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ABSTRACT
The crustal structure of the Bushveld Complex is investigated by jointly inverting high-frequency teleseismic
receiver functions and 2–60 sec Rayleigh wave group velocities for 16 broadband seismic stations spanning the
Bushveld Complex. Rayleigh wave group velocities for 2–15 sec periods were obtained from a surface wave
tomography using local and regional events, while group velocities for 20–60 sec periods were taken from a
published model. The 1-D Vs models obtained for each station show the presence of a thickened crust in the centre
of the Bushveld Complex, and that Vs4.0 km/s over a significant portion of the lower crust (30 km depth). The
1-D Vs models also reveal that the upper crustal structure (10 km depth) across the Bushveld Complex is
characterized by Vs as high as ~3.7–3.8 km/s, consistent with the presence of mafic lithologies. These results
support a “continuous-sheet” as opposed to a “dipping-sheet” model for the Bushveld Complex. However, detailed
modelling of receiver functions at one station within the centre of the complex suggests that the mafic layering is
inhomogeneous and could have been locally disrupted by diapirism and metamorphism.
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INTRODUCTION
The Bushveld Complex (BC) (Fig. 1, end of paper)
was emplaced at ca. 2.06 Ga in the northern part of the
Kaapvaal Craton, South Africa and is one of the largest
mafic layered igneous intrusions in the world. It covers
an area of ~66,000 km2 within the craton (e.g.,
Walraven, 1997; Eglington and Armstrong, 2004;
Webb et al., 2004). It has an abundance of platiniferous
group metals, as well as large reserves of chromium,
titanium, vanadium, nickel and gold (e.g., Cawthorn et
al., 2006). It intruded into the intracratonic sedimentary
sequences of the Transvaal Supergroup and is
stratigraphically divided into the Rooiberg Group
(RG), the Rashoop Granophyre Suite (RGS), the
Lebowa Granite Suite (LGS) and the Rustenburg
Layered Suite (RLS; e.g., South African Committee for
Stratigraphy, 1980; Hatton and Schweitzer, 1995;
Cawthorn and Webb, 2001; Cawthorn et al., 2006).
The mafic components of the RLS crop out in five
geographically distinct areas: the Eastern Limb, the
Western Limb, the Far Western Limb and the two
Northern limbs (Figure 1a; e.g., Webb et al., 2004). A
sixth limb, the Southeastern or Bethal Limb (Cawthorn
and Webb, 2001), is buried under Karoo sediments.
The BC is disrupted in several places by alkaline
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intrusions (Fig. 1a). Much of the subsurface structure
of the BC above 10 km depth is reasonably well
understood, but the deep structure of the BC and how it
was emplaced remains a subject of ongoing research.
The BC was originally thought to be a laccolith (e.g.,
Mellor, 1906) or lopolith (e.g., Molengraaff, 1902).
However, gravity modeling by Cousins (1959) showed
that the Bouguer gravity low in the geographic centre
of the BC is inconsistent with these models. The
“dipping-sheet” model of Meyer and De Beer (1987)
exhibited detached limbs that extended to 15 km depth,
with no compensation at the Moho (Fig. 2a).
Later geological and geophysical studies (Cawthorn et
al., 1998; Cawthorn and Webb, 2001; Webb et al.,
2004) proposed the existence of continuous mafic
layering at depth across the centre of the BC,
connecting the various limbs (Fig. 2b). In this model,
hereinafter called the “continuous-sheet” model, a
downwarped Moho isostatically compensates for the
continuous mafic layering in the upper crust, consistent
with seismic constraints provided by receiver function
studies (Nguuri et al., 2001; Nair et al., 2006;
Kgaswane et al., 2009). The study by Nguuri et al.
(2001) suggests Vs4.0 km/s within the upper 10 km
of the crust for one location near the centre of the BC.
The recent findings by Webb et al. (2010) of mafic
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xenoliths in the Palmietgat kimberlite pipe (Fig. 1a)
further supports the hypothesis of continuous mafic
layering in the centre of the BC. The purpose of this
study is to use new seismic velocity models of the crust
containing the BC to evaluate the geometric models.

