
Tectonophysics 554–557 (2012) 83–104

Contents lists available at SciVerse ScienceDirect

Tectonophysics

j ourna l homepage: www.e lsev ie r .com/ locate / tecto
Shear wave velocity structure of the Bushveld Complex, South Africa

Eldridge M. Kgaswane a,c,⁎, Andrew A. Nyblade b, Raymond J. Durrheim c,e, Jordi Julià f,
Paul H.G.M. Dirks c,d, Susan J. Webb c

a Council for Geoscience, 280 Pretoria Road, Private Bag X112, Pretoria 0001, South Africa
b Department of Geosciences, Pennsylvania State University, University Park, PA, USA
c School of Geosciences, University of the Witwatersrand, Private Bag 3, Johannesburg 2050, South Africa
d School of Earth and Environmental Sciences, James Cook University, Townsville Qld 4811, Australia
e Council for Scientific and Industrial Research, cnr Rustenburg and Carlow Roads, Johannesburg, South Africa
f Departamento de Geofísica & Programa de Pós-Graduação em Geodinâmica e Geofísica, Universidade Federal do Rio Grando do Norte, Natal, Rio Grande do Norte, Brazil
⁎ Corresponding author at: Council for Geoscience, Pr
South Africa. Tel.: +27 12 841 1197; fax: +27 8667884

E-mail address: ekgaswane@geoscience.org.za (E.M.

0040-1951/$ – see front matter © 2012 Elsevier B.V. All
doi:10.1016/j.tecto.2012.06.003
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 27 September 2011
Received in revised form 4 May 2012
Accepted 3 June 2012
Available online 15 June 2012

Keywords:
Bushveld Complex
Continuous-sheet model
Dipping-sheet model
Joint inversion
Receiver functions
Rayleigh wave group velocities
The structure of the crust in the environs of the Bushveld Complex has been investigated by jointly inverting
high-frequency teleseismic receiver functions and 2–60 s period Rayleigh wave group velocities for 16 broad-
band seismic stations located across the Bushveld Complex. Group velocities for 2–15 s periods were
obtained from surface wave tomography using local and regional events, while group velocities for 20–60 s
periods were taken from a published model. 1-D shear wave velocity models obtained for each station
show the presence of thickened crust in the center of the Bushveld Complex and a region at the base of
the crust where shear wave velocities exceed 4.0 km/s. The shear wave velocity models also suggest that ve-
locities in some upper crustal layers may be as high as 3.7–3.8 km/s, consistent with the presence of mafic
lithologies. These results favor a continuous-sheet model for the Bushveld Complex in which the outcropping
mafic layers of the western and eastern limbs are continuous at depth beneath the center of the complex.
However, detailed modeling of receiver functions at one station within the center of the complex indicates
that the mafic layering may be locally disrupted due to thermal diapirism triggered by the emplacement of
the Bushveld Complex or thermal and tectonic reactivation at a later time.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The Bushveld Complex (BC; ~2.06 Ga) is one of the largest layered
mafic igneous intrusions in the world, covering an area of
~66 000 km2 within the northern Kaapvaal Craton, South Africa
(Fig. 1a; e.g., Eglington and Armstrong, 2004; Walraven, 1997;
Webb et al., 2004). It hosts the world's largest deposits of platinum
group metals, as well as large reserves of chromium, titanium, vana-
dium, nickel and gold (e.g., Cawthorn et al., 2006). The BC, which in-
truded into the intracratonic sedimentary sequences of the Transvaal
Supergroup (e.g., Cawthorn and Webb, 2001), can be divided into the
Rooiberg Group (RG), the Rashoop Granophyre Suite (RGS), the
Lebowa Granite Suite (LGS) and the Rustenburg Layered Suite (RLS;
e.g., Cawthorn et al., 2006; Hatton and Schweitzer, 1995; South
African Committee for Stratigraphy, 1980). Fig. 1 shows the distribu-
tion of the different lithologies around the BC. The mafic units of the
RLS crop out in five geographically distinct areas, the Eastern Limb,
the Western Limb, the Far Western Limb and the two Northern
limbs (Fig. 1; e.g., Webb et al., 2004). A sixth limb, the Southeastern
ivate Bag X112, Pretoria 0001,
23.
Kgaswane).
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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 depressedMoho, consistent
with seismic constraints provided by receiver function studies
(Kgaswane et al., 2009; Nair et al., 2006; Nguuri et al., 2001). The seis-
mic velocity model of Nguuri et al. (2001) also shows a high shear
wave velocity layer (Vs~4.0 km/s) within the upper 10 km of the
crust for one location near the center of the BC. Additional evidence
supporting a model with continuous mafic layering under the center
of the BC comes frommafic xenoliths found in the Palmietgat kimber-
lite pipe (Fig. 1; Webb et al., 2010).

