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Thirty-nine 1D shear wave velocity profiles, obtained by jointly inverting receiver functions and Rayleigh wave
group velocities, are used to investigate the crustal structure of the Bushveld Complex in northern South Africa.
Data from teleseismic earthquakes recorded on broadband seismic stations between 1997 and 1999 and
2015-2020 were used to compute P-wave receiver functions. Rayleigh wave group velocities between 5 and 30 s
period were obtained from an ambient noise tomography and combined with group velocities between 30 and
60 s period from a published continental-scale surface wave tomography model. Moho depths of 45-47.5 km are
found under the center of the complex compared to 40 km thick crust, on average, surrounding the complex,
indicating ~5-7 of crustal thickening. The bottom ~10 km or more of the lower crust across much of the
Bushveld Complex has a Vs > 4.0 km/s, consistent with a mafic composition, whereas in most areas around the
margins of the complex the thickness of the mafic lower crust is much less than 10 km. In the upper crust higher
velocity structure (Vs > 3.6 km/s) above 15 km depth underlain by lower velocity structure is seen in many
locations, suggesting the presence of mafic/ultramafic layering. These results favor the continuous-sheet model
for the structure of the Bushveld Complex because the ensemble of 1D models is characterized by three diag-
nostic features consistent with that model: (1) thicker crust under the center of the complex than away from the
complex; (2) a greater thickness of high-velocity (i.e., mafic) layering in the lower crust under the complex
compared to away from the complex; (3) high-velocity (i.e., mafic/ultramafic) layering in the upper crust
beneath much of the complex. The lack of upper crustal mafic/ultramafic layering beneath some parts of the
complex is consistent with the post-emplacement tectonic and magmatic history of the complex.

1. Introduction and Twist, 1991; Buick et al., 2001; Gerya et al., 2004; Zeh et al., 2015;

Basson, 2019), attempts to unravel its origin have been hindered by

The 2.1 Ga Bushveld Complex is the largest known layered mafic
intrusion on the planet (Eglington and Armstrong, 2004; Johnson et al.,
2006; Webb et al., 2004; Finn et al., 2015) estimated to span ~122,000
km? within the northern section of the Kaapvaal Craton in South Africa
(Cawthorn and Boerst, 2006) (Fig. 1). The complex consists of mafic and
ultramafic lithologies that host the world’s largest platinum group
element reserves.

The geologic uniqueness of the complex has motivated many studies
of its structure, origin and emplacement mechanisms. Although the age
of the Bushveld Complex and surrounding intrusions, as well as the time
interval of emplacement, are well constrained (e.g., SACS, 1980; Cheney

limited knowledge of its subsurface structure. A number of models have
been proposed for how the complex formed, and include intracratonic
rifting (Eriksson et al., 1991; Eriksson and Reczko, 1995; Clarke et al.,
2009; Kruger, 2005), a meteorite impact (Hamilton, 1970; Rhodes and
Bornhorst, 1975; Elston, 1992), magma diapirism associated with a
mantle plume (Sharpe et al., 1980; Walraven, 1988; Schweitzer et al.,
1997; Gibson and Stevens, 1998; Buchanan et al., 2004), and decom-
pression melting in a back-arc setting (Willmore et al., 2002).

This study uses a new broadband seismic dataset to improve our
understanding of the shear wave velocity structure of the complex and
surrounding crust by jointly inverting P-wave receiver functions and
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Rayleigh wave group velocities. The Rayleigh wave group velocities
come from a new ambient noise tomography of the study area as well as
a published surface wave tomography model of southern Africa. Group
velocity dispersion curves are used with high frequency receiver func-
tions to obtain 1D shear velocity models of the upper crust, and with
both low and high frequency receiver functions to model the lower crust
and estimate crustal thickness. The 1D models are combined with
similar 1D models published by Kgaswane et al. (2009) for seismic
stations surrounding the Bushveld Complex to characterize further the
thickness and composition of the crust and evaluate explanations for the
origin of the complex.

2. Tectonic and geologic background

The Bushveld Complex lies within the northern Kaapvaal Craton and
is bounded to the north by the Limpopo Belt and Zimbabwe Craton
(Fig. 1a inset). The Bushveld Complex formed within the Witwatersrand
and Pietersburg subterranes of the Kaapvaal Craton and intruded into
and through the Paleoproterozoic Transvaal Basin (Johnson et al., 2006)
(Fig. la). The Thabazimbi-Murchison Lineament (TML) extends for
~500 km NE - SW (Good and De Wit, 1997) through the Bushveld
Complex, separating the Witwatersrand subterrane from the Pietersburg
subterrane. During the Phanerozoic, much of the region was covered by
Permian-Jurassic Karoo sediments and possibly basalt flows (Smith,
1990) (Fig. la). The Premier and Maarsfontein kimberlites erupted
along the southern and northern margins of the complex, respectively,
and the Palmietgat kimberlite erupted through the center of the complex
(Webb et al., 2011; Zeh et al., 2015) (Fig. 1a).

