)

for 16 broadband seismic stations spanning theifli;ate the following:
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1. The crust beneath the centre of the BC is ~45 kick tand could have probably
thickened by ~ 5-8 km when compared with the ciategions adjacent to the BC.

2. Shear wave velocities of 4.0 km/s or higher arenébin a substantial portion of the
lower crust (below 30 km depth) beneath the BC.s€heelocities are indicative of a
lower crust that is highly mafic.

3. There could be mafic lithologies in the across tipper crustal structure of the BC
with shear wave velocities 3.7 km/s.

These results favour a “continuous-sheet” as agpos a “dipping-sheet” model for the BC,
in which the mafic layers are continuous at dehdath the centre of the complex. However,
detailed modelling of receiver functions at onealdg within the centre of the complex
indicates that the mafic layering may be locallgrdpted by diapirism and metamorphism.
Therefore, the layering of the upper crustal stmecin the centre of the BC is more complex
than that predicted by both the seismic model im $tudy and the “continuous-sheet” model.
The inhomogeneity and complexity of the upper crmay be the result of thermal diapirism,
triggered by the emplacement of the BC at ~2060 dahermal 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 beneatte tBeattie Magnetic Anomaly (BMA) is
investigated by jointly inverting high-frequencieseismic receiver functions and 10-105 sec
Rayleigh wave group velocities for three broadbaatmic stations located in the Namaqua-
Natal Belt (NNB). The 1-D shear wave velocity medéitained from the joint inversions show
upper and middle crustal layering around the northbranch of the BMA to have average
velocities> 3.5 km/s at depths of ~5—-20 km. These estimades pl constraint on the source
of the BMA. The 1-D Vs models further show thgh hielocity layersX 4.0 km/s) occupy a
significant portion of the lower crust and that theust is on average thicker than 40 km.
These results from the 1-D Vs models are consistéht the findings made by previous

studies.

The Vs models for the three stations along theheont axis of the BMA show velocities
approaching 4.0 km/s around depths of 10 km. Thigiés that the BMA body (or its crustal
host) becomes mafic in composition around thosehdepiowever, the velocities fluctuate
below 10 km depth (i.e., low-to-high or high-lovgthji, suggesting that the 10 km depth marks
either the base of the BMA body (or its crustalthos a change in its composition. Estimates
of physical properties (i.e., Vp, Vs, Poisson’saatlensity, and resistivity) favour massive
sulphide ore bodies and/or mineralized granuliteiés mid-crustal rocks and/or mineralized

Proterozoic anorthosites as plausible models ofBMA source. However, the plausibility of
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the massive sulphide model critically depends eitimethe level of concentration of sulphide
minerals within the ore bodies or the degree ofasetatism (on the ore bodies) that could
have occurred during the final stages of the NNBlion. The magnetic mineralization in
the anorthosites and/or granulites could eitherit¢he form of iron sulphides (pyrite) and/or
iron and titanium oxides such as magnetite, ilnenihematite, or crystallographic

combinations of hematite and ilmenite.

4.1 Introduction

The Beattie Magnetic Anomaly (BMA) and the South&ape Conductive Belt (SCCB)
(Figures 4.1, 4.2 and 4.3) are coincident, ~1000ikmg geophysical anomalies in the
Namaqua-Natal Belt (NNB) and Cape Fold Belt (CFBBouth Africa (e.g., De Beer et al.,
1982; Corner, 1989; Weckmann et al., 2007a,b). BM& straddles both the Namaqua and
Natal sectors of the NNB, lies along the axis & 8CCB, and bifurcates into a northern and
southern branch towards its westward extension.NINB is also host to a number of other
prominent magnetic anomalies such as the Willistod Mbashe anomalies (e.g., Thomas et
al., 1992) (see Figure 4.2b) which are paralleldidrter than the BMA. The crustal source of
these magnetic anomalies and the SCCB is still tiemaf ongoing investigation. In the last
decade a substantial amount of work has been dptigelinkaba yeAfrica research initiative

to advance the understanding of the BMA sourceNdeand Horsfield, 2006).

The BMA was first discovered by Beattie (1909).c®irthen many geophysical models of the
crustal source have been proposed: a suture zomssting of serpentinised mafic and
ultramafic rocks in the deeper parts of the crasi.(Burke, 1977; De Beer et al., 1982; Pitts et

al., 1992; Halbich, 1993; Harvey et al., 2001); metge enrichment of the NNB granite-
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gneiss lithologies through low-angle thrust faul@®orner, 1989); graphite enriched crustal-
scale shear zones (Weckmann et al.,, 2007a,b); hebcity bodies at crustal depths
(Stankiewicz et al., 2007, 2008); granulite-faaieisi-crustal rocks within the NNB (Quesnel
et al., 2009); massive to disseminated, deformeat raatamorphosed stratiform magnetite-
sulphide ore bodies flanked by smaller stratiforre bodies (Lindeque and de Wit, 2009;
Lindeque et al., 2011); mineralized fault and jgitanes in the granite-gneiss basement of the

Bushmanland Terrane in the NNB (Loots, 2012).
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® Broadband seismic stations
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----- Drakensburg Group (Basalts)
" Younger Karoo

| Older Karoo

— | Cape Supergroup

-26°3

Namaqua
sector

N
5

-35°S

15 20 25'E 30'e

Figure 4.1 Map showing features of the main Karoo Basin (i$algneous Province)

with respect to the tectonic regimes delineatedth®sy dark solid lines: KC — Kaapvaal
Craton, NNB — Namaqua-Natal Belt, and CFB — Caple Belt. The outline of the Karoo

Igneous Province is based on Duncan and Marsh [200@& approximate positions of the
BMA and SCCB are also shown. The map has been daped from the 1:1 000 000
geology map of South Africa. The solid gray polygapproximately show outlines of the
exposed rocks of the NNB in the Namaqua and Natzbss.
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@ Broadband selsmic stations

— Faults

[ QT alluvial, gravel and silorete deposits
Karoo delerites

[+ Tewkloot Fm - sandstone-mudstons unkis

" Abrahamskraal Fm - Mudstone and sandstone | |

' Ecoa Grp - Sandstone and other sediments

I Dwyka Grp - Diamictite with shale and mudstone

— Cape Supergroup - Quarzitic sandstons

Figure 4.z (a). Map showing simplified geology around the thrediste in the NNB (map has been

modified from the 1:250 000 geology map of Southicsd). Superimposed on the map are the BM

maximum axes (solid curves) and the SCCB (dasheas) The locations of the BMA and SCCB follow

that of other studies (e.g. Lindeque et al., 200Ag solid black, gray and white lines roughly mérk
study profiles by Weckmann et al. (2007a), Stankievet al. (2007, 2008) and Lindeque et al. (200
2011), respectively. The solid black rectangle apipnately encloses the study area of Quesnel et
(2009). The solid squares represent boreholes. €QEnozoic, Quarternary and Tertiary; Grp — Grou
Fm — Formation(b). Total free air aeromagnetic field map of South idr [reproduced from the
1:1,000,000 (CGS, 2000)] showing an overview of shaly area (enclosed in black solid square). T
SCCB is shown as dashed black curves and the wblitt curves show approximately the location ¢
some of the magnetic anomalies within the NNB (BMA being the longest). Superimposed on th
regional aeromagnetic map are major tectonic tesraihe dashed white line between the points ARng
marks the reflection seismic line by Loots (20IR)e location of this study is marked by the darkdso
square and the dark solid lines delineates thenectegimes: OT — Okwa Terrain, LB — Limpopo Bel

KC - Kaapvaal Craton, NN Namaqu-Natal Belt, and CFI- Cape Fold Bel
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In this study, high-frequency € 1.25 Hz) teleseismic receiver functions are jgitiverted
with Rayleigh wave group velocities in the periddl6—60 sec for three broadband seismic
stations located along the northern branch of thABThe purpose of this study is to use the
1-D shear wave velocity models from the joint irsfens to place shear wave velocity
constraints on the source of the BMA and to evaltia¢ geophysical models described above.
In the next sections of this study, the backgrogadlogy and past studies of the BMA are
described, followed by a description of the datathmdology, and results and a discussion on

the possible sources of the BMA.
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\ ® Broadband seismic stations - . e = e 5 it ai
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eromagnetic surface map Bouguer gravity map

High : 7183.3 nT o % a0 60 km
S T T IS Y T B

Low : 1475.4 nT

Figure 4.Z (a). Aeromagnetic (unfiltered) an¢b). Bouguer gravity anomaly maps
representing the geophysical versions of the gémbgtructure shown in Figure 4.2a. The
aeromagnetic and gravity maps have been reproduosdCGS (2000) and Venter et al.
(1999), respectively. The BMA axes are shown askbtalid lines.
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4.2 Background

4.2.1 The geology around the BMA

The main Karoo Basin is well preserved above pafrthe NNB and also covers parts of the
Kaapvaal Craton (KC) (Figure 4.1). The Mesozoickeoof the Karoo Basin (e.g. Dwyka,
Ecca, Beaufort Groups) make up the upper sedimetager covering much of the NNB and
overlies the Cape Supergroup (e.g. Johnson e2@G086; Lindeque et al., 2011, Loots, 2012).
Figure 4.2a shows a close-up view of the surfacdogg (in Figure 4.1) around the three
broadband seismic stations used in this study. Béeufort Group consists of sedimentary
formations such as the Abrahamskraal and Teeklaom&tions (Figure 4.2a). The Karoo
sediments are intruded by the mid-Jurassic Karderitles. The Cape Supergroup (500 — 330
Ma) crops out at the southern rim of the NNB andststs of clastic sediments and quartzites
(e.g. Thamm and Johnson, 2006). The Cape Supergraggther with the overlying Dwyka
and Beaufort Groups at the southern rim of the NIWBre deformed in an orogenic event
related to the formation of the Cape Fold Belt (TF&bout 250 Ma ago (e.g. Halbich 1993;
Newton et al., 2006). According to seismic reflentstudies (e.g. Lindeque et al., 2011, Loots,
2012), the rocks of the NNB (e.g. Bushmanland Terydargate Terrane), which crop out on
the westernmost (Namaqua sector) and easternmasgéal(Nector) parts of the NNB (see
Figure 4.1) most likely continue beneath the youngever rocks and constitute the

Proterozoic mid-crustal fabric below the Cape Sgpamp.

4.2.2 Geophysical models
A number of geophysical models from previous staidivide a range of interpretations for
the crustal source of the BMA. A summary of theuhissand 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 ofBMA from some of the
past and recent studies
Results Burke, 1977;| Corner, | Weckmann | Stankiewicz | Quesnel | Lindeque Loots,
De Beer et 1989 etal, et al., 2007, etal., and de Wit, 2012
al., 1982; 2007a,b 2008 2009 2009;
Pitts et al., Lindeque
1992; et al., 2007,
Hélbich et 2011
al., 1993;
Harvey et
al., 2001
Vp and Vs 6.6—7.0 (Vp)
(km/s) 3.8-4.0 (Vs)
Depth extent 8-18 and Mid- 5-10 and 8-15 10-20 7-15 5-10
of BMA (km) possibly crustal possibly
reaching depths reaching
lower crustal lower
depths of 30 crustal
km depths of 30
km
Width of the 20-50 ~100-150 ~20-70 80 >15 >10
BMA from
north to south
(km)
Magnetic field 200-300 200-300 200-30p
anomaly (nT)
Resistivity <2
(Qam) (conductive
anomalies)
Density 0.2 - - - - - -
contrast
(g/cn)
Rock type Serpentinized| Magnetite| Graphite - Granulite- | Stratabound| Mineralized
and/or ultramafics | enriched enriched facies massive faults and
mineralization granite- | shear zones mid- sulphide- | joints in the
associated with gneiss crustal magnetite granite-
the BMA rocks rocks deposits gneiss
basement

An integrated database of geophysical investigatigmto 1993, led some studies to conclude

that the BMA source are several south-dipping rafiamafic slabs of ophiolites (oceanic

crust) with 15 to 20% serpentinization (e.g. De Beeal. 1982; Halbich, 1993, Pitts et al.

1992). These slabs were estimated to be at a déf@® km and to be 20-50 km wide. They

were further interpreted to be representative w@icégonic boundary between the NNB terrains
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and the younger Pan-African belt to the south. fdsailts of the receiver function modelling
by Harvey et al. (2001) suggested intracrustalaisouities at depths of approximately 8 and
18 km. Harvey et al. (2001) interpreted these disnaities to be the upper and lower bounds
of the BMA and interpreted the BMA source to bel® km thick block of Mesoproterozoic

mafic-ultramafic rocks.

Corner (1989) interpreted magnetic data and sugdetsiat the BMA source is magnetite
mineralization at mid-crustal depths within the rgtecgneiss basement of the NNB and he
further postulated that the BMA was connected &Gnenville-age magnetic anomalies in the
western Dronning Maud Land in Antarctica prior te tbreak-up of Gondwana. Based on
conductivity studies, Weckmann et al. (2007a,b¢akd both the obducted ophiolite model
proposed by Pitts et al. (1992) and the magnetiteleed granite-gneiss model proposed by
Corner (1989), and instead proposed that the BMilte from graphite-enriched shear zones
spread across the NNB. Conductivity studies by Wenin et al. (2007a,b) infer the BMA

source to be coincident with conductivity anomabésiepths of ~5-10 km, which extend to
mid-to-lower crustal depths. The magnetic modeltogponent by Weckmann et al. (2007b)
suggests the BMA source to be 100-150 km widethistcontradicts the narrow sized (1-2

km) conductivity anomalies required by the conduttimodelling.

The seismic refraction model by Stankiewicz et{2007, 2008) reveals a high-velocity body
at depths of ~7-15 km with P-wave velocities of5~8.0 km/s. Stankiewicz et al. (2007,
2008) correlate the high velocity body with a higisistivity zone flanked by two magnetic
bodies on the model produced by Weckmann et aD7A20 This combination of features is

required to produce the magnetic response of thé Bivlits maxima between 200-300 nT.
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Quesnel et al. (2009) confirmed that the 200—30BMA could be produced by a double-
prism with a combined width of 80 km and 10-20 keepl Comparison of the Quesnel et al.
(2009) double-prism magnetic model and the reifsadibomographic model of Stankiewicz et
al. (2007, 2008) suggests that the northern prigimcades with high P-wave velocities (6.5—
7.0 km/s) and the southern prism partially coinsiagth low P-wave velocities (~5.5-6.5

km/s).

Seismic reflection studies (Lindeque and de WiQ2@indeque et al., 2007, 2011) infer the
BMA source to be a zone of strongly reflective aaties at depths of ~7—15 km with a total
width around 15-19 km. The model by Lindeque et (2007, 2011) contradicts the
serpentinized ophiolitic model as the reflectiiigtterns suggest the BMA source is confined
to the NNB mid-crust and does not show a deepameiin below the mid-crustal region of
the NNB. Lindeque et al. (2011) interprets the BBurce to be interspersed within the NNB
mid-crustal layer and attributes it to massive teseminated, deformed/metamorphosed
stratiform sulphide-magnetite ore bodies. Anotheisrmaic reflection study by Loots (2012)
infers the BMA source to be at depths of ~5-10 Winich is consistent with Lindeque et al.
(2007, 2011). The model by Loots (2012) attributes BMA source to be part of the NNB

mid-crustal layer and due to mineralized faults giats within the granite-gneiss basement.

4.2.3 The magnetic and gravity anomaly around the BA

The regional field magnetic anomaly in Figure 4i&e acquired at an elevation of 100 m with
a magnetic gridding interval of 250 m (CGS, 2000)s diurnally-corrected and a constant
taken off. The rocks comprising the continentaktftequently contain magnetic minerals that

give rise to induced and magnetic anomalies (eumt ldt al., 1995; McEnroe et al., 2009b). It
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is assumed that the magnetic field in Figure 4.8a A component of natural remanent
magnetization NRM) that is greater than induced magnetizatigile because crustal
magnetic anomalies similar to the BMA are usuallgduced by igneous and metamorphic
complexes and show greater remanent magnetizadigely due to the prevalence of solid
solutions of iron oxides such as magnetite, ilmeeraind hematite (e.g. Brown and McEnroe,
2008; McEnroe et al., 2009a, b). In such caseKtmnigsberger ratio (i.eQ,) is greater than

0.5. This ratio is a dimensionless parameter ddfase

— NRM _
Q,= AHQ (4-1)

where the index is the nth layer of the Earthy is the magnetic susceptibility aikil is the
local geomagnetic or Earth’s magnetic field. Thiatreely high Bouguer gravity anomaly
signature enveloping the area around station SAB&veen -72 and -32 mGal) is in contrast
to the relatively low Bouguer gravity anomaly sigme (between -113 and -72 mGal)
enveloping the areas around SUR and SAO05 (i.eunarthe BMA axes) (see Figure 4.3b) and
these differences in gravity anomaly generally sggompositional differences at depth. The
Bouguer gravity anomaly around the BMA axis (i&ound SUR and SAQ5) is consistent
with that estimated by previous studies of Halbathal. (1993) who reported the Bouguer
gravity to be between -100 and -90 mGal acrossBR. Preliminary Bouguer gravity
models by Scheiber-Enslin et al. (2012) shows agBeu 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) alwn northern branch of the BMA axis

were used for this study (Figure 4.2a). A totaB@fteleseismic earthquakes recorded by the
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Southern African Seismic Experiment (SASE) netwadken from the original database by
Kgaswane et al. (2009), were used to compute hgguency (K 1.25 Hz) receiver functions.