The purpose of this paper is to use new seismic velocity models of
the BC crust to evaluate the “dipping-sheet” and “continuous-sheet”
models. The seismic velocity models are obtained by first measuring
short-period Rayleigh wave group velocities using locally and region-
ally recorded seismic events, and then jointly inverting the group ve-
locity measurements with high-frequency receiver functions. This
study differs in two ways from the study by Kgaswane et al. (2009),
which used a similar approach. Firstly, to improve constraints on
the upper crustal velocity structure, we developed group velocity
maps for short-period Rayleigh waves (2–15 s). Secondly, to improve
resolution of fine-scale crustal structure, particularly in the upper
crust, we used high-frequency (f≤1.25 Hz) receiver functions in the
joint inversions with the group velocities. The study by Kgaswane et
al. (2009) investigated the S-wave velocity structure of the crust in
southern Africa by jointly inverting high- and low-frequency receiver
functions with Rayleigh wave group velocity curves in the period
range of 10–175 s. The results of this study provide better resolved
shear wave velocity models for locations across the BC and yield
new insights into the deep structure of the BC.

2. Data and methods

In this section, we first describe our Rayleigh wave tomography
method to obtain group velocity maps for periods between 2 and
15 s. We follow this with a brief description of our methodology for
computing receiver functions, and then explain how the two data
sets have been jointly inverted.

2.1. Group velocity tomography

A total of 197 mining-related and regional tectonic earthquakes
recorded by 45 broadband seismic stations were used for making
Rayleigh wave group velocity measurements. The seismic events
used have local magnitudes (ML) greater than 2.5 (Fig. 1b). An
event list is provided as Supplemental material. Fig. 2c shows the lo-
cation of the broadband seismic stations with respect to the outcrop
pattern of the BC. Forty-three (43) of the stations belong to the South-
ern African Seismic Experiment (SASE) network (Carlson et al., 1996)
and two of the stations belong to the Global Seismic Network (GSN)
Fig. 1. a. Map of the Bushveld Complex (BC) showing simplified geology and its six limbs (
(map modified from the 1:250 000 geology map of South Africa). Numbers 1, 2, 3, 4 and 5 sho
alkaline intrusions. The locations of the 16 seismic stations for which Vs models are reporte
Africa showing the locations of earthquakes (open circles) used in this study. The solid black
outlines of the Kaapvaal Craton, Limpopo Belt and the Zimbabwe Craton are shown in solid
and South African National Seismograph Network (SANSN). Event
catalogs (origin time, hypocenters and local magnitudes) were com-
piled from the earthquake bulletins published by the Council for Geo-
science, by gold mines in the Witwatersrand Basin area and by the
Incorporated Research Institutions for Seismology (IRIS). Mining-
related earthquakes account for 81% of the total number of earth-
quakes used for the measurements, the majority of which originated
within the gold mining districts of the Witwatersrand Basin.

Tomeasure Rayleighwave group velocities at each period, a code from
Ammon (2001)was used based onmultiplefilter analysis (e.g., Claerbout,
1992; Dziewonski et al., 1969; Keilis-Borok, 1989; Levshin et al., 1992).
The ray coverage is shown in Fig. 3, along with the total number of rays
for each period. Ray coverage is greater at shorter periods (2–8 s) com-
pared to longer periods (10–15 s). At each period the ensemble of mea-
surements vary by no more than 0.1–0.2 km/s (see Supplemental
material).