METHODOLOGY
Rayleigh wave group velocity maps in the period of 2–
15 sec (~2–15 km depth) were tomographically derived
by measuring Rayleigh wave group velocities produced
by 197 mining-related and regional seismic events (see
Fig. 1b) recorded by 45 broadband seismic stations.
Mining-related earthquakes account for 81% of the
total number of earthquakes used for the
measurements, the majority originating within the gold
mining districts of the Witwatersrand Basin. The
locations of the 45 broadband seismic stations with
respect to the outcrop pattern of the BC are shown in
Fig. 2c: 43 stations belong to the Southern African
Seismic Experiment (SASE) network (Carlson et al.,
1996), and the remaining stations to the Global Seismic
Network (GSN) and South African National
Seismograph Network (SANSN). The measurement of
the Rayleigh wave group velocities was done using a
multiple filter technique (e.g., Dziewonski et al., 1969;
Keilis-Borok, 1989; Claerbout, 1992; Levshin et al.,
1992) incorporated in a code written by Ammon
(2001). Kgaswane et al. (2012) reviews these methods.
The receiver functions and surface wave dispersion
measurements for each recording station were jointly
inverted to yield 1-D Vs models of the structure
beneath each station. Julià et al. (2000, 2003) reviews
this method. Quality receiver functions were obtained
for 16 stations that fall within the area of best
resolution (Kgaswane et al., 2012). The receiver
functions were processed using a frequency of 1.25 Hz
(Gaussian bandwidth of 2.5 s) and were computed for
each teleseismic event with a maximum number of 200
iterations using the iterative deconvolution code based
on the method by Ligorría and Ammon (1999). These
high-frequency receiver functions were finally stacked
according to backazimuth and ray-parameter. Rayleigh
wave group velocities obtained in the 2-15 sec period
were combined with the group velocities for 20-60 sec
from Pasyanos and Nyblade (2007) to create a
composite dispersion curve for each station. The
composite dispersion curves were smoothed with a 3point running average prior to using them in the joint
inversions with the receiver functions. Kgaswane et al.
(2009, 2012) describe the processing of both datasets
and the application of the joint inversion technique.

RESULTS
The quasi–3D Vs model (from depths of 2–15 km)
computed from Rayleigh wave group velocity
tomography is shown in Fig. 3 (end of paper). Apart
13th SAGA Biennial Conference and Exhibition

Figure 2. Gravity models of (a) Meyer and De Beer
(1987), and (b) Webb et al. (2004), reproduced from
Webb et al. (2004). (c) Locations of the broadband
stations within and surrounding the BC: SASE (solid
circles), GSN (solid square) and SANSN (solid
triangle). The gravity model profile is shown by the
solid line EF. The area marked BS is the Molopo
Farms Complex and represents one of the Bushveld
satellites. The gray-shaded regions show the
Kaapvaal Craton. Terrain and political boundaries are
shown by dashed black and gray lines, respectively.

from an occasional indication of high Vs bodies at 4–
6 km depth associated with the northern limb of the
BC, the model fails to image the mafic limbs (~Vs≥3.7
km/s) at shallow depths as the spatial resolution (125 x
125 km2) is too large.
However, the joint inversion results (see Fig. 4, end of
paper) clearly show the presence of high Vs layers
(≥3.7 km/s) at certain localities across the BC, as well
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as a 45 km deep Moho discontinuity in the centre of
the BC (i.e., around station SA47) (see Fig. 1b). The
joint inversion results were used to derive a density
model using an empirical Vs–density relationship
(Christensen and Stanley, 2003). Minor adjustments of
the thicknesses of the upper crustal layers in the
density model produce a model consistent with the
gravity model by Webb et al. (2004) (see Kgaswane et
al., 2012). Therefore, the seismic results obtained in
this study are broadly consistent with the “continuoussheet” model of Webb et al. (2004). However, a
synthetic experiment on receiver functions for station
SA47 indicated that the composition of the upper
crustal layer in the centre of the BC is quite variable, in
variance with both the Webb et al. (2004) density
model and this study.

CONCLUSIONS
The Vs model derived from Rayleigh wave group
velocity tomography has insufficient resolution to
definitively image the BC. However, the 1-D Vs
models obtained by jointly inverting high-frequency
receiver functions (f≤1.25 Hz) and Rayleigh wave
group velocities (2–60 sec period) for 16 broadband
seismic stations spanning the BC indicate:
1. The crust beneath the centre of the BC is ~45 km
thick, about 5–8 km thicker than the cratonic
regions adjacent to the BC.
2. Vs≥4.0 km/s is found over a substantial portion of
the lower crust (≥30 km depth) beneath the BC,
indicative of a highly mafic lower crust.
3. There could be mafic lithologies in the upper crust
with Vs≥3.7 km/s.
These results support a “continuous-sheet” model for
the BC (e.g., Webb et al., 2004) as opposed to a
“dipping-sheet” model (e.g., Meyer and de Beer,
1987). However, detailed modelling of receiver
functions within the centre of the complex indicates
that the mafic layering maybe locally disrupted by
thermal diapirism triggered by the emplacement of the
BC at ~2060 Ma (Uken and Watkeys, 1997) and/or
metamorphism associated with a ~2040 Ma intraplate
event (e.g., Alexandre et al., 2006, 2007)

ACKNOWLEDGMENTS
We acknowledge financial support from the Council
for Geoscience and the AfricaArray. Kgaswane is
grateful to the staff at the Department of Geosciences
at Penn State University who made his scholarly visits
to the USA pleasant and for having contributed in
various ways in this study. We also thank all those who
assisted with the Southern African Seismic
Experiment. This research has been supported by the
National Science Foundation (grants EAR 0440032
and OISE 0530062), the AfricaArray program and the
South African National Research Foundation.