The list of teleseismic earthquakes recorded byihee stations are included in Appendix A.

4.3.2 Receiver functions

Receiver functions were computed using the itegatime-domain deconvolution method of
Ligorria and Ammon (1999). For each teleseismicmgveceiver functions were computed at
a frequency band of£ 1.25 Hz (Gaussian bandwidth of 2.5 s) with a maximmumber of
200 iterations. The receiver functions were thaméd in ray-parameter groups from 0.04 to

0.049 s/km, 0.05 to 0.059 s/km, and 0.06 to 0.0kt $or each station.

The purpose of grouping the receiver functions etiog to ray-parameter bins is to account
for the phase move out due to varying incidencdean@Cassidy, 1992; Gurrola and Minster,
1998). The receiver functions were then stackedims according to ray-parameter and
backazimuth. In this study, high-frequency f1.25 Hz) receiver functions at different
backazimuths for each station were used in thd jowersion procedure in order to image
small-scale velocity variations in the upper crii$tis approach is identical to Kgaswane et al.
(2012) for the study of the Bushveld Complex (seetisn 3.2.2 and attached paper).
Subsequently, both low- and high-frequency receiugictions were included in the joint

inversion procedure to verify the reliability of Mo depths estimated using only high-
frequency receiver functions. Figure 4lows examples of receiver functions for two stegjo

illustratingthe quality of the data.
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Figure 4.4 Receiver functions at stations SUR and SAO07 (cokimA and B,
respectively)(i). Individual receiver functions for each station.eTtashed gray lines
show the theoretical arrival time of the Moho cateé phase (Ps). The theoretical
arrival times were computed using the joint invemscode assuming the PREM model
and an average crustal thickness of ~42 {in. Stacked receiver functions grouped
according to ray parameter bins and backazimutke ghay shading around the
observed receiver functions showsetrror bounds.

4.3.3 Joint inversion method
The joint inversion approach assumes that the sktabeing inverted sample the same part of
the Earth structure (Julia et al., 2000). Its adwge lies in providing a model that is consistent

with both data sets, benefiting from the ability tok receiver function method to detect
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relatively abrupt changes in seismic velocity ab-borizontal boundaries, and the ability of
the Rayleigh waves to measure variations in theageeseismic velocity with depth (Julia et

al., 2000, 2003).

In this study, the joint inversion algorithm hasebeused to simultaneously invert high-
frequency receiver functions and Rayleigh wave greelocities for periods of 10-105 sec to
obtain 1-D Vs models for the three stations stiaddhe BMA. The joint inversion algorithm

used in this study is based on the method develbpelllia et al. (2000, 2003) and a detailed
description of this method is already provided étt®n 2.4.2.2 and in two of the attached
papers. Rayleigh wave group velocity curves usethis study were taken from recently
available Rayleigh wave group velocity tomographiodel for the southern and central
African region (Raveloson et al., 2012). For easlersion, the influence factor was set to 0.5.
A smoothness parameter of 0.1 was used for staf#@b and SA07, while a smoothness

parameter of 0.2 was used for station SUR.

An influence factor of 0.5 equalizes the contribatof the combined misfit from each dataset,
and using the smallest possible smoothness paranestdts in rougher velocity profiles but

with higher resolution. Figure 4.5 shows tradeeaffves of (a) waveform misfit versus model
roughness and (b) waveform misfit versus model shrass (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 and b, respectively) for
stations SA05, SA07, and SUR. A single high-freaquereceiver
function stack in each station has been used é&oplibts.
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Figure 4.5b clearly shows that the chosen smoothpasameters (as indicated above) for the

three stations correspond to small waveform misiitd therefore their use in constraining the

observations is justified. The starting model u$ed the inversions is the PREM model

(Dziewonski and Anderson, 1981), which was modified continental structure above 60.5

km depth and further modified for the upper cruxiee 10 km depth (see Figure 4.6).
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Diagram for station SUR illustrating the improviitdto the receiver functions by using

1 km thick layers (column 1 in row A) in the top & of the model versus 2 km thick layers (column

in row B). The Ps conversion from the Moho is dedaoas “Ps”, and the light gray shading around th

observed receiver function shows drror bounds. Column 1 shows the starting modelthe inversion

results, column 2 shows the fitting of the obseraad predicted receiver functions and inset diagran

are the group velocity vs. period curves, and colihshows the magnification of the fits in the Ges
domain enclosed by the dashed circles in column 2.
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This choice reflects the decrease of resolutiom dipth in the joint inversion models. The
model parameterization consisted of 1-km thick taye a depth of 10 km, 2.5-km thick layers
between depths of 10 to 47.5 km, 5-km thick layexsveen 47.5 and 242.5 km depth, and 17
to 40-km thick layers below 242.5 km depth. Theohation of the layer thicknesses (Figure
4.6) used in the upper 10 km of the starting madel be demonstrated by comparing two
models, one with 1 km thick layers (Figure 4.6a) #re other with 2 km thick layers (Figure
4.6b). Apart from the layer thicknesses, the stgrthodels were identical. The same velocities

and densities in each layer were used in both rsodel

The results in Figure 4.6a shows that the moddi Wikm thick layers produces a better fit to
the observed receiver functions within the 2-5 w@wlow (dashed circles). There is little
difference in the fit of the group velocity dispers curves (inset diagrams) in column 2 of
Figure 4.6. Therefore, the starting model as usmdthlie joint inversions is appropriate.
However, it should be noted that the Vs modelgHerupper 10 km of the crust are not as well
resolved as those obtained for the Bushveld Com(der Chapter 3) by Kgaswane et al.
(2012), simply because there are no group velatigervations at periods shorter than 10 sec
(corresponding to depths shallower than approxitydi@ km). Therefore it can be assumed in
this case that the constraints on the velocitycstine in the upper 10 km crust are mostly due

to the receiver functions.

The choice of 1 km thick layers in the upper 10damst is further justified by interpretations
of geology (e.g. Johnson et al., 2006) and thecgfin seismic profiles (e.g. Lindeque et al.,
2007, 2011; Loots, 2012) which indicate that thgomkayers of the Karoo Supergroup (e.g.

Ecca, Beaufort) have thicknessed km in the vicinity of the three seismic statiarsed in
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this study. The Dwyka Group at the base of the K&opergroup is less than 1 km thick, and
therefore cannot be resolved in this study. TheeC3ypergroup has composite layering with a
total thickness of £1.5 km in the vicinity of thierée stations and gets progressively thicker

southward towards the CFB.

The uncertainties in the 1-D Vs models can be deétexd by following an approach proposed
by Julia et al. (2005), whereby inversions are atgs, each time varying the weighting
parameters, constraints, and Poisson’s ratio. Bgeatng the inversions for many
combinations of model parameters and data, we roltacertainties of 0.1-0.2 km/s for the
velocities in each layer, which translates into ertainties of ~2-3 km in the depth of

intracrustal boundaries, and uncertainties of noentlian 5 km in Moho depth.

4.4 Results

The joint inversion results were generated usingldigh wave group velocity curves in the
period range of 10-105 sec. The 10-60 sec regidheo§roup velocity dispersions are most
relevant for the crust and therefore the resultsvshin 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 inversiosules for the three stations in the NNB
(SA07, SUR, SA05). Figure 4.7a shows joint invarsiesults involving only high-frequency
receiver functions at discrete backazimuths wheFégisre 4.7b shows joint inversion results
involving combined low- and high-frequency receivenctions. The purpose of using only

high-frequency receiver functions (as indicatedFigure 4.7a) is to constrain small-scale
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velocity variations and to observe the magnitudehefse velocity variations with varying
azimuth. Table 4.2 provides a summary of the sheawe velocities and other crustal
parameters for the three stations. The symbols@,dnd d in rows (i) of Figures 4.7a denote
average backazimuths for the different backazimhbits indicated above the receiver
functions in row (ii) of both figures. The averaggckazimuths for each of the stations are also

indicated in Table 4.2.

Overall, the results in Table 4.2 indicate averdgef 2.9-3.6 km/s in the depth interval of 1—
5 km beneath the three stations, with the Vs msfibr both SUR and SAQ5 indicating faster
velocities at certain backazimuths. In contrastdepths of 5-10 km the Vs profiles for all
three stations tend to show average velocitie€s5 km/s. The depth of 5 km was selected
because it more or less represents a mid-pointirwitfie upper crust and it is also the
approximate base of the supracrustal sedimentgefadre, it was selected to see if there is a
contrast in the average Vs between layers in tthekin-depth range and those in the 5-10 km
depth range for each of the three stations. Atha#te stations high velocity layering 8.5
km/s) starts around 5 km depth and velocities & rlnge 3.5-4.0 km/s continue between
depths of ~10-20 km (see Figure 4.7a). Howevealr@ady indicated in section 4.3.3, there
could be an uncertainty of £2 km associated with diepths as indicated above. The upper
crustal variability (shown in both Figure 4.7 andble 4.2) is further examined in detail in

section 4.5.

4.4.2 Lower crust
All three stations show a predominantly high-veipdower crust (Vs> 4.0 km/s) below 20

km depth (see Figure 4.7a and Table 4.2). The welbcity layers ¥ 4.0 km/s) occupy a
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substantial part of the lower crust, with thickresssvell over 10 km. The crustal thickness
beneath each station was determined by pickingvibleo at the depth where Vs exceeds 4.3
km/s (e.g. Christensen and Mooney, 1995; Christen$896; Kgaswane et al., 2009). Vs
profiles for a few backazimuths at stations SUR SA05 show two Moho depths where there
is an increase in shear wave velocity above 4.3 kmith a region of velocity less than 4.3
km/s in between. This high-low-high velocity stnuret for these few stations is indicated in
Figure 4.7a by showing the first increase in veljoabove 4.3 km/s with a dotted line and the
second increase with a solid line. Stations or haichuths with two Moho depths have been

excluded from the interpretation of crustal thickse

To test whether the use of high-frequency receiwections produced a reasonable estimate
of the crustal thicknesses (shown in second colafirables 4.3 and Figure 4.7a), shear wave
velocity models were estimated for the same statigith both the low- and high-frequency
receiver functions included in the joint inversiggee Figure 4.7b). The results of these
estimates are shown in the third column of TabB Bow-frequency receiver functions have
longer wavelengths and therefore their inclusiothainversion allows for a better estimate of
the average background velocity of the underlyitrgcsure (e.g. Julia, 2007). The Moho
estimates for stations SA05 and SUR show that tiseaadifference (> 3 km) between those of
Kgaswane et al. (2009) and the rest (see Table A reason for this disparity, which is
significant for SA05 (> 10 km), is primarily due tbe fact that the Rayleigh wave group
velocity dispersions used by Kgaswane et al. (2089% not as well resolved as the ones used

in this study.
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Figure 4.7a  Joint inversion results involving only high-frequoy receiver functions at discrete backazimuthstmh of the three stations used
in the study.(i). Shear wave velocity profiles obtained from thenjanversion. The dotted, dashed and solid horedoinies across the three
stations mark 5, 10 and 20 km depths, respectitawer crustal depths with \is 4.0 km/s are shaded and vertical reference lih&s5akm/s
(gray solid), 4.0 km/s (solid), 4.3 km/s (dotteaid 4.5 km/s (dashed) are shown in each profilidBis without shading show two Moho depths
and indicate two increases above 4.3 km/s on therdgles. (ii). Observed (black curves) and predicted (light-grayes) high-frequency
receiver functions with d error bounds shown with gray shading around theeded receiver functions. The backazimuths of rdeeiver
functions within each stack are shown on {@j). Observed (black curves) and predicted (gray cliyesip velocities.

125



SAQ7 SUR

é 30-

=

& 404 42.5
a 47.5

o] | }

=1
=i

3 4 5
Vs (km/s)

Observed
Predicted

3 4 5
Vs (km/s)

3 4 5
Vs (km/s)

Observed
Predicted

Observed
Predicted

o
o

R

@
o

&

Rayparameter (s/km)
X &
=

o “{ If
2 hft
‘?&{ %9{
S 0 5 10 15 XM 25 30 35 40 45 50 - 0 B M0 15 20 025 30 35 40 45 50 4 0 5 10 15 20 25 30 35 40 45 5O
(iii) time(s) time(s) time(s)
4.5 45 45

Observed group velocities Observed group velocities — Observed group velocities

;Jf Predicted group velocities Predicted group velocities Predicted group velocities
E 4.0 a0 an
=
o
O 35 15 25
[}
>
a -
E 30 20 30
o

25 25 25

o 0 45 B0 ] 15 an 45 &0 y 15 e = 0
period (s) period (s) period (s)

Figure 4.7t Joint inversion results involving both low- andylifrequency receiver functions at an
average backazimuth for each of the three statioisgure 4.6a. The symbols If1,...,Ifn and hfl,...,hfn

shown in (i) denote low- and high-frequency receiver functistecked according to ray-parameter,
respectively.

126



Table 4.2 Summary of crustal parameters shown in Figures 4.7a
Station Back- Vs Vs Vs Vs Crustal Thicknesy Average | Average | Average | Average
azimuth | (1-5km| (5-10 | (10-20 | below thickness | of layers | Vs below | Vs below | Crustal thickness
(deg) depth) £ | km km 20 km (km) with 20 km 30 km thickness| of layers in
Std. depth) | depth) depth £ Vs>4.0 | depth depth (km) the lower
deviation| + Std. + Std. Std. km/s + Std. + Std. crust with
(km/s) deviation deviation | deviation (km) deviation | deviation Vs>4.0
(km/s) (km/s) (km/s) (km/s) (km/s) km/s (km)
SA07 35.3° 3.1+04 38+0{23.6+0.2| 4.0+£0.1| 375 18 41+0{1 4.120.425 21
244.2° 3.2+0.1f 3.7+0p35+0.1| 41+0.1| 475 23
SUR 42.5° 32+05 38%0{13.6+0.2 | 41+0.1| 425 25 41+0{14.1+01 | 417 24
79.1° 35+0.2| 3.7+0.135+0.2 | 41+0.1| 40.0 23
242.9° 3.3+0.3] 3.8+0[13.5+0.2 | - 40.0(47.5) -
21.8° 3.0+0.6| 3.9+0.3.7+0.2| 41+0.1| 425 25
SA05 256.5° 36+023 36+0/23.8+0.0 | - 30.0(45.0) - 41+01|41+0.1] 425 23
243.2° 3.1+0.2l 3.7+0139+0.1 | - 27.5(45.0) -
254.4° 29+0.2] 35+0p24.0+0.1 | - 27.5(42.5) -
250.6° 35+04 3.6+0pR3.7+0.1| 41+0.1| 425 23

N.B. Instances with two values in the crustal thicknedsmn indicate two increases above 4.3 km/s on

the Vs profiles..

Table 4.3 Comparison of crustal thicknesses with other studie
Station | Average Crustal Harvey et | Nguuriet | Nairetal. | Kgaswane
crustal thicknesses| al. (2001) | al. (2001, (2006) et al. (2009)
thickness | from low- (km) 2004) (km) (km) (km)
from and high-
this study | frequency
using only | RF’s (km)
high-
frequency
RF’s
(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

N.B. RF’s denote receiver functions
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Otherwise, for the rest of the Moho estimates, &abl3 shows that there are minor or
insignificant Moho differences (< 5 km) betweenstlstudy and those of other studies by
Harvey et al. (2001), Nguuri et al. (2001), andrNati al. (2006). Furthermore, Table 4.3
shows that there are insignificant differences iohgl estimates obtained by using only high-
frequency receiver functions and using both lowd high-frequency receiver functions in the
joint inversion procedure. The shear wave velcgifier the uppermost mantle region i.e.,
Moho—60 km depth (Figures 4.7a and b), are betweer 4.7 km/s and this is consistent with
the findings indicated in Chapter 2 and findinganira 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 3k@¢0 km depth range at all
backazimuths across all the three stations aloagtinthern axis of the BMA (Table
4.2 and Figure 4.7a),
b) crustal layers with Vs fluctuating between 3.5 @@l km/s (i.e., low-to-high or high-
low-high) within depths of ~10-20 km (Figure 4.7and
¢) high velocity layersX 4.0 km/s) beneath the stations occupying a sutistgortion
of the lower crust (below 20-30 km depths) and wstcwith an average thickness
greater than 40 km (Table 4.2 and Figure 4.7a).
The high velocity zones within 5-10 km depths apppate prominently beneath SUR and
SAO05 and are indicative of anomalous crust andptlesence of mafic lithologies. A typical
upper crust in normal tectonic settings will shosloeities of ~3.5 km/s at similar depths and

therefore the high-velocity zones beneath the thtagons could be delineating a BMA source
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body. The velocities tend to approach 4.0 km/s rdadepths of 10 km for all three stations
and this could mean that the BMA body (or its caldtost) becomes more mafic in
composition at depths around 10 km. The velocites to show some fluctuation (i.e., low-
to-high or high-low-high) below 10 km depth andrdfere, this depth could be the base of the
BMA body (or its crustal host) or marks a compasitl transition. The BMA body (or its
crustal host) might continue in another compos#lldorm between depths of 10-20 km. The
crust beneath the three stations is on averagkethiban 40 km, and, similar to the Bushveld
Complex, it is possible that the presence of madidies (including the BMA) in the upper and
middle crustal parts of the NNB are isostaticaltiynpensated by a thick crust. Perhaps this is

more so around SAQ07 than the other two stations.