The group velocity measurements were inverted using a conjugate
gradient algorithm (LSQR) based on the method by Paige and
Saunders (1982). The LSQR algorithm solves the following equation:

A
λ

� �
x½ � ¼ b

0

� �
ð1Þ

where A represents a matrix of ray distances in each cell, x is a vector
of group velocity perturbations or slownesses, b is a vector of group
velocity travel-times (distance/group velocity) and λ is a Laplacian
smoothing constraint. The choice of an optimal smoothing parameter
was made by considering the trade-off between model smoothness
and travel-time misfit. Fig. 4 shows the results for 2, 4 and 6 s periods.
Trial-and-error inversions were performed using smoothing parame-
ters in the range of 0–200, revealing that a smoothing parameter of
100 provides a good balance between data misfit and model smooth-
ness at all periods. Therefore, a smoothing parameter of 100 was used
for the group velocity inversions.

We evaluated the resolution of the group velocity tomography
using checkerboard tests with 100 km and 125 km checkers (Fig. 5).
The rectangles shown with dashed lines enclose the region with
best resolution. The 100×100 km checkers are not as well recovered
at any period compared to the 125×125 km checkers, indicating that
velocity variations are not well resolved at scales less than ~125 km.
In addition, at 12 and 15 s period, only velocity variations within
the center of the BC can be resolved for the 125×125 km checkers.

The results of the group velocity tomography are shown in Fig. 6.
Across the areas of the BC where velocity variations are best resolved,
velocities at all periods vary between 2.8 and 3.2 km/s, but do not
show a clear spatial correlation from one period to the next. We
found group velocities at 10 and 15 s periods to be 10–30% greater
than those reported by Pasyanos and Nyblade (2007) and used by
Kgaswane et al. (2009). The ray path coverage reported by Pasyanos
and Nyblade (2007) is limited at periods of 10 and 15 s compared
to periods ≥20 s. Pasyanos and Nyblade (2007) did not report uncer-
tainties at 10 and 15 s and Fig. 4 of Pasyanos and Nyblade (2007)
shows uncertainties of less than 0.1 km/s for a period of 20 s.
Pasyanos and Nyblade (2007) did not report group velocities for pe-
riods less than 10 s.

2.2. Receiver functions

A total of 17 stations, including LBTB and SLR (Fig. 1), fall within
the area enclosed by the rectangles shown in Fig. 5. High quality
lobes) — the Eastern, Western, Far Western, Southeastern and the two Northern limbs
w the position of some of the domes, and numbers 6, 7, 8, 9 and 10 show the location of
d are shown with the prefix “SA” followed by the station number. b. Map of southern
rectangle encloses the study area. Outcrops of the BC are shown as gray polygons. The
black, gray and dotted lines, respectively.
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receiver functions were obtained for 16 of these stations (shown in
Fig. 1). A total of 100 teleseismic earthquakes were used to compute
receiver functions (see Supplemental material), many of them the
same as used by Kgaswane et al. (2009).

Receiver functions were computed using the iterative time-domain
deconvolution method of Ligorría and Ammon (1999). For each
teleseismic event, receiver functions were computed at a frequency
band of f≤1.25 Hz (Gaussian bandwidth of 2.5 s) with a maximum
number of 200 iterations. For each station, the receiver functions were
binned in ray parameter groups from 0.04 to 0.049 s/km, 0.05 to
0.059 s/km, and 0.06 to 0.069 s/km, and also by backazimuth, and
then stacked. The purpose of grouping the receiver functions according
to ray parameter is to account for the phase move-out due to varying
incidence angles (Cassidy, 1992; Gurrola and Minster, 1998). Fig. 7
shows examples of receiver functions for two stations, illustrating
the quality of the data.
Fig. 2. a. Meyer and De Beer (1987) gravity model. b. Webb et al. (2004) gravity model. The
SASE (solid circles), GSN (solid square) and SANSN (solid triangle) broadband stations with
line EF. The area marked BS is the Molopo Farms Complex and represents one of the Bushveld
political boundaries are shown by dashed black and gray lines, respectively.
2.3. Joint inversion