13th SAGA Biennial Conference and Exhibition

Kgaswane et al

REFERENCES
Alexandre, P., Andreoli, M.A.G., Jamison, A. and Gibson,
R.L., 2006. 40Ar/39Ar age constraints on low-grade
metamorphism and cleavage development in the Transvaal
Supergroup (Central Kaapvaal craton, South Africa):
implications for the tectonic setting of the Bushveld igneous
complex. South African Journal of Geology, 109, 393-410.
Alexandre, P., Andreoli, M.A.G., Jamison, A. and Gibson,
R.L., 2007. Response to the comment by Reimold et al. on
40
Ar/39Ar age constraints on low-grade metamorphism and
cleavage development in the Transvaal Supergroup (central
Kaapvaal Craton, South Africa): implications for the tectonic
setting of the Bushveld Igneous Complex (South African
Journal of Geology, 109, 393-410), by Alexandre et al.
(2006). South African Journal of Geology, 110, 160-162.
Ammon, C.J., 2001. Notes on seismic surface-wave
processing, Part 1, Group velocity estimation. Saint Louis
University, version 3.9.0. http://eqseis.geosc.psu.edu/
~cammon.
Carlson, R.W., Grove, T.L., De Wit, M. J. and Gurney, J.J.,
1996. Program to study crust and mantle of the Archean
Craton in southern Africa. Eos Trans. AGU ,77 (29), 273277. doi:10.1029/96EO00194.
Cawthorn, R.G., Cooper, G.R.J. and Webb, S.J., 1998.
Connectivity between the western and eastern limbs of the
Bushveld Complex. South African Journal of Geology, 101,
291-298.
Cawthorn, R.G. and Webb, S.J., 2001. Connectivity between
the western and eastern limbs of the Bushveld Complex,
Tectonophysics, 300, 195-2009.
Cawthorn, R.G., Eales, H.V., Walraven, F., Uken, R. and
Watkeys, M.K., 2006. The Bushveld Complex, In: Johnson,
M. R., Anhaeusser, C.R., Thomas, R.J., (Eds.) The Geology
of South Africa, Geological Society of South Africa,
Johannesburg/ Council for Geoscience, Pretoria, 261-281.
Christensen, N.I. and Stanley, D., 2003. Seismic velocities
and densities. In: Lee, W.H.K., Kanamori, H., Jennings, P.C.,
Kisslinger, C., (Eds.) International Handbook of Earthquake
and Engineering Seismology, IASPEI, 81B, 1587-1594.
Claerbout, J.F., 1992. Earth Soundings Analysis: Processing
Versus Inversion, Blackwell Scientific Publications, Boston,
MA, 304 pages.
Cousins, C.A., 1959. The structure of the mafic portion of the
Bushveld Igneous Complex, Transactions of the Geological
Society of South Africa, 62, 179-189.
Dziewonski, A., Bloch, S. and Landisman, L., 1969. A
technique for the analysis of transient seismic signals.
Bulletin of the Seismological Society of America, 59, 427444.
Eglington, B.M. and Armstrong, R.A., 2004. The Kaapvaal
Craton and adjacent orogens, southern Africa: a
geochronological database and overview of the geological
development of the Craton. South African Journal of
Geology, 107, 13-32.
Short Paper

Vs structure of the Bushveld Complex

Hatton, C.J. and Schweitzer, J.K., 1995. Evidence for
synchronous extrusive and intrusive Bushveld magmatism.
Journal of African Earth Sciences, 21, 579-594.
Julià, J., Ammon, C.J., Hermann, R.B. and Correig, A.M.,
2000. Joint inversion of receiver functions and surface-wave
dispersion observations. Geophysical Journal International,
143, 99-112.
Julià, J., Ammon, C.J., and Hermann, R.B., 2003.
Lithospheric structure of the Arabian Shield from the joint
inversion of receiver functions and surface-wave group
velocities. Tectonophysics, 371, 1-21.
Keilis-Borok, V. I., 1989. Seismic surface waves in a
laterally inhomogeneous earth, Kluwer Academic Publishers,
Dordrecht.
Kgaswane, E.M., Nyblade, A.A., Julià, J., Dirks, P.H.G.M.,
Durrheim, R.J. and Pasyanos, M.E., 2009. Shear wave
velocity structure of the lower crust in southern Africa:
Evidence for compositional heterogeneity within Archaean
and Proterozoic terrains. Journal of Geophysical Research,
114, B12304. doi:10.1029/2008JB006217.