The receiver functions for each of the stations BAUR, and SA05 (shown in Figures 4.8i—
iii) are likely sampling different lithologies (i.ealluvial deposits, Karoo sediments, and
dolerites) depending on azimuth and depth. TheoRgarsion points at A, B, C, and D in each
of the maps in Figure 4.8 were computed from avesayf the backazimuths shown in Figure
4.7a(ii). The Vs profiles for SA07 at backazimuta$ and (b) (Figure 4.7a) correspond to the
conversion points at A and B respectively in Figdr8(i), and similarly for the other two

stations. The Ps conversions are shown at 5 akdhIdepths in Figure 4.9.

Figure 4.9 is a close-up view (within 9 x 9 kgrids) of the magnetic field anomaly shown in
Figure 4.3. The magnetic field in Figure 4.9 isilbefed but has been IGRF (International
Geomagnetic Reference Field) corrected for the 1®@@gnetic epoch (IAGA, 1975). The
spatial correlation between the amplitude of thgmesic field and magnetization is complex

and depends on a number of factors or parametemsever, it can be noted from Figure 4.9
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that the varying magnetization signatures arourtth @ the three stations are most probably
reflecting the presence and the geometrical oriiemteof the BMA body at crustal depth

beneath each of the three stations.

The Ps conversion points (at 5 and 10 km deptlm)nalr SUR and SAO5 appear to sample a
higher intensity of the magnetization (i.e., reman®) whereas the Ps conversion points
around SAQ7 are sampling moderate intensity of reaggtion (Figure 4.9). Figure 4.9 shows
the Ps conversion points around SUR at backaziminhand (c) sample a region of higher
intensity magnetization, and this may imply tha BMA body is shallower south of SUR and

deeper north of it.

The geometry of the BMA body at depth is not clesound SAO5 since the Ps conversions
around this station tend to sample the same intepn§imagnetization and are concentrated
southwest of the station. The BMA body is probadiiallower south of SA07 than north of it.
In a more rigorous sense, the depth of the BMA@®uor sources from the observed magnetic
field (Figure 4.9), can be obtained by separatimg tegional (associated with deep-lying
magnetic sources) and residual (associated witHloghamagnetic sources) field. The
separation can be achieved using several methaglsaalytic signal, upward continuation
differencing, matched filtering techniques, and ®av transforms). Matched bandpass
filtering techniques (e.g. Spector and Grant, 1&¥erg, 1972; Phillips, 2001; Sheriff, 2010)
have been mostly applied due to their versatitithandling a number of geological models or

situations.
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Prior to bandpass filtering, the regional trentaiged with the geomagnetic field needs to be
removed from the observed field. In addition, thserved field has to be decorrugated (i.e.,
removal of short wavelength features causing catiags) and reduced to the magnetic pole.
Matched bandpass filtering involves fitting a rdigiaveraged logarithmic power spectrum of

the observed magnetic field (vertical axis) veraavenumber (horizontal axis) with power

spectra corresponding to regional and residual etaganomalies (equivalent source layers)
at different depths (e.g. Sheriff, 2010). The filie., F(k) required to separate the effect of

shallow anomalies from the deep ones could bedridim:

F(k)= %“(%)exp«dl 2.

wherek is the wavenumber; andc, are scaling constants of the amplitude spectruatemt

(4-2)

to shallow and deep-seated anomalies, respectigatyg; andd, are apparent depths of the
shallow and deep-seated anomalies, respectively.s€paration of the regional and residual
field is achieved by multiplying the Fourier speair of the observed magnetic field with the
filter shown in equation (4-2) and the productrigarsely Fourier transformed to attain the

separation of the two fields (e.g. Sheriff, 2010).

The findings and observations indicated above aeduto evaluate the merits of the
geophysical models of the BMA. The Vs findings diretly used to estimate the elastic

parameters using seismic and geological constraints

4.5.1 Estimation of elastic parameters using seismand geological constraints

As already pointed out in the introduction (sectiri), there are numerous and varied

interpretations as to the crustal source of the BMMdart from the fact that different

133



methodologies have been used to study the BMA baioos difference in the results between
this study and most of the studies indicated inigect.1 is that the latitudinal extent of the
BMA could not be constrained and as such, the BMAthwvcould not be estimated in this

study. The other difference is in the orientatiohthe study profiles (see Figure 4.1).

Although the orientations of the profiles by thbetstudies are different from the nearly east-
west oriented profile that this study is focusing the structural trends across and along the
BMA axes are similar or should be similar. Figura®shows a comparison of the joint
inversion results from this study and the resultenf some of the recent studies. The joint
inversion results are, in this case, combined lfighuency receiver functions (i.e., stacks of
each ray parameter bin) and Rayleigh wave groupciteds (10—-60 sec period) (column A in
Figure 4.10) and density as a function of deptHufoo B in Figure 4.10) for the three

stations. Column C (in Figure 4.10) shows seismit geophysical results from other studies.

The modelling results by Stankiewicz et al. (208Bpws a high-velocity body (between 50
and 100 km distance) within depths of ~7-15 km #ngbincides with the northern prism
modelled by Quesnel et al. (2009). This body hagake velocities of ~6.5-7.0 km/s (i.e., Vs
~ 3.8-4.0 km/s). These velocities are consistetit thie Vs estimates in this study (Table 4.2,
Figure 4.7a and column A in Figure 4.10) which aadé a high-velocity layering of 3.5-3.9

km/s at depths of ~5-10 km and ~10-20 km beneatthtiee stations.
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135



Considering that there is consistency in the vejoestimates of the crustal layering around
the BMA between this study and Stankiewicz et2008), the Vp estimates from Stankiewicz
et al. (lower panel of column C in Figure 4.10) dherefore used as a constraint in
determining the rock types within the upper anddi@crustal structure around the BMA. In
achieving this, the Vp estimates and together wighjoint inversion results (Vs and density)
from this study, have been used to determine elastiameters (i.e., Vp/Vs, Poisson’s ratio).
The Vp estimates from Stankiewicz et al. (2008)enbegen used because they are much better

resolved than the Vp estimates from the joint isig@r results.

Table 4.4 shows estimates of elastic parameters {p/Vs, Poisson’s ratio, and density)
together with resistivity estimates from Weckmamnmle (2007a,b) beneath stations SUR and
SAO05 following the comparisons made in Figure 4.EQrther shown in Table 4.4 are
estimates for SA07 included as a benchmark forsattest spatially coincide with moderate to
low intensity of magnetization associated with BK&IA (see Figure 4.9). The Vp-depth
estimates for the crustal portion between distaradeSO and 100 km (as indicated in the
bottom panel of column C of Figure 4.10) were ufmdthe elastic estimates for SUR and
SAO05 since these stations are located above orthed8MA. Furthermore, the interpretation
by Stankiewicz et al. (2008) (as suggested in Eigut0) shows the subsurface location of the
BMA body to be at those distances. The Vp-deptimeses for the portion of the crust
between distances of 0 and 50 km (as indicatetienbbttom panel of column C in Figure
4.10) could be assumed to be representative ofeensamilar to that beneath SAQ7 since this
station is located 20 km north of the BMA axis.eTitesultant estimates shown in Table 4.4

assume that the structural trends across and ghenBMA axes (at least within the Namaqua
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sector of the NNB) are similar given that the stpdyfile by Stankiewicz et al. (2007, 2008) is

different from the nearly east-west oriented peofitiopted in this study (see Figure 4.2a).

Table 4.4 Physical parameters beneath stations SUR, SA0SAQA

Depth (km) Vp/Vs Vp/Vs Vp/Vs Poi- Poi- Poi- Den- Den- Den- Resis-

beneath | beneath | beneath| sson's | sson’s | sson’s sity sity sity tivity
SUR SA05 | SA07 ratio ratio ratio (glen?) | (glem®) | (glen?) | (Q.m)

beneath | beneath | beneath | beneath | beneath| beneath

SUR SA05 SA07 SUR SA05 SA07

0-25 1.65 1.43 1.43 0.21 0.02 0.02 2.36 2.2 126 4-16
25-50 1.59 1.68 1.88 0.17 0.20 0.30 2.6( 250 472 <2
50-75 1.65 1.86 1.82 0.21 0.30 0.29 2.87 263 592 4-16
7.5-10.0 1.69 1.78 1.73 0.23 0.27 0.2b 2.9( 280 2.77 4-16

10.0-125 1.84 1.83 1.70 0.29 0.29 0.28 2.88 2.89 284 >16
125-15.0 1.88 1.82 1.66 0.30 0.2§ 0.21 2.88 291 291 ~ 16
15.0-17.5 1.81 1.76 1.69 0.28 0.26 0.2B 2.84 2.90 2.86 >16
17.5-20.0 1.80 1.75 1.72 0.28 0.24 0.25 2.8% 2.91 2.87 >16
20.0-225 1.76 1.74 1.78 0.26 0.2% 0.2) 2.90 2.92 2.96 >16

N.B. The resistivity values on the last column are fMackmann et al. (2007a,b) and they have been
picked between distances of 60—70 km (centrallgarewlumn C of Figure 4.10) which coincide with
the high velocity body occurring between 7 and fbdepth on Stankiewicz et al. (2008) model (lower
panel in column C of Figure 4.10).

Figure 4.11 shows conceptual models (in columnllagtrating the lithostratigraphy beneath
SA07, SUR and SAO05 using the elastic parameteisdtet] in Table 4.4. Table 4.5 shows the
names and velocities of the lithologies in columnofAFigure 4.11. The lithostratigraphic

models (shown in Figure 4.11) have been compileccdayelating the estimates of elastic
parameters (shown in Table 4.4) with results fratmotatory or petrophysical studies (e.g.

Christensen, 1996; Christensen and Stanley, 2003).
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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 theldigies are also

indicated

(T3

=< Slate and/or schist and/or phyllite? (NNB crust)

- Granite gneiss and/or biotite gneiss and/or
Greenschist facies basalt

B ~Amphibolite (NNB crust )
(Vs~ 3.7 - 3.9 km/s)

1]

3.8 km/s)
Mafic granulite (NNB crust ) Paossible source
(V's~ 3.8 - 3.9 km/s) of the BMA

Felsic granulite (NNB crust) (Vs zftf;béemffu“’e
~3.6-3.7 kmis)

Anorthosite or Anorthositic Possible source
granulite (NNB crust) (Vs~3.7 - > it ihe BMA

Mafic granulite? + ultramafic rocks
(NNB crust) (Vs > 3.9 km/s)

Sediments (Karoo Supergroup) + Quartzites (Cape
Supergroup) (Vs~ 2.8 - 3.4 km/s)

(Vs~3.2 - 3.3 km/s)

(NNB crust) (Vs~ 3.5 - 3.9 km/s)

depth to top of unit (m)| |  THICKNESS (m)
Group Formation KW 1/67 SA 166 2] KWI/67 SAl/bb  Scismic
log* log* g stratigraphy
Beaufort Abrahamskraal 2738 1267 2738 1267 Beaufort
Upper Ecca Waterford Upper Ecca
=3 Fort Brown

:5: Ripon 3049 31

E_ Middle Ecca  Vischluil Middle

# |_________ Collingham 4361 1754 L) 1312 1487 Eeea |

g Lower Ecca  Whitehill 4404 2789 43 35 Whitchill

-}

o Prince Albert 4558 2018 154 129 Prince Albert
Dwyka 3556 3573 998+ 655 Dwyka
Witteberg endof  pinched endof O Witteberg

%‘ hole out hole

@ [ Bokkeveld 2105 532 Bokkeveld

E’ Table Nardouw 4170 65+ Nardouw

3 Mountain Peninsula end of end of hole

i (TMS)

o] hole

Figure 4.1z A table showing simplified vertical stratigraphtytevo boreholes including
SA 1/66. The high velocity layering at 3-5 km depibuthwest of SAO05 is probably
associated with the rock formations in the Lowecd&&Group around and below the red
dashed horizontal line. This diagram has been dejmed from Lindeque et al. (2011).
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The reason of using the multiparameters (showralnd 4.4) to identify lithologies is that, for
example diorite and felsic granulite have the sarfpeand Vs but different density (i.e.,
according to Christensen and Stanley, 2003). thégefore important other constraints are
used to assist with the identification. Columnsri8l £ in Figure 4.11 show the velocities and
densities, respectively. As already indicated abtve Vp—depth curves in Figure 4.11 come
from geophysical models in column C of Figure 4ndereas the Vs—depth and density curves
are from the joint inversion results of this stu@geological constraints (using borehole data in
Figure 4.12 and Table 4.6) have been placed ofithiastratigraphic models (column A) in
Figure 4.11. According to seismic reflection stedand Figure 4.12, the upper 5 km of the
crust beneath SAQS is representative of the tagarl thickness which includes the overlying

Karoo Supergroup and the underlying Cape Supergroup

Table 4.¢ Isotopic data for lithologies in four boreholesgdroduced from Eglington and
Armstrong, 2003)

Eb—5Sr and Sm-Nd isotopic data for basement samples from four boreholes which penetrate Phanerozole cover in southem Affica

EBorzhole
QU 1/63 KA 1/66 KC 1/70 WE 1/66
Depth (m)
2403 2003 2579 6003 3735
Litholegy Megacrystic Biotite granodicritic Dark grey Granitoid Biotite
granite gneiss microporphyry gneiss gneiss
Bb 2238 4244 16.72 52.67 5429
St 160.6 637.6 3445 45.78 5,64
Rb Sy 0.1869 1.409 3.268 1939
RbMer 14 0.708909 + 14 0741676 + 13 0.7393091 £ 20 2651+ 9
1 sigma errors (%) 0.8, 0.02 0.2, 0.01 0.8, 0.01 0.8, 0.02 0.8, 0.0
Sm 14.90 3611 1357 0.7174 2,646
Nd 73.20 19.94 6372 3.030 10.36
Wgml*¥Ng 0.1231 0.1093 0.1287 0.1431 0.1544
L3N g44Nd 0.512327 £ 10 0.511447 £ 10 03511687 £ 8 0512267 £ 12 0.512143 £ 13
1 sigma errors (%) 0.6, 0.006 0.6, 0.006 0.6, 0.006 0.6, 0.008 0.6, 0.008
e (T) +3.8 —10.5 —36 0.0 —16
T (Ma) 1053 1150 1150 1150 1134
M Trme (Ma) 1199 + 1186 2326 + 87 2427 + 96 1662 + 130 2307 + 126

Eb, 5r deternuined following standard dissolution and extraction on cation colwmms. NIST 987 = 0.71028 £ 19. 1 sigma analytical emrors
grven 1n percent and refer to ETRb,*¥Sr and ¥7Sr/205r, respectively.

Sm, Nd determmed following merowave autoclave disselution and extraction with standard cation and HDEHP on teflon ion exchange
techmigques. Johnsen Matthey standard = 0.311783 & 2, equivalent to a value of 0.311820 for La Jolla standard. BCE-1 Sm = 6.38,
Nd = 287, "N /19Nd = 0.51264 2.1 sigma analytical errors given in percent and refer to 147 Smy™*Nd and M Nd/ N, respectively.
MaTp determined using the GEODATE for Windows software (Eglington and Harmer, 1999} and based on the depleted mantle model of
DePaolo et al. (1991). Emors are 95% confidence.

esyg are based on values of 0.1967 and 0.51264 for ¥78m/***Nd and ¥Nd/¥Nd, respectively, in CHUR.
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The borehole (QU 1/65 in Table 4.6) is £9 km naothstation SUR (see Figure 4.2a) and
shows a layer of megacrystic granite at depth2dd km. This could mean that the composite
layer thickness of the Karoo and Cape Supergrotilpsmast likely be less than 5 km beneath
SUR since this station is located further northS#05. The same situation could also be
applicable to SA07 since it is located further hodf SUR. The implications of the
lithostratigraphic models shown in column A of Rigu.11 are discussed in section 4.5.2 and

also used to assess the merits of the existinghysagal models of the BMA.