The joint inversion of receiver functions and surface wave disper-
sion measurements yields 1-D Vs models of the structure beneath
each recording station (Julià et al., 2000, 2003). The method used in
this study employs a linearized inversion procedure that minimizes
a weighted combination of the L2 norm of the vector residuals
corresponding to each data set and a model roughness norm
(Ammon et al., 1990). The weighting among the data sets is com-
posed of normalization constants that are helpful in equalizing the
contribution of each data set to the overall misfit of the objective
function. Each data set is normalized by the number of data points,
variances and an influence factor controlling the relative influence
of each data set on the inverted 1-D Vs models (Julià et al., 2000).
The model vector difference norm helps in stabilizing the inversion
procedure by placing smoothness constraints on the resulting 1-D
models in a) and b) have been reproduced from Webb et al. (2004). c. Locations of the
in and surrounding the BC. The profile of the two gravity models is shown by the solid
satellites. The background gray-shaded regions show the Kaapvaal Craton. Terrain and
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depth-velocity profiles. The model difference norm corresponds to
second order differences between adjacent layers (Ammon et al.,
1990; Julià et al., 2000). The resulting Vs models are, therefore, a bal-
ance between fitting observations, model simplicity and a priori con-
straints (Julià et al., 2005).

Rayleigh wave group velocities obtained in this study from 2 to
15 s were combined with group velocities from 20 to 60 s from
Pasyanos and Nyblade (2007) to create a composite dispersion
curve for each station. The dispersion curves were smoothed with a
3-point running average prior to joint inversion with the receiver
functions. For each inversion, the influence factor was set to 0.5 and
no smoothing was applied, except for stations SA42, SA43 and SA53,
for which smoothing parameters slightly greater than or equal to
0.1 were used. An influence factor of 0.5 equalizes the contribution
of the combined misfit from each dataset. Fig. 8 shows trade-off cur-
ves of (i) waveformmisfit versus model roughness and (ii) waveform
misfit versus model smoothness for two stations, illustrating that
using little, if any, smoothing is justified in the inversions.

The starting model used for the inversions is the PREM model
(Dziewonski and Anderson, 1981) modified for continental structure
above 60.5 km depth and further modified for the BC upper crust
above 10 km depth (Figs. 9 and 10). The model parameterization
3.5 3.6 3.7 3.8
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consisted of 1-km thick layers to a depth of 10 km, 2.5-km thick layers
between depths of 10 to 47.5 km, 5-km thick layers between 47.5 and
242.5 km depth, and 17 to 40-km thick layers below 242.5 km depth.
The importance of using 1 km thick layers to parameterize the model
in the upper 10 km of the crust is illustrated in Fig. 9, where the fits to
the data are compared for two models for station SA47, one with 1-
km thick layers and the other with 2 km thick layers. The model
with 1-km thick layers fits the receiver function stack better than
the model with 2 km thick layers.

To estimate the uncertainties in our velocity model, we follow the
approach developed by Julià et al. (2005) for their inversion method,
which involves repeatedly performing the inversions using a range of
inversion parameters. This may be viewed as an overly simplistic ap-
proach, but it is effective in developing a sense of the range of varia-
tion of the inverted parameters given the observations and the a
priori constraints. As explained by Julià et al. (2000), more sophisti-
cated and statistically rigorous approaches generally require that
the observations meet desirable properties, such as being normally
distributed, which in general are not satisfied by the data. By follow-
ing the approach of Julià et al. (2005) of repeatedly performing the in-
versions with a range of inversion parameters, we obtain an
uncertainty of approximately 0.1–0.2 km/s for the velocity in each
layer, which translates into an uncertainty of ~2–3 km in the depth
of any boundary observed in the model, such as the Moho.
2.3.1. Results
Fig. 10 shows the joint inversion results for all 16 stations, and

crustal parameters used in the models are summarized in Table 1
and illustrated in Fig. 11. Many of the stations show a discontinuity
where Vs increases from b4.3 km/s to >4.3 km/s, clearly delineating
the Moho. For some stations, however, a velocity gradient is observed
going from the lower crust into the upper mantle, and for those sta-
tions we have placed the Moho at the depth where Vs exceeds
4.3 km/s because velocities≥4.3 km/s are indicative of mantle lithol-
ogies (Christensen, 1996; Christensen andMooney, 1995). The crustal
thicknesses obtained for all 16 stations are similar (i.e., within ~1–
3 km) to those reported by Kgaswane et al. (2009).