Kgaswane et al

Molengraaff, G.A.F., 1902. Vice President’s address.
Transvaal Geological Society of South Africa, 5, 69- 75.
Nair, S.K., Gao, S.S., Kelly, H.L., Silver, P.G., 2006.
Southern African crustal evolution and composition:
Constraints from receiver function studies. Journal of
Geophysical Research, 111, B02304.
Nguuri, T.K., Gore, J., James, D.E., Webb, S. J., Wright, C.,
Zengeni, T.G., Gwavava, O., Snoke, J.A. and the Kaapvaal
Seismic Group, 2001. Crustal structure beneath southern
Africa and its implications for the formation and evolution of
the Kaapvaal and Zimbabwe Cratons. Geophysical Research
Letters, 28, 2501- 2504.
Pasyanos, M.E. and Nyblade, A.A., 2007. A top to bottom
lithospheric study of Africa and Arabia. Tectonophysics, 444
(1 – 4), 27- 44.
South African Committee for Stratigraphy, 1980,
Stratigraphy of South Africa. Part 1 (Kent, L.E., Comp.),
Lithostratigraphy of the Republic of South Africa, South
West Africa/Namibia, and the Republics of Bophuthatswana,
Transkei and Venda, Handbook of Geological Survey of
South Africa, 8, 690 pp.

Kgaswane, E.M., Nyblade, A.A., Durrheim, R.J., Julià, J.,
Dirks, P.H.G.M. and Webb, S.J., 2012. Shear wave velocity
structure of the Bushveld Complex, South Africa.
Tectonophysics, 554–557, 83–104.

Uken, R. and Watkeys, M.K., 1997. Diapirism initiated by
the Bushveld Complex, South Africa. Geology, 25, 723-726.

Levshin, A., Ratnikova, L. and Berger, J., 1992. Peculiarities
of surface-wave propagation across central Asia. Bulletin of
the Seismological Society of America, 82, 2464- 2493.

Walraven, F., 1997. Geochronology of the Rooiberg Group,
Transvaal Supergroup, South Africa. Economic Geology
Research Unit, University of the Witwatersrand,
Johannesburg, South Africa, Information Circular, 316,
21pp.

Ligorría, J. P. and Ammon, C.J., 1999. Iterative
deconvolution and receiver function estimation. Bulletin of
the Seismological Society of America, 89, 1359- 1400.
Mellor, E.T., 1906. The geology of the central portion of the
Middelburg district. Annual Report of the Geological Survey
of Transvaal, 55- 71.
Meyer, R., and De Beer, J.H., 1987. Structure of the
Bushveld Complex from resistivity measurements. Nature,
325, 610-612.

13th SAGA Biennial Conference and Exhibition

Webb, S.J., Cawthorn, R.G., Nguuri, T.K. and James, D.E.,
2004. Gravity modelling of Bushveld Complex connectivity
supported by Southern African Seismic Experiment results.
South African Journal of Geology, 107, 207-218.
Webb, S.J., Ashwal, L.D. and Cawthorn, R.G., 2010.
Continuity between eastern and western Bushveld Complex,
South Africa, confirmed by xenoliths from kimberlite.
Contributions to Mineralogy and Petrology, 162, 101-107,
doi:10.1007/s00410-010-0586-z.

Short Paper

Vs structure of the Bushveld Complex

Kgaswane et al

Figure 1
(a). Map of the Bushveld Complex
showing simplified geology and its six limbs – the
Eastern, Western, Far Western, Southeastern and the
two Northern limbs (map modified from the 1:250,000
geology map of South Africa). The numbers 1, 2, 3, 4
and 5 show the position of some of the domes, and the
numbers 6, 7, 8, 9 and 10 show the location of alkaline
intrusions. The location of 16 broadband seismic
stations for which Vs models are reported are shown.
They are the permanent stations, LBTB and SLR and the
temporary stations with prefix “SA”. (b). Map of
southern Africa showing the locations of earthquakes
(open circles) used in this study. The solid black

Figure 3 (a–g). Horizontal slices through the shear
wave velocity model shown for depths of 2, 4, 6, 8, 10,
12 and 15 km. The dashed lines on the maps i.e., A–A’,
B–B’, C–C’ are the selected profiles for the vertical
cross-sections. The vertical cross-sections also do not
reflect a clear correlation of the layering with the surface
mafic exposures.
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Figure 4. Vs 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 backazimuths at which
the receiver functions were stacked (see Kgaswane et al., 2012). 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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