4.5.2 Source of the BMA — evaluation of the geophigal models

The generally accepted model is that the BMA soig@esutured zone of serpentinised mafic-
ultramafic rocks in the deeper parts of the crasy.(Burke, 1977; De Beer et al., 1982;
Corner, 1989; Pitts et al., 1992; Halbich, 1993rvdg et al., 2001). However, the geophysical
evidence shown by recent studies (e.g. Lindegaé,e2007, 2011; Weckmann et al., 2007a,b;

Quesnel et al., 2009) has put this model in doubt.

The serpentinized ophiolitic model (e.g. Pittslet092) postulates that the BMA source is at
30 km depth and this contradicts the findings iis gtudy, which places the BMA body at
depths of ~5—-10 km with shear wave velocities 6f3.9 km/s and a possible extension of
this anomaly to depths of ~10-20 km. The questioentbecomes, could serpentinized
ophiolites be in the upper and middle crustal paftthe NNB and not at 30 km depth as

proposed by the ophiolitic wedge model (e.g. Rittal., 1992)?

Serpentinized ophiolites (serpentinites) will, engral, show a decrease in density and seismic

velocities, but tend to show anomalously high Vp/{#2.05) and a high Poisson’s ratio
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(~0.34) (e.g. Christensen, 1996; Watanabe et @072 These values are not supported by the
estimates shown in Table 4.4. However, this is déest on the type of serpentinized rock.
High-T type (antigorite enriched) serpentinites Idobmave Vp/Vs and Poisson’s ratio of 1.8
and 0.28, respectively (e.g. Watanabe, 2007). Theimates are somewhat consistent with
the estimates at depth of ~10-15 km (see Table W.&) therefore possible for High-T type
serpentinites to predominate mid-crustal depthse&étn SUR and SAO05, but this is on
condition that they are electrically conductive drade an abundance of magnetite spanning a

large area.

Electrical conductivity measurements on serpemirshow this rock to be electrically
conductive only in active regimes with presencdlufis (e.g. subduction zones) and to be a
poor conductor in fossil regimes without fluidsgleAiro and Loukola-Ruskeeniemi, 2004).
The NNB can be assumed to be a fossilized regintle miinor natural seismicity occurring.
Therefore, the presence of High-T serpentinitehénNNB mid-crust might not be significant
or their existence in the crust is downright quesble and also contradicts the findings by
Weckmann et al. (2007a,b) (see central panel ainwolC in Figure 4.10 that shows the
presence of conductive anomalies in the NNB crushimv distance of 50-100 km). The
presence of serpentinized ophiolites in the NNB-amigst is therefore not a favourable model

of the BMA source.

The models of magnetite-enriched granite gneisserhast by Corner (1989), graphite-
enriched shear zones by Weckmann et al. (2007axql) mineralized faults and joints in the
granite gneiss basement by Loots (2012) represetr gossibilities for the BMA source.

Granite gneiss rocks are either located at shadlmstal depths (~3-5 km) or likely to be part
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of undifferentiated metamorphosed rocks as showRigure 4.11 and therefore might not
fully account for the shear wave velocity signasuoé> 3.5 km/s at ~5-10 and ~10-20 km
depths as found in this study. Therefore, the nwbdglCorner (1989) and Loots (2012) may
not fully account for the source of the BMA. Thegence of graphite-enriched sheared rock
structures can only mean that these structurefelsie in composition since graphite occurs as
a subordinate mineral component in most terresmialfic and ultramafic rocks but is
otherwise significant in kimberlites and alkali s (e.g. Rubin, 1997), which are normally
found at mantle depths. Graphite-enriched shearekl structures may not explain the mafic
or intermediate-felsic signatures (Vs ~3.5-3.9 kratsupper and middle crustal depths found
in this study. Therefore, the graphite-enrichedashenes proposed by Weckmann et al.

(2007a,b) is not a favoured model.

The suggestion of granulite-facies mid-crustal sobit Quesnel et al. (2009) presents a strong
possibility in accounting for the BMA source. Thdimates in Table 4.4 (and also reflected in
Figure 4.11) support the presence of granulitespger crustal depths (5-10 km) and mid-
crustal depths (10—-20 km) beneath SA05 and SUR.ribeel by Quesnel et al. (2009) is
consistent with the findings in this study andsittherefore a plausible model for the BMA
source. Some of the mid-Proterozoic granulites Haeen shown to be possible bearers of
hematite-ilmenite mineralization (exsolved hemaititenite microstructures) which has
recently been found to be the source of large remegrdominated crustal magnetism similar
to the BMA (e.g. McEnroe et al., 2001 and referenterein). It is possible that the presence
of granulite-facies rocks at mid-crustal depthsgaggested in Figure 4.11) could give rise to

the BMA via this type of mineralization indicatedowve.
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The model by Lindeque et al. (2011) suggests thegmce of massive sulphide ore bodies to
be the BMA source and further suggest these oreebad be coinciding with the conductivity
anomalies found by Weckmann et al. (2007a,b). Thesgmce of pyrite (iron sulphide)
mineralization at shallow crustal depths across BMA axis has been suggested by
conductivity studies (Branch et al., 2007; Weckmairal., 2007a,b) and it is quite possible
that this mineralization contributes to the straafiectivity anomalies (ore bodies) found by
Lindeque et al. (2011) between depths of ~7-15 Remanent magnetism in continental
layered intrusions could be due to pyrite, pyrrteptand/or other mineral combinations such as
members of the hematite-ilmenite solid solutiory.(é2ucher and Wonik, 1998; McEnroe et

al., 2001).

Massive sulphide ore bodies are normally hostededmiments and volcanic rocks but might
also occur in igneous intrusives such as anorg®snd norites (e.g. Hulbert, 1987). Iron
sulphide minerals such as pyrite and pyrrhotitemadhly found within sulphide deposits are
often highly dense with typical densities of 4-Bmy/ and their presence in crustal rocks can
produce a Bouguer gravity high (typically betweer8@ mGal) (e.g. Morgan, 2012 and
references therein). This gravity high is greatantthe Bouguer gravity anomaly (i.e., -113 to
-72 mGal) associated with the BMA (Figure 4.3b)eTdepths of the reflectivity anomalies
(associated with the massive sulphide ore bodeslggested by the model of Lindeque et al.
(2011) are consistent with the depths of crustgriga at ~5-10 and ~10-20 km depths found
in this study. However, the presence of massivphété ore bodies can in theory produce a
gravity high (as indicated above) and this is intcadiction with the magnitude of the gravity

anomaly associated with the BMA (Figure 4.3b).
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Therefore, massive sulphide ore bodies (in theie mompositional form) are not a favourable
model for the BMA source. Their plausibility in @emting for the BMA source hinges on

either of the two possible requirements: (1) Depandn the parental magma that originally
emplaced these ore bodies, the content of the subphide minerals within the ore bodies
should be moderate or low enough to produce atgramomaly similar to the one associated
with the BMA or (2) The model by Lindeque et al0{2) suggested metasomatic overprinting
on the sulphide ore bodies. It is critical that thegree of metasomatism that could have
occurred during the final stages of the NNB evalut{Cornell et al., 2006) should have been
sufficient to lower the density of the sulphide emalization within the ore bodies whilst

concurrently preserving their magnetization (itlee, magnetic high associated with the BMA).

Another plausible model is that of Proterozoic #mosites (massif anorthosites) formed by
coalesced plagioclase plutons at shallow crustpthde(e.g. Ashwal, 1993). Anorthosites,
charnockites, and a variety of other igneous iniass are usually in coexistence in many
Proterozoic tectonic settings and due to polyb&mctionation, mafic/ultramafic cumulates
will normally underlie these intrusive igneous cdexgs in magma chambers or settle at the
base of the crust (e.g. Ashwal, 1993; Markl et #898; Bédard, 2001). This model of
Proterozoic anorthosites is likely to be the tygesetting defining much of the Namaqua
sector of the NNB (i.e., suboutcropping Bushmanlamdl Areachap Terranes) at crustal
depths. Massif anorthosite complexes (probably witgins from a basaltic or mafic parental
magma) are usually emplaced into high-grade mefalmorrocks at high temperature

conditions (~1000-1200°C) (e.g. Westphal et al0320
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Several studies have estimated emplacement deffithsl®-15 km and ~6-14 km for
anorthosites (Royse and Park, 2000 and referehegsin). These emplacement depths are
supported by the lithostratigraphic models beneatlR and SA05 (Figure 4.11) which
indicate layers of anorthositic rocks at 10-15 kepttis. Although the models in Figure 4.11
indicate the presence of these rocks at 10-15 kpthdetheir presence at shallower crustal
depths at certain localities along the BMA axegu#ie possible. Anorthosites are less dense
than mafic/ultramafic rocks and this might explaime differences in the Bouguer gravity
anomalies in Figure 4.3b where a relatively lowviggganomaly signature (i.e., -113 to -72
mGal) envelops SUR and SAO05 and in contrast tdagively high gravity anomaly (i.e., -72
to -32 mGal) engulfing SAO07. The gravity anomalpwrd SAO07 could be in response to
mafic rocks which could possibly be lying benedtis station (e.g. greenschist facies basalts,

amphibolites) (see Figure 4.11).

High-grade metamorphism (granulite-facies metamsrphassociated with the emplacement
of anorthosites could enable ilmenite and hematiteerals within the anorthosites to be

miscible and a complete solid solution of the twimerals is possible at temperatures around
or above 950°C. As the temperature lowers, the saliution of ilmenites and hematites form

exsolved hematite-ilmenite microstrucutres (hemueitite) and these microstructures have
been shown to be predominant in Proterozoic ansitd® (and also granulite-facies rocks as
noted above). These microstructures have receaty lassociated with the so-called lamellar
magnetism (e.g. Brown and McEnroe, 2008; McEnroal.et2009b and references therein).
Lamellar magnetism is thermally stable and resistardemagnetization and it is therefore

capable of retaining the natural remanence of rogks long geological periods. This makes it

an ideal candidate and possibly a common sourcgdoerating large remanence-dominated
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magnetic anomalies similar to the BMA. In additiblematite-ilmenite solid solutions display
semiconducting properties with varying temperatame composition (e.g. Ishikawa, 1958).
The low to moderate resistivity (shown in Table 4l between distances of 50-100 km in
central panel of column C in Figure 4.10) at defth®—20 km) coincident with the BMA

body, tend to corroborate this semiconducting prtype

The possibilities raised above are partly or elytigpplicable to the Namaqua sector (i.e.,
suboutcropping Bushmanland, Kaaien and Areachagfies). The iron mineralization giving
rise to the BMA in the Natal sector could be foundthe sub-outcropping Oribi Gorge
charnockite-rapakivi granite plutons of the Margdierrane (Cornell et al., 2006). These
plutons were emplaced around 1050 Ma in amphibdbtegranulite-facies metamorphic
conditions. This contrasts with the anorthositesctviwere emplaced around 1030-1010 Ma
in the Bushmanland Terrane and circa 1086 Ma imAtteachap Terrane (Cornell et al., 2006

and references therein) in high-grade metamorpimditions.

The contiguity of the postulated anorthosite beltthe Namaqua sector and the equally
suboutcropping granite plutons in the Natal seigq@robably somewhere in the middle of the
NNB and is kinematically defined by a convergentisional margin of the palaeo—Areachap
and —Tugela Ocean basins which were subsequeritjusted. The contiguity of these rocks
in the different sectors facilitated the east-westtinuity of the surface expression of the
BMA signature as seen in Figure 4.2b. An altermatif’the BMA model in the Natal sector is
that the charnockite-granite plutons could be uatteby anorthosites based on observations
that indicate the co-existence of anorthositesrradekites and rapakavi granites in most

Proterozoic tectonic settings. Therefore, the ugia®y anorthosites in the Natal sector could
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have the same or similar iron mineralization (thiges rise to the BMA) as their counterparts

in the Namaqua sector.

4.6 Conclusion

The crustal structure across the BMA has been figaged by jointly inverting high-
frequency receiver functions and Rayleigh wave greeiocities for periods of 10-60 sec. The
1-D shear wave velocity models obtained from thiet jmversions show upper crustal layering
around the northern axis of the BMA to have avenagecities> 3.5 km/s at depths of ~5-10
km and 10-20 km. These estimates place a constmaitite BMA source (or its crustal host)
that is likely to be located at depths of ~5-20 klawever, crustal regions that are within £20
km of the BMA axis suggest the presence of mineedliProterozoic high-grade metamorphic
rocks and/or igneous intrusions whereas regioresvblere in the NNB suggest the presence of

mafic rocks that are compositionally variable frtmase in the vicinity of the BMA.

The Vs models for the three stations located alilvegnorthern branch of the BMA show
velocities approaching 4.0 km/s around depths okrhOand this could mean that the BMA
body (or its crustal host) becomes mafic in comjmmsiaround those depths. The fluctuating
velocities (i.e., low-to-high or high-low-high) et 10 km depth could mean that this depth is
either the base of the BMA body (or its crustalthos marks its compositional transition. The
BMA body (or its crustal host) might continue inoimer compositional form below 10 km
depth. If the BMA body continues below 10 km depten the BMA is a compositional
anomaly independent of rock type and is highly deleat on the crystallization history of the
rocks hosting it and the accompanying metamorptmditions driving the crystallization. The

1-D Vs models further show a high velocity roek4.0 km/s) beneath the stations occupying a
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substantial portion of the lower crust (below 20k8® depths) and also a crust that is thiek (
37 km). The high velocity rock beneath 20-30 kmthepmplies that the BMA has a common
mafic and/or ultramafic source originating from theeper parts of the crust or uppermost
mantle. The results from the 1-D Vs models are istarst with the findings made by past

studies of the BMA.

Estimates of physical properties (i.e., Vp, Vs,98on’s ratio, density, and resistivity) favour
massive sulphide ore bodies and granulite-faciet-amistal rocks as models of the BMA
source. However, massive sulphide ore bodies @arth) show gravity anomaly trends that are
higher than the gravity anomaly trends associatéu twve BMA. Therefore, the plausibility of
the massive sulphide model hinges on either ofwtloepossible requirements: (1) the presence
of sulphide mineralization (associated with theepgal magma) within the ore bodies should
be moderate or low enough to produce a gravity ampeonsistent with that associated with
the BMA, or (2) the degree of metasomatism thalcctiave occurred during the final stages
of the NNB evolution should have been adequateotget the density of the sulphide
mineralization within the ore bodies while at them& time preserving their magnetic

properties (i.e., high magnetic signature assatiaith the BMA).

Another plausible model emerging from the estimatieghysical properties is that the BMA
source could be hosted within Proterozoic anortlwosayered intrusions which could be
giving rise to the BMA via iron bearing mineraliiat. This iron bearing mineralization could
be in the form of iron sulphides (pyrite) or iromdatitanium oxides such as magnetite,

ilmenite, hematite, etc. llmenites and hematites exist as exsolved hematite-ilmenite
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intergrowths at lower temperatures and this caemilly 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 sainern Africa
5.1.1 Summary
The compositional variability of the lower crustimwestigated using the joint inversion of P-
wave teleseismic receiver functions and Rayleigivengroup velocities for 89 broadband
seismic stations distributed across southern Afridae resulting 1-D shear wave velocity
signatures of the lower crust of the Precambriagldlof southern Africa can be classified into
two groups:
1. Most parts in the Kimberley terrain [western pafttbe Kaapvaal Craton (KC)]
including the western part of the Tokwe terraimfidiabwe Craton (ZC)] show a ¥s
4.0 km/s suggesting an intermediate-to-felsic loaraist and further associated with
this is a crust that is thinner than 37 km.
2. The remainder of the Archaean and Proterozoiciteria southern Africa show a Vs
~ 4.0 km/s indicating a lower crust that is maficnmost parts of the KC and more
mafic (Vs > 4.0 km/s) in certain parts of the BusldvComplex and the surrounding

mobile belts and further associated with this ¢sust that is thicker than 37 km.

The Sn velocities in the uppermost mantle regian,(from Moho to 60 km depth) are in the
range of 4.5-4.7 km/s and this suggests that twereninor compositional differences in the
uppermost mantle regions of the different tectotéorains across southern Africa. An
intermediate-to-felsic lower crust could be dueitiing associated with the tectonomagmatic

effect of the Ventersdorp event (~2.7 Ga) in theecaf the Kimberley terrain, whereas 3.1—
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2.95 Ga rift sequences could have been resporfsibtee attenuation of the mafic layering in
the lower crust of the western part of the Tokweaia. The mafic lower crust in regions such
as the BC may be attributed to magmatic undergjatishereas the Namaqua-Natal Belt
(NNB), Central Zone [Limpopo Belt (LB)], and KheRrovince are consistent with typical
“suture” thickened crust found in Precambrian ttegc settings globally. The crustal
thicknesses found in this study are consistent wéht studies. Crustal xenoliths are more
frequent in regions with a mafic lower crust thhoge with an intermediate-to-felsic lower

crust.

5.1.2 Recommendations for future studies

A potential disadvantage with the use of the jaintersion technique is that it is
assumed that the receiver functions and surfacee vaispersions sample the same Earth
structure. This may not always be the case. Sonwddi a quality control, perhaps in the form
of a ray-tracing algorithm, will be required to arsthat the two data sets are indeed sampling
the same structure.