Fig. 12 shows three profiles across the BC illustrating that the
Moho reaches a maximum depth of 45 km in the center of the BC
compared to ~37–38 km outside of the BC. In addition to ~5–8 km
of crustal thickening, most stations within the BC record a high veloc-
ity layer with Vs≥4.0 km/s in the lowermost crust (Table 1). For most
of the stations, the thickness of this layer exceeds 5 km, but for a few
stations (e.g., station SA50), it is less than 5 km thick.

The joint inversion yields an average Vs of 3.4–3.6 km/s for the
crust above 10 km depth for most localities within the BC (Table 1),
which is consistent with the upper crustal velocities reported by
Yang et al. (2008). However, structural complexities affecting the lay-
ering within the upper crust can be inferred for some stations that
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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 (ρ) relation from Christensen and Stanley
(2003), which was formulated for both crustal and uppermost mantle
lithologies at 200 MPa:

Vs ¼ 0:0014ρ–0:4019; ð2Þ

Using this equation, a lower crustal Vs of 4.0–4.3 km/s and an up-
permost mantle Vs of 4.4–4.6 km/s, yields a density contrast for the
crustal “root” of ~−0.2 to −0.3 g/cm3. Using Eq. (2) and an average
Vs of 3.4–3.6 km/s for the top 10 km of the crust, we obtain an aver-
age density for the upper crust of 2.7–2.9 g/cm3. For upper crustal
layers with Vs>3.6 km/s, we obtain densities>2.9 g/cm3, which are
consistent with the presence of mafic lithologies (Christensen and
Stanley, 2003). These findings and density estimates can be used to
evaluate the “dipping-sheet” and “continuous-sheet” models for the
BC.

3.1. “Dipping-sheet” model

As discussed in the Introduction, the “dipping-sheet” model by
Meyer and De Beer (1987) has a gap between the eastern and west-
ern limbs and no compensation at the Moho for the dense upper
crustal layers (Fig. 2a). This model is not consistent with our findings
of crustal thickening in the center of the BC, high Vs layers
(Vs≥4.0 km/s) in the lowermost part of the crust (≥40 km), or
high upper crustal densities beneath the center of the BC. Therefore,
this model is not favored.

3.2. “Continuous-sheet” model

The “continuous-sheet”model byWebb et al. (2004) (Fig. 2b) pro-
poses the presence of continuous mafic layering in the upper crust
across the central region of the BC connecting the eastern and
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western limbs of the BC. The model also includes isostatic compensa-
tion of the mafic layering by a thickened crust in the center of the BC,
extending to a depth of ~50 km. In this model, a density contrast of
0.3 g/cm3 for each of the upper crust mafic layers is used along with
a density contrast of−0.3 g/cm3 for the crustal root (>38 km depth).

Our results show that the crust has a thickness of ~45 km beneath
the center of the BC (Fig. 12), consistent with, but somewhat thinner
than, the lower crustal structure in the Webb et al. (2004) model. The
Webb et al. (2004) model assumes an average density of 2.9 g/cm3 for
the structure above 10 km depth in the center of the BC, which is
equivalent to a Vs of 3.65 km/s using the relation in Eq. (2). The Vs
models (Figs. 10 and 11) for some stations show Vs>3.65 km/s with-
in upper crustal layers, as noted previously, and therefore our results
are broadly consistent with the upper crustal structure in the Webb
et al. (2004) model.
3.3. Refinement of the Webb et al. (2004) density model

Fig. 13 shows a revised density model that includes several adjust-
ments to the Webb et al. (2004) model to make it consistent with our
seismic models. Similar to Webb et al. (2004), a background density
of 2.7 g/cm3 was used for the bulk crust as well as the same density
contrasts for the upper crustal layers (see Fig. 13). Based on the seis-
mic results, we assume a density of 3.3–3.4 g/cm3 for the uppermost
mantle. For the crustal “root” (>37.5 km depth), a density contrast of
−0.2 g/cm3 was used instead of the −0.3 g/cm3 density contrast
used by Webb et al. (2004). After changing the structure and density
of the crustal “root”, we then adjusted the thickness of the upper
crustal layers to obtain a good fit to the gravity data.

In the revised density model (Fig. 13), the mafic layering in the
upper crust remains continuous across the BC with a maximum
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thickness of 4–5 km, similar to Webb et al. (2004). However, the
layers of the Transvaal Sequence and younger sediments in the center
of the BC are somewhat thinner than those reported by Webb et al.
(2004). This illustrates that to accommodate the difference in crustal
thickness between the Webb et al. (2004) model and our seismic re-
sults, only minor adjustments are required to the Webb et al. (2004)
model.

3.4. Structural complexity in the upper crust

Although our results are in general agreement with Webb et al.
(2004) suggesting the presence of mafic lithologies beneath the cen-
ter of the BC, our results also indicate that there is a considerable
structural complexity within the upper crust, much more than is
shown in either the Webb et al. (2004) model or in Fig. 13. We illus-
trate this by carefully examining the receiver functions for station
SA47, which is located near the center of the BC (Fig. 1). The geology
immediately around station SA47 is shown in Fig. 14. Plotted on this
figure are average Ps conversion points at 5 km depth for the three re-
ceiver function stacks for SA47 shown in Fig. 10. The Vs profile for
SA47 at backazimuth (a) in Fig. 11 corresponds to the conversion
point at A in Fig. 14, and similarly the Vs profiles at backazimuths
(b) and (c) correspond to conversion points B and C, respectively.
Fig. 14 shows an overthrust just to the south of station SA47, resulting
in a complicated anticlinal structure with the receiver functions likely
sampling different lithologies (i.e., granites, sandstones, quartzites)
depending on backazimuth and depth.

In Fig. 15, the three receiver function stacks for SA47 are modeled
to ascertain the effect of upper crustal structure on the waveforms.
The synthetic receiver functions in the first column of Fig. 15 were
obtained from the joint inversion, whereas those in the second and
third columns were generated using a code based on a reflection ma-
trix method by Kennett (1983). For reference, the first column of re-
ceiver functions shows the fit between observed and synthetic
receiver functions for the models obtained from the joint inversion.
The first prominent phase after the direct P arrival within the first
2 s is labeled P1, and is the primary arrival resulting from upper crust-
al structure. There is a considerable variability in this phase between
the three receiver function stacks. For stack (a), the phase is charac-
terized by a large down-swing with a peak amplitude at 1.8 s. For
stack (b), the phase is characterized by a large down-swing with a
peak amplitude at 1.0 s. And for stack (c), the phase is characterized
by a small down-swing with a peak amplitude around 1.7 s. The Ps
conversion from the Moho is also labeled on each stack.

In the second column, we show synthetic receiver functions for a
velocity model that contains the velocity layering in the upper
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10 km of the crust from the joint inversion models (shown at far left
in Fig. 15), and a half space beneath it with a velocity of 3.6 km/s. A
comparison between the synthetic and actual receiver functions illus-
trates that the P1phase does indeedoriginate from structure (i.e. thrusted
zone) within the top 10 km of the crust.

To isolate which layers within the top 10 km of the crust influence
the P1 phase the most, in the third column we show two synthetic re-
ceiver functions with altered upper crustal layering (structure below
10 km is the same as in the joint inversion models). In the first one
(dotted line), the low velocity layer in the top 1 km of the model is re-
moved (i.e., the topmost velocity is increased to the velocity in the
layer just below it). A comparison of the receiver function fits shows
that the earlier arriving P1 phase in stack (b) is changed significantly
(effectively removed), but the fits for stacks (a) and (c) are essentially
unchanged, indicating that the later arriving P1 phases in those stacks
might be influenced by deeper structure. In the second case (gray
line), the velocity structure in the top 10 km is set to a uniform
3.4 km/s, thus removing all of the higher velocity layering in the top
10 km of the crust seen in the joint inversion models. Even though
the velocity models (gray lines) in the third column have been set to
a uniform 3.4 km/s in the top 10 km of the crust, the corresponding re-
ceiver functions are different because of influences from structures
below 10 km depth. In this case, the P1 phase in stacks (a) and (c) is
significantly altered, indicating that the higher velocity layering
between 1 and 10 km depth in the joint inversion model is re-
quired to fit the P1 phase.