Another potential problem is that the propagatiathpor structure beneath the seismic
station or receiver site can be complex. This caelstabilize the inversion algorithm resulting
in poorly constrained velocity models. This probleould be resolved by using & ar 3°
degree polynomial equation in an optimization pdage to identify the local structural terms
or parameters. Alternatively, structural parametérs a, L and ¢) of a random or
heterogeneous medium can be deduced using thevfiefjaapproach suggested by Ritter et al.

(1998) i.e.,

In(<£2>+1):Mf2 - 42 (5-1)

C
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whereg¢ is a dimensionless parameter defining the meadunaeefield fluctuationsg is the

seismic velocityg® anda are the variance of the velocity fluctuations andrelation length of
the heterogeneities, respectively, of either aroegptial or Gaussian correlation function used
to model the random mediurn,is the length of the ray path in the heterogen@oedium and
f is the frequency of the ray propagation. For a lmemof teleseismic or regional recordings,

the co-efficienty in equa. (5-1) above can be determined by caloglat least-squares fit of

In(<£2> +1) in the frequency domairBy using different velocity contrasts(in percentages)

for the fluctuations in a heterogeneous medium,ctireelation lengthsa) can be calculated
for L/c? (in equa. 5-1) in the upper, lower crustal and littospheric regions. Whilst the

parameterL, can be assumed to be the layer thicknesses bfafabe upper, lower crustal

and lithospheric regions, the seismic velocity,can either be determined frok1=ﬂ,

C

wherek is the wavenumber (in Ky or as the reciprocal of the ray-parameter (img/k

Therefore, the receiver functions and surface wihispersions (recorded by a station located
in a complex geological region) can each be peetirivith the variance of velocity
fluctuations ¢°) and correlation lengths) and jointly inverted for each of the perturbation
The final Vs model can be obtained as an averagigeotnsemble of joint inversions resulting
from each of the perturbations. This approach, ttegewith the implementation of the so-
called virtual stations(e.g. Curtis et al., 2009) could be used to imprdke resolution
especially where local geology is complex and thseoving network is widely-spaced or

sparse. All this, can easily extend the joint isu@n technique to 3-D applications.
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5.2 Chapter 3 — Shear wave velocity structure of # Bushveld Complex, South
Africa

5.2.1 Summary

Fine-scale details of the structure of the crughwithe Bushveld Complex (BC) has been
investigated by jointly inverting high-frequencyeseismic receiver functions {f 1.25 Hz)
and Rayleigh wave group velocities (in the periaage of 2—60 sec) for 16 broadband seismic
stations positioned across the BC. The resultinyy dhear wave velocity models are better
constrained in the upper crust than those used ¢gsWane et al. (2009) because group
velocities in the period range of 2—-15 sec weraioktd by tomography in this study. The
Rayleigh group velocities in the period range of&D sec were taken from the revised
Pasyanos and Nyblade (2007) model. The 1-D sheae wealocity models obtained in this
study for each of the seismic stations show thevohg:

1. A crust that is ~45 km thick beneath the centrehef BC. The crust in this region
could have thickened by ~5-8 km owing to isostadjustment following the
intrusion of the BC.

2. A substantial portion of the lower crust (belowk30 depth) has shear wave velocities
that are> 4.0 km/s. This is indicative of a highly mafic lemcrust beneath the BC.

3. Shear wave velocities in some upper crustal fayeay 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 regian,(from Moho to 60 km depth) are
in the range of 4.5-4.7 km/s and therefore theofmgical structure of the uppermost
mantle region below the BC does not deviate sigaifily from what is beneath the

rest of the Archaean crust (see Chapter 2).
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These results favour a “continuous-sheet” modetHerBC in which the mafic layers that crop

out in the western and eastern limbs are continabdepth beneath the centre of the complex.

However, detailed modelling of receiver functiortsome station within the centre of the

complex indicates that the mafic layering may beally disrupted due to thermally-driven

diapirism associated with the emplacement of thetB€lf and/or tectonic reactivation due to

the ~2040 Ma intraplate orogeny.

5.2.2 Recommendations for future studies

1.

2.

The 3-D Vs models obtained in this study using Byl wave group velocity
tomography lack resolution. One way of improvingai@tion will be to supplement
the existing surface wave measurements with ambieige measurements in the
period range of 2—15 sec and apply the tomograpkitod as indicated in this study.
Alternatively, the 3-D Vs models can be obtainedjdigtly inverting teleseismic or
regional or local receiver functions (i.e., depagdivhich gives better constraint at
depth for part of the Earth structure that is a@u® or interest to the investigation) and
ambient noise measurements using the joint inverpi@cedure (Julia et al., 2000,
2003). However, this might require that an add#iolemporary seismic network is
deployed across the BC to compensate for the wideisg (~100 km) of the 16
broadband seismic stations used in this study. uReeof receiver functions derived
from local or regional earthquakes has recentlyobera strong possibility and has
already been applied in certain areas (e.g. Catitis., 2006; Barros and Assumpcao,

2011).

163



5.3 Chapter 4 — Shear wave velocity constraints othe source of the Beattie
Magnetic Anomaly, South Africa

5.3.1 Summary

The crustal structure across the Beattie Magnetiondaly (BMA) has been investigated by
jointly inverting high-frequency teleseismic reamivfunctions and Rayleigh wave group
velocity dispersions. Past geophysical studiestcainsthe BMA source to be at depths of ~5—
20 km and exhibit the following characters: a gty of ~2—16 Qm, P-wave velocities of
~6.6-7.0 km/s, and a magnetization of 6 Amihe 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 Bhd0 km depth range at all
backazimuths across all the three stations aloagntirthern branch of the BMA.
However, crustal regions that are within +15 knttef BMA axis suggest the presence
of mineralized Proterozoic high-grade metamorploicks and/or igneous intrusions
whereas regions elsewhere in the NNB suggest tbgepce of mafic rocks that are
compositionally variable from those in the vicinigfthe BMA.

2. Crustal layers with Vs fluctuating between 3.5 dr@i 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 sianifi portion
of the lower crust (below 20-30 km depths) and wstcwith an average thickness
greater than 40 km. It is possible that the thigkist could be isostatically
compensating for the presence of mafic bodiesyding the crustal host of the BMA)
in the upper crustal parts of the NNB. A similaroggnamic scenario has been

deduced for the BC.
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4. The Sn velocities in the uppermost mantle regian,(from Moho to 60 km depth) are
in the range of 4.5-4.7 km/s and therefore theofmgical structure of the uppermost
mantle region below the NNB does not show significdifferences from what is

beneath the rest of the southern African crust Geapter 2).

The findings indicated above are consistent withfthdings made by past geophysical studies
of the BMA. The Vs models for three localities ajaime northern branch of the BMA show a
mafic composition around 10 km depths and thisecoutan that the BMA body (or its crustal
host) occurs around those depths. The fluctuatelgcities (i.e., low-to-high or high-low-
high) below 10 km depth could mean that this déptither the base of the BMA body (or its
crustal host) or marks its compositional changes BMA body (or its crustal host) might

continue in another compositional form below 10 d@pth.

Physical properties (i.e., Vp, Vs, Poisson’s ratiensity and resistivity) of the crustal source
of the BMA favour massive sulphide ore bodies ocangtdite-facies mid-crustal rocks as
models of the BMA source. However, the plausibitifithe massive sulphide model depends
either on the presence of sulphide mineralizatigihiov the ore bodies or the metasomatic
effect on the sulphide ore bodies. A proposed mfrdet this study is that of the BMA source
being a belt of coalesced anorthosites formed dutime Proterozoic by Andean-type
subduction tectonics. Anorthosites are less dehar tnafic rocks and are more likely to
produce a Bouguer gravity response consistent thighone around the BMA. The magnetic
mineralization in the anorthosites and/or granslitould either be in the form of iron
sulphides (pyrite) and/or iron and titanium oxidegh as magnetite, ilmenite, hematite, or

exsolved lamellae of hematite and ilmenite.
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5.3.2 Recommendations for future studies

1.

3.

A detailed analysis of the BMA with high resolutisaismics is still required and for
this, 3-D Vs models of the anomaly can be obtainsthg the same or similar
approaches indicated in 5.2.2.

Alternatively, since the BMA is a magnetic entiypetter constraint on the anomaly
can be obtained by jointly inverting magnetics ajyrdvity (e.g. Zeyen and Pous,
1993). From this joint inversion, the following paneters can be obtained i.e., upper
and lower depth bounds, susceptibility, magnetiratremanent and/or induced) and
density of the subsurface body. However, the masadyantage arising from this
method is that the magnetic and gravimetric anaaadre assumed to originate from
the same rock source. In certain instances, higkdgnetic rock sources might not
give measurable gravimetric responses or the getvienresponses could be due to
other conditions in the host rock. In other caségh-density anomalies might not
have magnetic mineralization and as such give neasurable magnetic responses. In
both situations, standard magnetic or gravity Sefdist a little above zero) will have
to be assumed for the non-measurable parametemaral weight could be given to
the measurable parameter in the joint inversiontlier purposes of stabilizing the
inversion procedure.

A couple of other methods such as the joint inegrsif seismic and gravity data (e.g.

Tiberi et al., 2003) can also be attempted to mtu=BMA.
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5.4 Implications of the research findings with reged to lithospheric

heterogeneity, crustal genesis and evolution of stern Africa

5.4.1 Studies prior to SASE

One of the main objectives of this research wasbtain new insights into the evolution of the
crust and uppermost mantle of southern Africa. @94l paper entitledEvolution of the
Precambrian Lithosphere: seismological and geocliaimionstraints”was published in the
Journal of Geophysical Research (Durrheim and Mgod894). The authors attempted a
global synthesis of seismic investigations of thecBmbrian lithosphere. At that time it was
widely believed that the thickness of the contiaéntust was proportional to its age, with the
exception of young orogens. The worldwide reviewsefsmic structure contradicted this
belief and falsified these models, at least for Mrehaean. Durrheim and Mooney (1994)
found that Proterozoic crust had a thickness of580km and a substantial high P-wave
velocity (>7 km/s) layer at its base, while Archaeaust was only 27—40 km thick (except at

the sites of younger rifts and collisional boundsyiand lacks the high-velocity basal layer.

Durrheim and Mooney (1994) presented a model tdagxghe secular change in crust-
forming processes, which they largely ascribed tieerease in mantle temperature leading to
a change in the chemistry of the magmas produc#tkimantle and the resultant lithospheric
keel (see Figure 5.1). However, the model was bagseglite limited data. For example, only
a handful of refraction seismic profiles had beerveyed in southern Africa. Witwatersrand
mine tremors had been the energy source for sekgralkction surveys that investigated the
KC, while explosions were used for profiles thailpgd 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 drivelfaean and
Proterozoic lithospheric evolution. The pluses catle Archaean crust whereas
the crosses indicate Proterozoic crust. Komatiitiicanism and stiff lithospheric
mantle roots were produced at mantle temperaturaesa double present-day
temperatures during the Archaean. The stiff litthesg mantle roots were
approximately 150 km thick, were devolatized of Fe@d other lithophile
elements. These conditions were favourable to téation of an Archaean crust.
In contrast, the Proterozoic crust lacked the sutdipheric mantle root
architecture similar to that below the Archaearstras a result, Proterozoic crust
developed on a convective mantle that controllegymaic intrusions into the
overlying crust. Magmatic underplating arising frahe intrusions produced a
high-velocity basal layer in the crust and alsekbned the crust. The geothermal
and diamond stability field data indicated in thagdams are from Jones (1998)
and Kennedy and Kennedy (1976). The diagrams vegm®duced from Durrheim
and Mooney (1994).
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The Kaapvaal Seismic Experiment (1997-1999) pravide opportunity to investigate the
southern African lithosphere in far more detail April 1997, the same month as the SASE
deployment, thénternational Symposium of Plumes, Plates and Miligation (PPM’97) was
held at Pretoria University. A workshop entitledht Geophysical Framework of the
Kaapvaal Craton” was held to review geophysical research conduaiethe preceding
decade, to identify key unsolved problems, andotoniilate hypotheses to be tested by the
Kaapvaal Project. Papers addressing the theme pudieshed in a Special Issue of tBeuth
African Geophysical Revie({@urrheim and Webb, 1998). The work carried outthis thesis

has addressed some of these issues.

5.4.2 Studies based on SASE data
The SASE data acquired at more than 80 statioesching from Cape Town to Zimbabwe
were used to image the seismic velocity structdréhe lithosphere using a wide range of
analysis techniques. For instance, Nguuri et @012 computed P-wave receiver functions
and both Nguuri (2004) and Yang et al. (2008) iteesurface waves, while | jointly inverted
the P-wave receiver functions and surface waveagtgne et al., 2009). The work confirmed
the broad features of the Durrheim and Mooney maatela 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 @@l a thick
Proterozoic crustx 39 km) with a high basal velocity (Vs > 4.0 km/slowever, this study
and a number of other studies based on the SASEstatved that the Durrheim and Mooney
model is rather simplistic. Significant new obséioas relevant to models of lithospheric
evolution include:

» The seismic velocity structure of the Archaean tc(kiaapvaal and Zimbabwe cratons

and Limpopo Belts) was found to vary considerablgh some regions having a high
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Vs layer in the lower crust. For example, a rekdfivthick Archean crust (~39 km)
with a high basal velocity (Vs ~ 4.0 km/s) was fduo be present in the eastern part
of the KC. The regions within the KC lacking a high layer generally coincided with
the extent of the Ventersdorp Supergroup, sugggatigenetic link.

In the Proterozoic crust, considerable variatiors f@ind in Vs and the depth of the
Moho.

Little variation was found in Vs in the uppermosamtie (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 seisamisotropy correlated with fossil
tectonic fabrics rather than with present-day ptatgonic motions. Several domains
(coincident with the lower crustal Vs variationsuf in this study) were recognised
within the Archaean cratons.

This study also provided new constraints on thecstire and evolution of two first-
order features of the South African crust, the Beth Complex and the Beattie

Magnetic Anomaly.

5.4.3 Structural evolution of the Archaean cratoniaegions

5.4.3.1 The eastern parts of the KC and zZC

Geochronological studies of the KC (e.g. Poujallet2003) point to the early stages of craton

formation to have occurred in the eastern parthef KC where the oldest rocks (granite-

greenstone sequences) in the Swaziland terraingamaked to form a proto-cratonic block.

The anomalously high temperatures and devolatizatioing the Archaean were favourable

to the creation of stiff and adiabatic subcratamiantle roots (e.g. Pollack, 1986). Probably

towards the inception of the Mesoarchaean perlwleastern cratonic protolith already had a
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lithospheric mantle root with high viscosity andul effectively divert heat from the

surrounding mantle either to its margins or bend¢a¢hjuvenile adjacent cratonic fragments
that were being accreted to its margins. This wanddly that during these early stages of
cratonization, the old eastern cratonic block alyebad a much more developed mantle root

compared to the other adjacent blocks accreting ibnt

Seismological studies show the lithospheric mardt# beneath the KC to be ~150-200 km
thick. The thicknesses of these lithospheric mardtgs were probably attained prior to the
formation of diamonds which have been dated at34£6a (Durrheim and Mooney, 1994
and references therein). However, it is not clednetiver the thickening of these
sublithospheric roots formed synchronously or abymwously beneath the cratonic
subdomains that were being accreted. It is reas®nalmake a deduction that these mantle
roots were acquired asynchronously based on theeprelay geological differences seen
within the cratonic platforms. Each of these cratamits were affected differently throughout
geological time by tectonic events and as suchbéxdifferent geological characters in their
crustal architectures. The exposure of the accratio margins and the accreting cratonic
subdomains to heat derived from events such adenginime activity over a period of million
years during the Archaean would imply that areame€hanical lithospheric weakness either
within the cratonic subdomains or accretionary nmsergpf the cratons were exploited by

magmatic intrusions from the mantle during and sghent to cratonization.

The evolution of early Archaean crust (~3.5 Ga)the eastern part of the KC involved

komatiitic intrusions along the axes of mid-ocewyes, resulting in the formation of oceanic

crust (McCarthy and Rubidge, 2006 and referenceeit). The subduction of oceanic crust
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formed magmas enriched with granodiorites and masHhe extruding magma occurred in an
island arc-type of setting and these island arcddcoot be subducted due to their buoyancy.
Lateral accretion of these island arcs in processeidlar to modern day plate tectonics
resulted in the formation of a felsic upper crusaracterized by the presence of potassium-
rich granites, greenstones and trondhjemite-taaglianodiorite (TTG) gneiss terrains and
also a lower crust that has a primitive mafic cosifian and most probably enriched with
magnesium. These granite and TTG gneiss terrampr@dominantly exposed in the eastern
part of the KC and both the eastern and centrak parthe ZC (see Figure 1.2). The TTG
terrains predominantly form part of the felsic upmeust in the eastern Pilbara Craton
(Western Australia) suggesting similar geochronglagd mechanisms of formation as with

the eastern part of the KC (e.g. Zegers and vareiKeX001).