Our modeling shows that the receiver function stacks from two of
the three backazimuths (stacks a and c) require higher velocity layers
(i.e., Vs of 3.7–3.8 km/s) in the upper crust to obtain a good fit, as
compared to stack (b). These results suggest that the mafic layering
may be better developed to the east and northeast of station SA47
than to the southwest, and hence the upper crustal structure is not
as uniform as illustrated by the gravity models (Fig. 13 and Webb et
al., 2004). The non-uniformity could potentially be a characteristic
of much of the central areas of the BC. The non-uniformity could ei-
ther be entirely or partially associated with the diapirism and
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metamorphism and associated structural complexity triggered by the
emplacement of the BC (Uken and Watkeys, 1997).

Fig. 1 shows the position of some of the domes associated with
diapirism triggered by high thermal gradients at the base of the BC.
According to Uken and Watkeys (1997), the domes were produced
by gravitational loading and heating of the sedimentary rocks of the
Transvaal Supergroup below the floor of the BC. For areas where tem-
peratures were above 550 °C, these floor rocks became unstable and
diapirically rose into the overlying units of the RLS. Although the
domes are best exposed towards the margins of the BC, as shown in
Fig. 1, the diapirism of floor rocks into the overlying RLS could be
widespread across the center of the BC, assuming that diapirism
was generally driven by thermal destabilization of low density rocks
of the Transvaal Sequence (Uken and Watkeys, 1997).

Thermally-driven diapirismas proposedbyUken andWatkeys (1997)
maynot be the only source of structural complexity affecting the BC. Field,
petrographic and 40Ar/39Ar data presented by Alexandre et al. (2006,
2007) for Pretoria Group rocks (west of Pretoria) strongly support a
~2040 Ma episode of intracratonic crustal shortening marked by folding,
thrusting and lower greenschist facies metamorphism best observed in
the broad area between Pretoria, the village ofMagaliesburg, and the Cra-
dle of Humankind (cf. Andreoli, 1988a, 1988b). Further evidence for this
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so-called “Transvaalide” tectonic–metamorphic event, tentatively linked
to coeval reactivation of the Central Zone in the Limpopo Belt, was
also identified in the Malip River–Pilgrim's Rest areas, close to the
NE and E margin of the BC respectively (cf. Alexandre et al., 2006;
Harley and Charlesworth, 1994).

4. Summary

The 1-D shear wave velocity models have been obtained for the BC
crust by jointly inverting high-frequency receiver functions and Ray-
leigh wave group velocities for 16 broadband seismic stations span-
ning the BC. The 1-D shear wave velocity models show that, 1) there
is ~5–8 km crustal thickening beneath the center of the BC, 2) shear
wave velocities reach 4.0 km/s or higher over a significant portion of
the lower crust, and 3) there are upper crustal layers beneath the cen-
ter of the BC with shear wave velocities high enough (Vs>3.65 km/s)
to indicate the presence of mafic lithologies. These findings are consis-
tent with the “continuous-sheet” model (e.g., Webb et al., 2004) for
the BC. However, detailedmodeling of receiver function stacks for sta-
tion SA47 in the center of the BC shows that the upper crustal struc-
ture varies considerably around the station, indicating that the
structure of the BC at depth is locally complicated. This inhomogeneity
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may be the result of thermal diapirism triggered by the emplacement
of the BC at ~2060 Ma, or thermal and tectonic reactivation produced
by a ~2040 Ma intraplate event.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.tecto.2012.06.003.
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Table 1
Summary of crustal parameters.

Station Back-azimuth
(deg)

Vs (1–5 km
depth)±Std.
deviation
(km/s)

Vs (6–10 km
depth)±Std.
deviation
(km/s)

Vs below 30 km
depth±Std.
deviation
(km/s)

Crustal
thickness
(km)

Thickness of
layers with
Vs≥4.0 km/s
(km)

Average Vs
(1–10 km depth)
(km/s)±Std.
deviation
(km/s)

Average Vs
below 30 km
depth (km/s)±
Std. deviation
(km/s)

Average
Crustal
thickness
(km)

Average
Thickness of
layers with
Vs≥4.0 km/s
(km)

LBTB 46.5° 3.5±0.0 3.5±0.1 4.1±0.0 42.5 15 3.5±0.1 4.1±0.1 42.5 11
87.4° 3.5±0.1 3.5±0.1 4.1±0.1 42.5 10

240.2° 3.5±0.1 3.5±0.1 4.0±0.1 40.0 10
257.1° 3.5±0.1 3.4±0.1 4.0±0.1 40.0 10

SA39 37.4° 3.4±0.1 3.5±0.1 4.0±0.1 40.0 5 3.5±0.1 4.0±0.1 40.0 5
SA40 35.0° 3.5±0.0 3.6±0.0 4.0±0.1 45.0 15 3.6±0.1 4.0±0.2 42.5 12

95.9° 3.6±0.1 3.6±0.1 4.0±0.2 42.5 8
SA42 86.3° 3.4±0.0 3.6±0.0 4.1±0.1 40.0 13 3.5±0.1 4.1±0.1 40.0 13
SA43 90.0° 3.4±0.2 3.4±0.0 4.1±0.1 42.5 10 3.4±0.1 4.1±0.1 42.5 23
SA45 35.7° 3.4±0.0 3.5±0.1 4.1±0.1 42.5 13 3.5±0.1 4.1±0.0 45.0 15

96.3° 3.4±0.0 3.5±0.1 4.1±0.1 45.5 16
SA46 35.0° 3.3±0.1 3.6±0.0 4.1±0.1 42.5 10 3.5±0.1 4.1±0.1 42.5 10
SA47 32.5° 3.5±0.2 3.6±0.2 4.1±0.1 45.0 13 3.6±0.2 4.1±0.1 45.0 11

95.4° 3.5±0.1 3.6±0.2 – – –

240.0° 3.5±0.0 3.6±0.1 4.0±0.2 42.5 8
SA48 244.6° 3.5±0.1 3.3±0.1 4.2±0.1 45.0 18 3.4±0.1 4.2±0.1 45.0 18
SA49 89.1° 3.3±0.1 3.5±0.1 4.1±0.1 37.5 10 3.4±0.1 4.1±0.1 37.5 10
SA50 31.8° 3.5±0.1 3.6±0.1 3.9±0.2 40.0 5 3.6±0.1 3.9±0.1 40.0 4

157.1° 3.5±0.1 3.6±0.1 3.8±0.1 37.5 0
235.9° 3.4±0.1 3.6±0.1 3.9±0.1 40.0 3

SA51 36.5° 3.3±0.1 3.4±0.1 4.0±0.1 42.5 8 3.4±0.1 4.0±0.1 42.5 8
SA52 31.5° 3.4±0.1 3.4±0.0 4.0±0.2 37.5 6 3.4±0.1 4.0±0.2 37.5 6
SA53 97.2° 3.5±0.1 3.5±0.3 4.1±0.1 40.0 10 3.5±0.1 4.1±0.1 40.0 10
SA63 33.8° 3.5±0.1 3.5±0.1 4.0±0.3 42.5 10 3.5±0.1 4.0±0.2 42.5 9

241.2° 3.6±0.0 3.5±0.1 4.0±0.1 42.5 8
SLR 81.1° 3.5±0.2 3.4±0.2 3.9±0.1 37.5 3 3.5±0.2 3.9±0.1 35.0 3

265.3° 3.5±0.2 3.4±0.1 3.9±0.1 35.0 3
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Fig. 13. RevisedWebb et al. (2004) density model based on the Vs models for the five seismic stations indicated. The densities (inside brackets in the legend) for the different crustal
layers are taken from Webb et al., 2004.
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Fig. 15. Modeling results of the three receiver function stacks for station SA47 (a, b, and c). See text for an explanation of each panel.
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