Figure 5.2 is a model by Silver et al. (2004, 208&83ed on SKS studies of mantle anisotropy,
which provides a detailed summary of a sequent¢beomagmatic events in both the KC and
ZC and the stress interactions that facilitated tpenesis. The high velocities (¥s4.0 km/s)

in the lowermost crust and the fairly thick crus89 km) in the eastern part of the KC (see
Swaziland and Pietersburg terrains in Table 2.ifjoode with an isotropic mantle pattern (see
Figures 1.3 and 5.2), which implies that the easshield of the KC has been stable since 2.9
Ga. This stability is evidenced by the presencegrainite and gneiss terrains which have
remained intact since their formation during Arcmaé@mes. This is in contrast to the western
part of the KC which has been extensively deforrhbgdhe Ventersdorp tectonomagmatic
event (~2.7 Ga) and has a comparatively thinngstgr36—37 km) with a low basal velocity
(Vs < 3.9 km/s) (see Table 2.1 and Figure 2.7 in ChapjeiThe high viscosity of early

Archaean lithosphere in the eastern part of thew&S probably due to the high MgO content

172



than Fe content and therefore was resistant tarmef@on or subduction (e.g., Pollack, 1986;

de Wit et al., 1992 and references therein).

This could imply that late Archaean craton develepm(mainly in the western parts of the
KC and ZC) was characterized by depleted amountdvigD and gradually cooling
temperatures. Due to these changing conditionsAtbkeaean crust, especially in the western
parts of the KC and ZC, was probably more susclepttb magmatic intrusions and
deformation. These variations in both MgO and terrhal regime during the Archaean could
have been partially or entirely responsible fofat#nces in the crustal evolution of the eastern
and western parts of both the KC and ZC. Theserdifices are reflected in the low and high
Vs in the lowermost crust of the western and eagparts of both cratons, respectively (see
Figure 2.7). Furthermore, the eastern part of tReskows a crust that is thicker than that in
the western part of the KC. These variations withim 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 andC

The strong mantle anisotropic pattern (shown irufgg 1.3 and 5.2) in the western part of the
KC (i.e., the Kimberley region) is spatially coident with the low velocity (Vs < 4.0 km/s)
layering in the lowermost crust and a thin Archaeaust seen in that part of the KC (see
Table 2.1 and Figure 2.7 in Chapter 2). These a@mces are replicated in the western part of

the Tokwe terrain in the ZC.
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Kheis Orogen

2.72-2.57 Ga Supergroup 2.05-1.95 Ga 1.9-1.8 Ga

Figure 5.2 Model of crustal evolution spanning a period &f 3.1.8 Ga. The model is
based on anisotropic studies of the mantle in svatAfrica. The arrows show direction of
compressional stress induced either by the orogerllision of continental fragments.
The short lines indicate orientation of the marfidleric which is either being formed (in
yellow) or fossilized (black). The red (blue) bargdicate magmatic activity thais
occurring (has occurred. The yellow (black) ellipses indicate orientatiohthe mantle
fabric thatis being formed(has fossilized. (i). Northeast-southwest trending mantle fabric
in ZC and the isotropic structure in the eastem pathe KC were formed ca. > 2.9 Ga.
(if). Around 2.9 Ga, collisional assembly of terrains woed along the northern and
western rims of the KC and accompanying this, was formation of the northeast-
southwest to east-west trending arc of lithospherantle fabric.(iii). Development of
eastwest to northeast-southwest trending mantlkecfadontinued during and within the 2.7
Ga orogenic event of the Limpopo Belt and its maabizones within the KC and ZC.
Around this time, the Great Dyke in ZC was emplaaed the Ventersdorp Supergroup in
the KC was depositediv). The Bushveld magmatic event was produced through th
collisional rift created by the Magondi Orogen atim Limpopo Belt. The east-west
oriented intrusion of the Bushveld magma was cdietidoy pre-existing mantle fabrifv).
The compression of the Kheis Orogen into the K@atd the collisional Soutpansberg
Rift (SR). This diagram was reproduced from Sileeal. (2004).
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These crustal features in the western part of lmw#tions could be the consequence of
alternating periods of tectonic extension and c@&sgion exploiting a mechanically weak
lithospheric structure within the KC. These tectogiress interactions resulted in a “simple
tectonic style” of deformation in certain situatsoand were responsible for creating conditions
favourable for the generation of a series of Meduagan basins in the central and eastern
parts of the KC i.e., Dominion (~3.1-3.0 Ga), Pdadge-2.9 — 2.7 Ga) and the Witwatersrand
(~3.0-2.8 Ga). A “simple tectonic style” of defortnoa is defined as a stress regime where

neither extensional nor compressional stressesraae{see Clendenin et al., 1988).

The mixed Vs and anisotropic signatures seen irWiktevatersrand terrain (see Figures 1.3
and 2.7) could mean that the simple mechanism ofomé& deformation was more
predominant in the Witwatersrand Basin than the D@n and Pongola basins. The
predominance of this mechanism in the Witwatersf@adin is further corroborated by the
following:
1. Current geochronological data indicate regionaligetke-slip motion (transpression)
during the deposition of the Central Rand Grouppéupayer of the Witwatersrand
Basin) and regionalized transtension during theosigipn of the West Rand Group
(lower layer of the Witwatersrand Basin) (McCartl206 and references therein).
These regional stresses where significant duringveifersrand age (much later than
the Dominion formation period) around the periodewhthe KC and ZC were
converging and finally amalgamating (see McCar#®06 and references therein).
2. Both the Pongola and Witwatersrand basins wereddrduring more or less the same
period. However, the Witwatersrand Basin is spigtiacated more at the centre of the

KC (in the Witwatersrand terrain) than the Pongdésin (located in the Swaziland
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terrain) (see Figures 1.1 and 1.2). As such thedtion of the Wiwatersrand Basin
was more influenced by the regional stresses @elicabove) than the Pongola Basin
and was further influenced by a host of other negialeformational episodes: (i) the
thrusting from the north associated with the emgiaent of the BC, (ii) east-west,
dextral strike slip faulting, and (iii) northwedtedirected thrusting associated with

the formation of the NNB.

Extensional tectonics together with a simple stfléectonic deformation (in certain cases),
was responsible for triggering conditions that kedthe formation of igneous, volcano-
sedimentary and metasedimentary supracrustal basatgered in the western, northern and
central parts of the KC (see Figure 1.2) i.e., ¥esdorp (~2.7 Ga), Transvaal (~2.6-2.2 Ga),
Olifantshoek (~2.0-1.8 Ga), the BC (~2.06 Ga), Wmry (~2.0-1.7 Ga), Soutpansberg
(~2.0-1.7 Ga), Karoo (~280-180 Ma) (e.g. Eglingtord Armstrong, 2004; Johnson et al.,
2006a). The low Vs signatures in the western pathe KC (including a part of the Kheis
Province and the Witwatersrand terrain; see Figui§ are spatially coincident with the
occurrence of the Ventersdorp rocks, of which thdeulying lower crust could have been
delaminated by the Ventersdorp volcanism. The K&asin is perhaps an exception because
it is not geographically confined to the cratondgions. The sedimentary component of the
Karoo Basin evolved out of subglacial and maringodéions in depressions and downwarped
zones (Johnson et al.,, 2006b and references thevdirereas the volcanic component was
primarily due to rifting associated with Gondwamagimentation (e.g. Duncan and Marsh,
2006 and references therein). Similar interpretstioould be made for the ZC where the
western cratonic subdomain of the Tokwe terrain diasupted by rift sequences (3.1-2.95

Ga) and at a later stage, stress interactions pgexisting lithospheric weakness generated a
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north-south lying tectonic structure (i.e., the &rByke) emplaced by a major tectonothermal

event circa 2.58 Ga across the central part oZ@éJelsma and Dirks, 2002).

5.4.3.3 The Limpopo Belt

The crustal features (i.e., crustal thickening igh-velocity basal layer in the crust) (see
Table 2.1, Figures 2.4 and 2.7) of the Limpopo BeR) tend to be quite significant in the
Central Zone and can also be seen in similar pagmerphic sutured terrains in other parts of
the globe e.g. Superior Province (Gibb et al., 1988garn Craton (Drummond, 1988), the
Tanzania Craton (Nyblade and Pollack, 1992). TheevBlved out of a series of orogenic
events that occurred sometime around the NeoarchaeaPalaeoproterozoic period.
Collisional orogenesis in the form of crustal thdokng-related collision (convergence of the
KC and ZC), deformation, folding, high-grade metapinism, magmatism, uplift, and
exhumation was primarily responsible for the forimatof a number of shear zones (e.qg.
Palala Shear Zone, see Figures 1.1 and 1.2), angrdsent-day crustal structure of the LB
(e.g. Kramers et al., 2006 and references ther&img. collisional orogenesis of the LB was

pivotal in the amalgamation of the KC and ZC ci2ca Ga.

The crustal features of the LB are, in some walnsilar to those seen beneath the BC. It
should however be noted that there are differelmek in terms of genesis and structure
between the two tectonic terrains. The BC is mdra tayered igneous intrusion that could
have possibly been initiated by mechanism such astlen plume magmatism (e.g. Hatton,
1995; McCarthy and Rubidge, 2006 and referenceseitijewhereas the LB is more of a

tectonometamorphic structure that evolved from endy processes at several geological
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periods and therefore had a protracted and congttextural 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. Moreotheg crustal thickening effect in the
BC tends to be concentrated around areas where ttewre been significant isostatic
adjustments that resulted in Moho depressions dumaigma intrusion. Station SA47 in
Figure 3.11 is an example of such an area. In asptrcrustal thickening in the LB
(especially in the Central Zone) seems to have bbejuitous (see Table 2.1, Figures 2.4
and 3.11);

(2) the mafic layer (Vs > 4.0 km/s) in the lower crasems to be thicker in the Central Zone
of the LB.

These structural differences between the two tesraiiggest that crustal thickening in the LB

(especially in the Central Zone) was a combinedatfdf thrusting (continental collision) and

magmatic underplating.

5.4.3.4 The Bushveld Complex
The original Archaean crustal structure in the BCthe northern part of the KC) and the
western part of the KC (Kimberley region) was digad by the Bushveld (~2.06 Ga) and the
Ventersdorp (~2.7 Ga) magmatic events, respectivdigrefore, it could be expected that the
crust in both regions will display the same or &mistructural crustal features. However,
structural differences between these two crusgibrs may be attributed to two factors that
could have determined the way in which the Archamast around the BC and in the western
part of the KC was to be modified:

1. Parental magma of the events had different conipaositThe Ventersdorp event was

probably dominated by an intermediate and felspmetpf magma, while Bushveld
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event was more of a mafic type (e.g. van der Wéathuet al., 2006 and the

references therein; Cawthorn et al., 2006 and ¢ferences therein). Hence, the BC
event produced a layered complex of mafic rockhéncrust whereas the Ventersdorp
event produced irregular successions of volcanigfitmand felsic) and sedimentary

formations in the crust.

2. Significant amounts of mantle melts relating to thentersdorp event intruded the
crust all the way to the surface, whilst some efittmgma melts of the Bushveld were
impeded by pre-existing crustal rocks of the Trama$Bupergroup (~2.6-2.2 Ga) (e.g.
Hatton, 1995). In essence, this means magmaticrpladi@g could occur beneath the
BC and could not occur in the western part of ti@. Khe magmatic underplating
beneath the BC produced a high-Vs basal layer énctiust and also thickened the

crust as confirmed by the results in Table 3.1fgdre 3.11 (Chapter 3).

5.4.4 Structural evolution of the Proterozoic and Ranerozoic regions

5.4.4.1 Proterozoic terrains

Overall, Archaean cratonic terrains have been atgegdy a thick and deformation-resistant
lithospheric mantle root (although asynchronousiyrfed as noted in 5.4.3.1). Seismological
studies have noted this thick mantle root to bkitacbeneath Proterozoic terrains (e.g. James
et al., 2001; Fouch et al., 2004). Towards theptioa of the Proterozoic period, the Earth
cooled and mantle temperatures became lower thamgdearly Archaean and this resulted in
the alteration of magma composition from komatiiie@dasalts (e.g. Durrheim and Mooney,
1994 and references therein). More heat was beivertdd to the mantle beneath young

peripheral units accreting onto the cratonic regjion

179



As a result, the mantle beneath Proterozoic tegramas continuously fertilized by partial
melting and triggered magmatism in the overlyingnyg crustal subdomains. Magma intruded
the crust either through rift structures or crustale shear zones created by extensional or
thrust tectonics. The intruding magma eventuallysea large structural deformation in the
overlying crust. Crustal growth in southern Afrigaring the Proterozoic was characterized by
the formation of the NNB (~1.2-1.0 Ga), Kheis Pnoé (~2.0-1.7 Ga), and the LB (~3.5-2.0
Ga) on the southern, western and northern mardinleoKC, respectively (see Figures 1.1
and 1.2). The Okwa-Magondi Belt (~2.0-1.8 Ga) aecdren the western margin of the ZC.
The growth of Proterozoic crust on a fertile man#le suggested by the model of Durrheim
and Mooney (1994), means mantle melts were riclré@® and other volatiles during the
Proterozoic period and therefore magmatic influkee the overlying crust were enriched

with FeO and other iron oxide compounds.

Crustal extension and rifting, repeated magmatisepeated continental-arc collisions,
subduction, intense deformation and high-grade metghism are some of the occurrences
that were fundamental in generating a Proterozeicstcwhich among other things is
characterized by high heat flow>(40 mwi/nf) (e.g. Nyblade and Pollack, 1993a,b; Jones,
1998), a high-velocity (V& 4.0 km/s) basal layer in the crust and crustak#ming. With the
exception of high heat flow, the results for thetBrozoic terrains indicated in Tables 2.1 and
4.2 and further shown in Figures 2.4 and 4.7 acordirmation of the Proterozoic crust-
forming process indicated above. These crustalufeatare typical of other Proterozoic
settings globally. An additional aspect of the a@cimetamorphic evolution was the formation
of crustal remanent magnetic anomalies which eagstmineral assemblages predominantly

within the metamorphic (e.g. granulites) and igre¢eLg. anorthosite) rocks of Proterozoic
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terrains. In situations like this, remanent magadibn is usually dominant and greater than
induced magnetization. These crustal remanent miaggm@omalies, similar to the BMA (see

sections 4.1, 4.2 and 4.5 of Chapter 4), are ldcateupper to mid-crustal depths, and span
tens or hundreds of kilometres across Proteroasiains. The complex generation of these
crustal remanent magnetic anomalies in Proterdeorains is quite a distinctive and a unique

character characterizing Proterozoic crust (e.g=Maoe et al., 2009).

5.4.4.2 Phanerozoic region - the Cape Fold Belt

The Cape Supergroup and other Precambrian-Camimé&s accreted on the southern margin
of the NNB and were later deformed during the Capegeny (~278-230 Ma) by thrust-type
tectonics to form the Phanerozoic Cape Fold BeFBC(e.g. Newton et al., 2006). The
formation of the CFB on the southern margin of ii¢B augmented the size of the southern
African shield. In this study | have imporved thelacity-depth models for the CFB based on
better resolved Rayleigh wave group velocity torapyy (Raveloson et al., 2012). An
example is shown in Figure 5.3. Station SA02 ispating to Figure 2.1, located in the middle
of the CFB. The average crustal thickness estiatiés station (showed by the gray curve on
the far right on row i) is around 37.5 km and imitr to estimates of 36.0 and 38.5 km
obtained by Nguuri et al. (2001) and Nair et aD0@), respectively. The crustal thickness
estimate is further consistent with the global agercrustal thickness of Palaeozoic orogens
(in non-European continents), which, according talfiick and Fountain (1995), is 37.43 +
3.95 km. Figure 5.3 further shows that the CFBddsick (£17 km) mafic layer in the lower

crust.
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Current models on the formation of the CFB suggjestfollowing (Newton et al., 2006 and
references therein):

1. The CFB is a typical basin that has underwent @iger tectonics (i.e. from
subsidence to uplift). However, much is still unkmoabout the deep structure of
the fold belt.

2. In the absence of direct evidence of the proxirafta subduction zone or the lack
of typical features indicative of subduction, thex@ possibility that a pre-existing
crustal shear zone, dipping shallowly to the sofdhmed a major thrust fault
above which an imbricate zone formed. Most prohabiych of thrusting and
folding occurred above this shear zone.

3. North-verging folding and thrusting initiated thékinned deformation (perhaps
together with sporadic thick-skinned deformatianjtie upper crust, including the
cover rocks of the Karoo Basin.

Within the context of current postulates (as intidaabove) it is quite possible that the
presence of a substantial mafic layer in the loerest (as shown in Figure 5.3), originated
from mafic melts that were underplated as a restiltontinental collision. Probably this
collision was northward and involved the sutureth®azoic orogen (initial crustal fragment

of the CFB) thrusting onto the southern marginhef NNB.
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Figure 5.z Joint inversion results for station SA02 in theBCFi). Shear wave velocity profiles obtained
from the joint inversion for each of the receivendtion stacks at backazimuths (a) and (b) indecate top of
the receiver function stacks in (ii). The Vs prefiit (c) on the far right is representative of tieenbined
inversion of the stacks at backazimuths (a) andLl{byver crustal depths with Vs 4.0 km/s are shaded and
reference lines at 4.0 km/s (solid), 4.3 km/s @it and 4.5 km/s (dashed) are shown in each erdfite Vs
profile without shading show two Moho depths andicate two increases above 4.3 km/s on the Vslpsofi
(ii). Observed (black curves) and predicted (ligray curves) high-frequency receiver functions wisherror
bounds shown with gray shading around the obsemegiver functions. The position of the Moho coigian
phase (Ps) is shown. (iii). Observed (black curees) predicted (gray curves) group velocities.
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Appendix A
List of teleseismic events used to compute receiviemctions

Event
number

Event date
(d-m-y)

Origin time
(hr:min:sec.
0)

Latitude
(deg)

Longitude
(deg)

Depth
(km)

Magn
-itude

(Mw)

Station list

14-03-1994

04:30:07.7

-1.40

-24.12

10

Ibtb

09-06-1994

00:33:16.2

-13.84

-67.55

631

Ibtb

30-07-1995

05:11:23.5

-23.36

-70.31

47

Ibtb

18-02-1996

23:49:28.1

-1.27

-14.27

10

Ibtb

02-06-1996

02:52:09.5

10.80

-42.25

10

Ibtb

12-11-1996

16:59:44.0

-14.99

-75.68

33

Ibtb

23-01-1997

02:15:22.9

-22.00

-65.72

27¢

Ibtb

OIN|OO|AWIN|F-

25-04-1997

09:11:34.6

-48.34

-10.04

10

o~~~ jo | o oo
IS REIRIENEE

s8dl6, sal7, sa22,

sa29, sab0, sab9, sa62

sa73, sa74, sa’5, sa76
sa’7, sa79, sa80

10-05-1997

07:57:29.7

33.83

59.81

10

sadl,sal8, sa22,
sa23, sa24, sa25, sa29
sa3l, sa32, sa37, sa38
sa39, sa40, sa4b, sa46
sad7, sab0, sabl, sab2
sabb, sab6, sab7, sab4
sa65b, sab6, sa67, sa68
sa70, sa7l, sa73, sa’4
sa’76, sa77, sa79, sa80

sa81

10

13-05-1997

14:13:45.7

36.41

70.95

196

sall,ssal7, sals8,
sa22, sa23, sa24, sa25
sa29, sa30, sa32, sa37
sa38, sa39, sa40, sa45
sa46, sad7, sab0, sab1
sab2, sab5, sab6, sab7
sab9, sab0, sab2, sab3
sab4, sab5, sa66, sa67
sa68, sa70, sa7l, sa74
sa76, sa77, sa78, sa80

sa81

11

06-07-1997

09:54:00.7

-30.06

-71.87

19

ssfl¥6, sa22, sa2b,
sa3l, sa37, sa39, sa40
sa45, sad7, sab0, sab1
sab5, sab7, sa60, sab2
sab4, sab6, sab7, sab8
sa70, sa7l, sa73, sa77
sa78, sa79, sa80, sa8l

12

09-07-1997

19:24:13.1

10.60

-63.49

19

~
o

sed&?2, sa24

13

13-10-1997

13:39:37.4

36.38

22.07

24

(<))
(¢}

sa?29,ssa37

14

15-10-1997

01:03:33.4

-30.93

-71.22

58

ssfJg, Ibtb, sall,
sal6, sal8, sa22, sa25
sa29, sa30, sa3l, sa32
sa37, sa38, sa39, sa45

sad7, sab5, sab7, sab9
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sa60, sabl, sa62, sa63|
sab4, sab5, sab6, sa67|,
sa68, sa70, sa7l, sa72,
sa73, sa74, sa75, sa76|
sa’7, sa78, sa79, sa80,

sa8l, sur

15

28-10-1997

06:15:17.3

-4.37

-76.68

112

shdlF, sal6, sal8,

sa22, sa23, sa29, sa32,
sa37, sa38, sa39, sa4b|

sab0, sab2, sab5

16

08-11-1997

10:02:52.6

35.07

87.33

33

lAh3ssal6, sal7,

sal8, sa23, sa24, sa25b|
sa29, sa3l, sa32, sa37|,
sa39, sa40, sa4b, sa46|
sad7, sabl, sab5, sa56|
sab7, sab9, sa60, sa6l
sab62, sa63, sabb, sab67|,
sa’3, sa74, sa76, sa’7|

sa78, sa79, sa80, sa8l

17

25-11-1997

12:14:33.6

1.24

122.54

24

sa1R,ssal7, sals,

sa23, sa24, sa25, sa30,
sa3l, sa32, sa38, sa39,
sa40, sa45, sad7, sas50,

sabl, sab5, sa57, sab9

sabl, sab4, sa65, sa68

sa’7l, sa72, sa73, sa’4

sa’75b, sa76, sa’77, sa’8
sa79, sa80

18

28-11-1997

22:53:41.5

-13.74

-68.79

586

(o))
~

sa67

19

27-12-1997

20:11:01.3

-55.78

-4.22

10

2

s8d 63, sa38, sab0,
sabb, sab3

20

12-01-1998

10:14:07.6

-30.99

-71.41

35

6

shdF, sall, sal3,

sal6, sal69, sa23, sa2b

sa29, sa32, sa38, sad7
sabb, sab9, sabl, sa62
sab3, sab4, sab5, sa68
sa70, sa7l, sa72, sa74

sa’76, sa78, sa80

21

30-01-1998

12:16:08.6

-23.91

-70.21

42

1

sk, sall, sale6,

sal69, sal7, sal8, sa25b

sa29, sa32, sa37, sa38
sa40, sa46, sa47, sabl
sabb, sab6, sab9, sa60
sab62, sab4, sab5, sa66
sab7, sa70, sa72, sa75

sa76, sa77, sa78

22

14-03-1998

19:40:27.0

30.15

57.61

6

sa@iF, §a13, salb,
sal69, sal7, sa23, sa24
sa25, sa29, sa3l, sa32
sa37, sa38, sa40, sa45
sad6, sab0, sab5, sa57
sab9, sa60, sabl, sa62
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sa63, sabb, sab6, sab7|

sa68, sa70, sa7l, sa72

sa’74, sa75, sa77, sa79
sa81l, sur

23

25-03-1998

12:17:22.5

-63.61

147.94

10

ssdJ8, sab0, sabb, s

ur

24

25-03-1998

03:12:25.0

-62.88

149.53

10

kdhi 3, sal6, sal69
sal7?,

sa23, sa24, sa2b, sa29
sa3l, sa32, sa37, sa38
sa40, sa45, sab0, sab1
sab5, sab6, sa57, sab9
sa60, sabl, sa62, sa63
sab4, sab5, sa66, sa67
sa68, sa70, sa72, sa74
sa75, sa76, sa77, sa78

sa79, sa81l, sur

25

01-04-1998

22:42:56.9

-40.32

-74.87

shidiF, sal6, sal69,
sa25, sa29, sab0, sa57
sar2, sa74, sa76, sa77

sa’8, sa81l, sur

26

01-04-1998

17:56:23.3

-0.54

99.26

55

sdiiiF, ba23, sa24,
sa25, sa29, sa3l, sa32
sad0, sa45, sa46, sa50
sabl, sab5b, sab6, sa72
sa74, sa75, sa76, sa77
sa78, sa79, sa81, sur

27

25-04-1998

06:07:23.4

-35.27

-17.33

10

safd5, sa09, sal69
sal9, sa34

28

21-05-1998

05:34:25.5

0.21

119.58

33

saB),ssa28, sa34,
sa36, sa48

29

22-05-1998

04:48:50.4

-17.73

-65.43

65

[«
»

Ss853

30

30-05-1998

06:22:28.9

37.11

70.11

33

[«
(6]

sab3,s5a56

31

18-06-1998

04:17:54.9

-11.57

-13.89

10

ssfd9, sal3, salb,

sal9, sa25, sa26, sa28

sa34, sa35, sa36, sa37
sa42, sa48, sab0

32

24-06-1998

10:44:30.8

-37.30

-17.39

10

ssfB/, sa09, sal3,
salb, sa20, sa28, sa3l
sa33, sa34, sa38, sad4
sa48, sab3, sab5h, sa8l

33

27-06-1998

13:55:52.0

36.88

35.31

33

(<))
w

sa40

34

03-09-1998

17:37:58.2

-29.45

-71.72

27

Ibdf)2, sa04, sa05,
sa07, sa09, sal0, sal4
sal9, sa20, sa26, sa27
sa28, sa3l, sa33, sa34
sa36, sad2, sad4, sad7|
sa48, sa49, sab0, sa56

sab7, sa81, sur

35

08-11-1998

07:25:48.5

-9.14

121.42

33

[«

ssd®0), sa35

36

09-11-1998

05:38:44.2

-6.92

128.95

33

ssd D7/, sal8, sal9,
sa24, sa27, sa28, sa30

sa3l, sa33, sa35, sa37
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1

’1

sa40, sa4b, sa46, sa47|
sa48, sab3, sab6
37 29-11-1998 14:10:31.9 -2.07 124.89 33 717 ssfd5, sa07, sa09,
salo, sal3, sal4, sal7|
sa20, sa24, sa26, sa27|
sa30, sa3l, sa33, sa34
sa35, sa36, sa38, sa40
sad3, sad4, sadb, sad7
sa48, sa49, sabl, sab3
sab4, sab6, sab7, sa76
sa78
38 24-01-1999 08:00:08.5 -26.46 74.48 10 6/3 ssfP), sald, salb,
sal69, sa20, sa26, sa34
sa48, sab0, sa53
39 04-03-1999 05:38:26.5 28.34 57.19 33 6/6 bbb84bbb31, sa02,
sa04, sal9, sa32, sa34
40 04-03-1999 08:52:01.9 5.40 121.94 33 7/1 Ibtio2) bb08, bb14,
bb24, bb31, sal0, sal6y
sal8, sal9, sa20, sa26
sa30, sa32, sa33, sa34
sad2, sad3, sad4, sad7
sa48, sad9, sab4, sab6
sab7, sa76, sa78
41 28-03-1999 19:05:11.0 30.51 79.40 15 6/6 bbBA8bbb14, bb24,
sa02, sa04, sa08, sal0
sal4, salb, sal7, sal9
sa20, sa23, sa24, sa25
sa26, sa3l, sa32, sa34
sa36, sad2, sa43, sad4
sa45b, sad6, sa48, sa49,
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 bbb28, bb14, bb24,
bb31, sa04, sal0, sal4
salb, sa20, sa23, sa26
sa3l, sa43, sa49, sur
44 06-05-1999 23:00:53.1] 29.50 51.88 33 6/2 bbb34bbb31
45 17-08-1999 00:01:39.1 40.75 29.86 17| 716 lhib, s
46 18-06-2000 14:44:13.3 -13.80 97.45 10 718 ldip,
47 25-10-2000 09:32:23.9 -6.55 105.63 38 6/8 Ibth
48 26-01-2001 03:16:40.5 23.42 70.23 16 717 lhib, s
49 14-11-2001 09:26:10.0 35.95 90.54 10 718 Ibth
50 12-12-2001 14:02:35.0 -42.81 124.69 10 711 sur
51 03-03-2002 12:08:19.7 36.50 70.48 226 7.4 Katib,
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 10 716 Ibtb
54 23-12-2004 14:59:04.4 -49.31 161.35 10 8|1 Ko,
55 25-07-2004 14:35:18.6 -2.40 104.02 578 7\3 Ibtb
56 23-12-2004 14:59:04.4 -49.31 161.35 10 8|1 Ibtb
57 26-12-2004 00:58:50.7 3.30 95.98 30 9/0 Ibtb, su
58 01-01-2005 06:25:44.8 5.10 92.30 12 6)6 bosh, Hur
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 baiga,
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61 22-02-2005 02:25:22.7 30.74 56.73 14 6]4 bah, sur

62 02-03-2005 10:42:12.2 -6.53 129.93 202 711 bosa

63 28-03-2005 16:09:36.5 2.09 97.11 30 87 sur

64 10-04-2005 10:29:13.4 -1.62 99.56 30 68 bdh, bur

65 19-05-2005 01:54:52.8 1.99 97.04 30 6/9 bosa, su

66 13-06-2005 22:44:33.5 -19.90 -69.13 111 719 bEsa

67 05-07-2005 01:52:04.8 1.90 97.10 30 67 bosa

68 24-07-2005 15:42:06.2 7.92 92.19 10 73 bosa, su

69 26-09-2005 01:55:37.6 -5.68 -76.40 114 715 Ibth

70 02-01-2006 06:10:49.2 -60.93 -21.58 10 714 Ibth

71 27-01-2006 16:58:53.6 -5.47 128.10 341 716 Ibth

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 68 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 dek, s

76 17-07-2006 08:19:25.0 -9.33 107.26 10 717 gek, sir

77 20-08-2006 03:41:47.§ -61.02 -34.37 10 6]9 goga, Sir

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 dmrd, mopa, pka

80 20-02-2007 08:04:27.9 -1.06 127.07 31 6|5 held, s

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 cvha

84 08-08-2007 17:04:57.4 -5.92 107.74 282 714 gz,

85 15-08-2007 23:40:56.8 -13.36 -76.52 30 8]0 cgna, 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 pkaa, cvna, mopa,
grm, upi, sek

88 12-09-2007 23:48:59.8 -2.67 100.80 10 719 pogaa, mopa, grm,
pka, upi, Ibtb

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 psgad, grm

91 24-10-2007 21:02:51.2 -3.91 101.06 30 7|1 mMOopR,swz, grm

92 14-11-2007 15:40:53.0 -22.99 -69.84 60 7|7 pkaa, mopa, upi, sek,

swz

93 15-11-2007 15:06:00.6 -22.88 -70.07 35 6|8 pkaa, 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 35 713 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 33 716 slr
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Appendix B
The Linearized Joint Inversion Scheme by Julia etla (2000, 2003)

The joint inversion scheme developed Julia et 2000, 2003) inverts both surface wave
dispersion observations and body wave receiver tiume beneath the surface of each
recording station assuming consistency and compiang. Consistency is the requirement
by which the surface wave dispersions and recdivections sample the same part of the
Earth structure. Complementarity is the desireccaue for which there is an improved
constraint on the joint inversion results providgdthe resolution abilities of the two data sets
that are jointly inverted. As a product to the joinversion procedure, shear wave velocity
models are obtained.

In this appendix, the joint inversion of P-waveawer functions and Rayleigh wave group
velocity dispersion observations has been descritsedpplied to determine the shear wave
velocity structure of several regions of my reskgrmogram. To develop the scheme of joint
inversion of receiver functions and surface wavesneements, Julia et al. (2000) defined a
joint prediction error or minimization for surfageave dispersion measurements and receiver
functions as follows:

M 2 M 2
e — De. X; re. — D,. x
p Ns 3 jél Sj 1-pNr| jél fij )
ESlI’ = Z + Z (B‘l)
si=1 Is; N j=1 I,

where differences in physical units and numberaifcoints for the two different data sets
has been taken care of by dividing each data $eg tlse humber of data pointsl{andN;)
and standard deviationss(and o;) of surface wave dispersion measurements andvecei
functions, respectively, m is the shear wave véfatiodel with certain number of layers and
fixed thicknessesDs and D, are partial derivative matrices for the surfacevevdispersion
curve and receiver functions with the indigemdicating the ith row and jth column element
of each matrix, andsrand r are the residuals for the surface wave dispersamasreceiver

functions. The influence factqr (with g = 1 —p) controls the relative influence of each data
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set so thap=0 inverts receiver functions alone whjel inverts dispersion measurements

alone. The joint inversion scheme has been implémdensing parameters from the joint

prediction error by the following system of equatdJulia et al., 2003):

£ 2 8JolAf

!

Ol Ol -*EN‘Q (./)EI\)‘-c
=

S o oo

- (B-2)

whererg and r, are vector residuals for surface wave observatmmkreceiver functions,

respectively,w? andw’ are weights that equalize the data sets and aaéned from N‘:JS2

and Nrar2 for surface wave dispersion measurements andvexceinctions, respectively, as

indicated in equation (B-l)fn is a vector of shear wave velocities in fixed-kimess layers

overlying a half-spacen, is the initial guess of the shear wave velocitieis, the smoothnes

parameter controlling the trade-off between dats dind model smoothness, the matkix

constructs a second-order difference model and $res@ut the variations in the resulting Vs

models and the matri¥V represents a set of constraint weights foraheriori shear wave

velocities i.e.,mg -
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Appendix C — Joint inversion results

infl - influence parameter smth - smoothing parameter
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Appendix D
List of mining-related and regional earthquakes use for the measurement of

Rayleigh wave group velocities

Event Event date Origin time Latitude Longitude Depth Magnitude Number of
number (d-m-y) (hh:mm:ss.0) (deg) (deg) (km) (ML) stations per event
for which
measurements
were obtained
1 18-04-1997 13:05:20.3 -25.969( 29.4010 0.1 4.4 2
2 23-04-1997 10:13:39.2 -24.498( 28.2750 0.2 4.4 10
3 23-04-1997 11:23:13.0 -23.930( 24.1920 15 4.8 1
4 05-05-1997 23:58:43.3 -25.330( 28.2430 0.3 3.7 4
5 13-05-1997 01:01:55.9 -26.375(C 27.4900 0.1 3.0 17
6 13-05-1997 01:50:03.6 -25.631( 27.3510 5.6 4.8 1
7 13-05-1997 08:15:25.0 -26.132( 29.6200 0.1 4.6 4
8 13-05-1997 11:37:49.4 -26.096( 29.6170 0.1 4.3 2
9 14-05-1997 06:31:06.9 -23.816( 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 14 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 8 1
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 01
28 22-05-1997 09:12:41.6 -24.0410 31.2510 0.1 4.4 2 1
29 23-05-1997 16:13:52.0 -26.9003 26.7710 2.0 3.6 3 1
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 0 1
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 2 1
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 4 1
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 0 1
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 3 1
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 9 4. 3.0 8

56 11-06-1997 11:39:15.7 -23.7100 27.5210 1 0. 2.8 14
57 11-06-1997 11:51:20.0 -19.5210 30.1030 117 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 0 1
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 4 1
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 5 1
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 2 2
72 07-09-1997 08:45:39.8 -26.4530 27.3464 2.0 3.0 9 1
73 13-09-1997 22:43:36.1 -26.8877 26.7816 2.0 4.0 2 1
74 17-09-1997 01:53:23.0 -26.3408 27.6322 2.0 3.2 5 1
75 17-09-1997 11:58:18.3 -26.4374 27.3873 2.0 3.7 0 2
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 0 2
78 02-11-1997 06:27:09.4 -26.3600 27.5100 2.0 3.4 2 1
79 20-11-1997 00:31:48.4 -26.3500 27.4600 2.0 3.4 4 1
80 17-12-1997 14:30:51.3 -26.4200 27.6030 2.0 3.0 6 1
81 21-12-1997 10:35:55.5 -26.4012 27.4670 2.0 3.4 4 1
82 06-01-1998 21:22:38.8 -26.4610 27.3221 2.0 3.0 2 1
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 3 1
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 0 2
89 17-06-1998 12:50:24.3 -26.3959 27.4880 2.0 2.9 7 1
90 19-06-1998 15:52:07.4 -26.4200 27.4100 2.0 3.3 6 1
91 22-06-1998 14:22:26.7 -26.4368 27.4208 2.0 3.1 5 1
92 22-06-1998 14:47:56.5 -26.3823 27.4830 2.0 3.2 0 2
93 27-06-1998 04:35:56.5 -26.3800 27.4800 2.0 3.1 7 1
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 4 1
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 3 1
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 3.6 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 51 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 0 1
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 27.297Q 0 3.8 4
139 21-10-1998 14:14:03.5 -26.2070 25.0190 23,9 51 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 3.8 4.0 4

143 23-10-1998 11:10:11.7 -24.5340 27.328( 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 54 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 11 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 8 4. 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 27.297Q 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 26.781C 12 9 3 14
179 18-11-1998 13:01:32.2 -23.8460 30.6570 6.6 6 3. 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 14 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 27.493( 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 29.272( 3.3 4.3 2

188 30-111998 09:47:22.96 -26.3520 30.1190 0 3.8 2
189 01-12-1998 09:22:49.3 -26.9200 26.820( 2.0 3.6 13
190 01-12-1998 23:01:47.8 -27.7000 30.160( 5.0 3.5 1

191 01-12-1998 18:12:16.3 -28.0400 26.880C 20 7 3 11
192 05-12-1998 04:52:44.8 -26.3500 20 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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[11 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 ¢. 2.7 Ga.

Citation: Kgaswane, E. M., A. A. Nyblade, J. Julia, P. H. G. M. Dirks, R. J. Durrheim, and M. E. Pasyanos (2009), Shear wave
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
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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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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.

crustal composition indicated by the velocity models, and
examine possible causes for the lower crustal heterogeneity
that we observe vis-a-vis major Precambrian tectonothermal
events that affected the region.

2. Tectonic and Geological Framework of
Southern Africa
2.1. Overview of Precambrian Structure

[s] 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 Archaecan 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 Palacozoic 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
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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.

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

[s] 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
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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
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(~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 t0 6.7 km/s [Durrheim and Green, 1992]. A similar study
by Green 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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Table 1. Summary of Average Vp/Vs Ratios of the Geological Terrains in Southern Africa

Kheis terrain

Vp/Vs
1.74 £ 0.06
1.73 £ 0.01

Limpopo Belt

Vp/Vs
1.84 + 0.06
1.74 + 0.01

Namaqua-Natal Belt

Vp/Vs
1.78 £ 0.05
1.72 £ 0.01

Bushveld Complex

Vp/Vs
1.79 £ 0.06
1.78 + 0.02

Zimbabwe Craton

Vp/Vs

Kaapvaal Craton

Vp/Vs
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Stations®

Stations®

Stations®

Stations”

Stations®

Stations®

12
4

10
5

14
5

35
25

1.72 £ 0.05
1.74 + 0.01

Nguuri [2004]

5

1.73 £ 0.01

Nair et al. [2006]

“Number of stations.

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

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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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.

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 Ekstrom, 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 Ligorria 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; Julia, 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-
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Figure 5. (top) Five different starting models used in the joint inversion algorithm to produce (bottom)

velocity models for station SA40. This illustrates that
model.

velocity profiles for each recording station [Julia 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 [Julia
et al., 2003], the Tanzania Craton [Julia 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

the inversion results are not sensitive to the starting

compared to independent inversions of either data set [Julia
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
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of each data set on the inverted model [Julia 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; Julia 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., Julia 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
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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 Julia 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 SASS5 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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Tokwe and granite greenstone terrains of the Zimbabwe craton
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(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.

[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 SAO1, 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, 1o 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 (hfl,
hf2) and low (If1, 1f2) frequency receiver functions are grouped in different ray parameter bins.
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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, SAT3, 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 (SAOS5,
SA09, SA49, SA81, SUR) lie more than 5 km above
the 1-to-1 correlation line in Figure 9, where our estimates

Limpopo Belt - Southern Marginal Zone

Cape Fold Belt
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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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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.

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] Formostterrains, 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
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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 Preforius 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.

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] and Rudnick and Gao [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
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G
b g terrains, such as basaltic underplating, magmatic intrusion,
_“g £ 2 and tectonomagmatic processes responsible for the forma-
2 E E LT NN cNON Mmowmeo tion of Archaean crust. The mafic layer in the lower crust of
£ e - -t TTT T the BC is likely caused by a combination of magmatic
§“§ Al intrusion and underplating. It has been estimated that the
2 2 total magma volume that has been added to the Bushveld
crust is around 0.6 x 10° km® [Von Gruenewaldt et al.,
. 1985], thickening the crust by ~5-10 km. The large
S E (>10 km) thickness of mafic rock in the lower parts of the
olut crust in the NNB, the CZ of the Limpopo Belt, parts of
>3 2392 2229 I3 the Kheis Province and the CFB can be attributed to suture
%g processes during the formation of these terrains. In Precam-
;E = 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,
z g 1978], the Indian shield [Subrahmanyam, 1978], the Mann
24 shield [Blot et al., 1962; Louis, 1978; Black et al., 1979]),
2 % NSO ®w oo~ SoO—aao 5—10 km of crustal thickening is observed along with the
g TYYC oYY SY¥aas presence of mafic units in a crust commonly affected by
5E granulite facies metamorphism and extraction of a felsic
3 partial melt component. Both the thicker crust and the large
thickness of lower crust with high shear wave velocities
02 found in the NNB, CZ, and Kheis Province is consistent
f3 mmen vome meesso with typical “suture” thickened crust found in other Pre-
zg Toom ooon ooaaan 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]
_ g and Nair et al. [2006] (Table 1). Similarly, the reported Vp/V's
g2 ratios of 1.78 and 1.84 for the NNB and Limpopo Belt,
g% o2 2200 onocan 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
o| % % discussed above, we interpret the lower shear wave veloc-
8l 2% 2aa? wmto —o—w—~— ities (Vs < 3.9 km/s) in the lower parts of the crust in
& §§ several terrains to indicate the presence of predominantly
L; ‘3 intermediate-to-felsic lithologies. The lack of mafic material
= in the lower crust and the mean crustal thickness of 37 km
2l o2 A for the Kimberley terrain are consistent with the findings by
@ § T wenT daqge © = Niu and James [2002]. Our results indicate that the region
2 ) AE O HHHH HHHH 2HZHID of low shear wave velocities in the lower crust extends
£l g g g 2ggd ddds TaraTe across much of the Kimberley terrain and into parts of the
elzgg T foFe D adjacent Kheis Province and Witwatersrand terrain (Figure 10).
s 8 Low shear wave velocities in the lower crust also occur in the
Es " western part of the Tokwe terrain.
S 8 [44] To explain an intermediate-to-felsic composition for
2 E the lower crust in the Kimberley terrain, as well as the flat
° f Moho that Niu and James [2002] observed, James et al.
3 5 [2003] suggested that the crust could have been extensively
3 g melted during the Ventersdorp tectonomagmatic event at
7 £ 3 c. 2.7 Ga. However, it is not clear how melting of the lower
Tg . g g Ig crust during the Ventersdorp event would have resulted in
2 EE ° f © the removal of the lower mafic crust unless accompanied by
b i %_E £ crustal thinning. Figure 11 shows the distribution of the
; £ f E Ventersdorp Supergroup superimposed on the shear wave
g - s s EE Veloc1ty structure of the lower crust. Most of t'he areas
£ £% g2 Seg . g = underlain by intermediate-to-felsic lower crust in South
7 Eie® 56 258 § 2 £.5 A Africa coincide with the region where Ventersdorp rocks
| |3383028835, (£5Z  haebeenpreseved
2 §§ ;); E E _é § E Z g é‘% N E 2g z [45] Using seismic reflection profiles, de Wit and Tinker
s S & 2S5 SES [2004] describe Ventersdorp age half graben systems
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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.

[s0] 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
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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 2-15s 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.
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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 km? 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
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0040-1951/% - see front matter © 2012 Elsevier B.V. All rights reserved.
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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
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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 depressed Moho, 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 from mafic 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)

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.

To measure Rayleigh wave group velocities at each period, a code from
Ammon (2001) was used based on multiple filter 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:

- ]

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 A 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 x 100 km checkers are not as well recovered
at any period compared to the 125 x 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 125x 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 20s.
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

Fig. 1. a. Map of the Bushveld Complex (BC) showing simplified geology and its six limbs (lobes) — the Eastern, Western, Far Western, Southeastern and the two Northern limbs
(map modified from the 1:250 000 geology map of South Africa). Numbers 1, 2, 3,4 and 5 show the position of some of the domes, and numbers 6, 7, 8,9 and 10 show the location of
alkaline intrusions. The locations of the 16 seismic stations for which Vs models are reported are shown with the prefix “SA” followed by the station number. 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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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.

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 Ligorria and Ammon (1999). For each
teleseismic event, receiver functions were computed at a frequency
band of f<1.25Hz (Gaussian bandwidth of 2.5s) 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.

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 (Julia 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 (Julia et al., 2000).
The model vector difference norm helps in stabilizing the inversion
procedure by placing smoothness constraints on the resulting 1-D

Fig. 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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depth-velocity profiles. The model difference norm corresponds to
second order differences between adjacent layers (Ammon et al.,
1990; Julia et al., 2000). The resulting Vs models are, therefore, a bal-
ance between fitting observations, model simplicity and a priori con-
straints (Julia et al., 2005).
Rayleigh wave group velocities obtained in this study from 2 to
15s were combined with group velocities from 20 to 60s 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) waveform misfit 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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Fig. 5 (continued).

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 Julia 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 Julia 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 Julia 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 <4.3 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 and Mooney, 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
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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 (p) relation from Christensen and Stanley
(2003), which was formulated for both crustal and uppermost mantle
lithologies at 200 MPa:
Vs = 0.0014p-0.4019, (2)

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/cm>. 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/cm>. For upper crustal
layers with Vs> 3.6 km/s, we obtain densities>2.9 g/cm?, 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>4.0km/s) in the lowermost part of the crust (>40km), 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 by Webb 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/cm? for each of the upper crust mafic layers is used along with
a density contrast of — 0.3 g/cm? 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/cm? 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/cm> 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/cm? for the uppermost
mantle. For the crustal “root” (>37.5 km depth), a density contrast of
—0.2 g/cm® was used instead of the —0.3 g/cm® 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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Fig. 8. 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 Fig. 10.

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 sislabeled 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 P1 phase does indeed originate 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 diapirism as proposed by Uken and Watkeys (1997)
may not be the only source of structural complexity affecting the BC. Field,
petrographic and “°Ar/*°Ar 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 of Magaliesburg, and the Cra-
dle of Humankind (cf. Andreoli, 1988a, 1988b). Further evidence for this

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, detailed modeling 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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Fig. 10 (continued).

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 Vs (1-5km Vs (6-10km Vs below 30 km  Crustal Thickness of ~ Average Vs Average Vs Average Average
(deg) depth) £Std.  depth)4-Std.  depth 4 Std. thickness  layers with (1-10 km depth)  below 30 km Crustal Thickness of
deviation deviation deviation (km) Vs>4.0 km/s (km/s) 4 Std. depth (km/s)4  thickness layers with
(km/s) (km/s) (km/s) (km) deviation Std. deviation (km) Vs>4.0 km/s
(km/s) (km/s) (km)
LBTB 46.5° 3.5+0.0 35401 4.1+0.0 425 15 35401 41+0.1 425 11
87.4° 35+0.1 35+0.1 41401 425 10
240.2° 3.5+0.1 35+01 40+0.1 40.0 10
257.1° 3.5+0.1 34+0.1 40+0.1 40.0 10
SA39 374° 34+01 35+0.1 40+0.1 40.0 5 35+0.1 40+0.1 40.0 5
SA40 35.0° 3.5+00 3.6+£0.0 40+0.1 45.0 15 3.6+0.1 40+0.2 425 12
95.9° 3.6+0.1 3.6+0.1 40+0.2 425 8
SA42 86.3° 34+00 3.6+0.0 41+0.1 40.0 13 35+0.1 41+0.1 40.0 13
SA43 90.0° 34402 3.4+00 41+0.1 425 10 34401 41+0.1 425 23
SA45 35.7° 34+00 35+0.1 41+0.1 425 13 35401 41+0.0 45.0 15
96.3° 34+00 35+0.1 41+0.1 455 16
SA46 35.0° 33+01 3.6+£0.0 41401 42.5 10 35401 41+0.1 425 10
SA47 32.5° 35402 3.6+0.2 41401 45.0 13 3.6+0.2 41+0.1 45.0 11
95.4° 3.5+0.1 3.6+0.2 - - -
240.0° 35+0.0 3.6+0.1 40+0.2 425 8
SA48 244.6° 35401 33+0.1 42401 45.0 18 34401 42+0.1 45.0 18
SA49 89.1° 33+0.1 35+0.1 41+0.1 375 10 34+0.1 41+0.1 375 10
SA50 31.8° 35+01 3.6+0.1 39402 40.0 5 3.6+0.1 39+01 40.0 4
157.1° 35+01 3.6+0.1 3.8+0.1 375 0
235.9° 34+0.1 3.6+0.1 39+0.1 40.0 3
SA51 36.5° 33401 34+0.1 4.0+0.1 425 8 34401 4.0+0.1 425 8
SA52 31.5° 34+01 3.4+00 4.0+0.2 375 6 34401 40+0.2 375 6
SA53 97.2° 35+0.1 35+03 41+0.1 40.0 10 35401 41+0.1 40.0 10
SA63 33.8° 3.5+0.1 35+0.1 40403 425 10 35+0.1 40+0.2 425 9
241.2° 3.6+0.0 35+0.1 40+0.1 425 8
SLR 81.1° 35402 3.4+02 3.9+0.1 375 3 35402 39+01 35.0 3
265.3° 35+0.2 34+0.1 39+0.1 35.0 3
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Fig. 11. A compilation of shear wave velocity profiles from joint inversion results showing Moho depths and details of the velocity structure in the upper and lower parts of the crust.
The letters on top of each profile correspond to the letters on the receiver function stacks as shown in Fig. 10. The dashed ellipses enclose an area of the upper crust from 0 to 10 km
depth. Crustal thicknesses are indicated with horizontal lines and numbers in km. Lower crustal layers with Vs>4.0 km/s are shaded, and reference lines at 3.5 km/s (gray solid),
4.0 km/s (black solid), 4.3 km/s (dotted) and 4.5 km/s (dashed) are shown on each profile.
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