2.1. Bushveld complex layering

The Bushveld Complex consists of several layers (Fig. 1a); the felsic-
volcanic rocks of the Rooiberg group (~3 km thick), intrusive rocks of
the Rustenberg layered suite (~7 km thick) and granites making up the
Lebowa and Rashoop suites (~2 km thick) (e.g., SACS, 1980: Hatton and
Schweitzer, 1995; Cawthorn and Boerst, 2006; Johnson et al., 2006;
Cawthorn, 2015; Zeh et al., 2015). It has a total vertical thickness of
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about 8 to 12 km (Webb et al., 2004) and is comprised of four lobes:
northern, eastern, western, and southeastern or southern, also known as
the Bethel lobe (Cawthorn and Webb, 2001; Johnson et al., 2006)
(Fig. 1a). While the lobes are predominantly comprised of mafic and
granitic rocks underlain by Transvaal Supergroup sediments, the
northern lobe is also in contact with Archean granite-gneiss basement
(Basson, 2019).

The Rustenburg layered suite (RLS) hosts most of the mineralization
within the complex, has a maximum thickness of 8 km, is comprised of
norites, pyroxenites, anorthosites, harzburgites, dunites, diorites, and
gabbros (Barnes et al., 2010), and is subdivided into five major zones:
Marginal, Lower, Critical, Main, and Upper (Johnson et al., 2006). The
Critical zone includes two layers mined for platinum, the chromitite-rich
UG2 and the pyroxenite-rich Merensky Reef (Barnes et al., 2010). The
RLS intruded the Rashoop Granophyre suite and the Lebowa Granite
suite, which consist of tabular, coarse-grained granite and granophyric
granitoids (SACS, 1980; Johnson et al., 2006). The eruption of the
Rooiberg group, comprised of predominantly siliceous volcanic rocks
interbedded by thin, metasedimentary strata (Eriksson et al., 1994), is
suggested to have taken place prior to the formation of the RLS (Hatton
and Schweitzer, 1995). For this reason, the volcanic units of the Rooi-
berg group are observed in the floor and roof of the intrusion (Cheney
and Twist, 1991; Johnson et al., 2006). The lithology of the complex is
similar within the eastern, western, far western, and northern lobes
(Barnes et al., 2010), as well as the southern lobe (Cawthorn and Webb,
2001; Webb et al., 2004).

2.2. Prior geophysical studies

The crustal structure of the Bushveld Complex has been investigated
by a number of geophysical studies to determine overall geometry, inter-
limb continuity, physical properties and emplacement history (e.g.,
Molengraaff, 1901; Hall, 1932; Cousins, 1959; Walraven, 1988; Meyer
and De Beer, 1987; Nguuri et al., 2001; Webb et al., 2004; Nair et al.,
2006; Kgaswane et al., 2009; Webb et al., 2011; Kgaswane et al., 2012;
Cole et al., 2014; Finn et al., 2015, Shithigona et al., 2018). The Bush-
veld Complex was initially thought to have been a laccolith structure

70
s{ g X a ’
5 50
2 ———— Ovserved gravay
g %0 ——— Calculated grawy
g
g =
e 10
Z o
& = 200 300 e s o0
G 10 west East
20
10
E 15
s
T 2
g 25-
30 density contrast = -0.2 g/cn73
5 et Background Moho
40 (37.6 am)
45
160 260 300 35 500 500
Distance (km)
Younger Alkaline Lebowa Granite, | Transvaal
— sediments - intrusions == Rooberg Group and 5 Sequence (2.72 glom®)
(249 g/em) (2.78 giom3) Rashoop Granophyre (2.64 giem3) (Pretoria Group)
[ Vertersdors [ Lower crustal rocks Rustenburg
Supergroup (32 giemd) Layered Sufte (3.0 glom3)
(2.83 glenmy

Fig. 1. A) Geologic map of the Bushveld Complex showing main lithologies, location of lobes, main faults, and kimberlites. Inset map shows the location within
South Africa, with the black dashed line showing the margins of the Kaapvaal and Zimbabwe cratons. Lithologies and faults are georeferenced from the Council of
Geoscience map which was compiled by M.R. Johnson and L.G. Wolmarans and prepared by C. Thomas (2008). The dashed lines show the Thabazimbi-Murchison
Lineament (TML). The purple stars show locations of kimberlites (Premier, Maarsfontein, Palmietgat). a - a’ show the location of the profile in B. B) West-east cross
section showing Bouguer gravity on top panel and a crustal density model below, (modified from Kgaswane et al., 2012), for the continuous sheet model for the
Bushveld Complex showing mafic/ultramafic layering within the upper crust extending across the complex, as proposed by Webb et al. (2004). The black polygons
show the two limbs of the dipping sheet model proposed by Meyer and De Beer (1987). Thin gray lines show country boundaries. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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that transgressed the Transvaal Basin (Molengraaff, 1901). Hall (1932)
suggested a lopolith structure, and Cousins (1959), based on gravity
data, suggested the complex closely resembled a structure caused by
dike-like bodies, where each lobe was feed by its own magma chamber.
This model was refined into a dipping-sheet model, first proposed
Molyneux and Klinkert (1978) and later supported by Du Plessis and
Kleywegt (1987) and Meyer and De Beer (1987), who constrained their
model using electrical soundings which indicated the presence of a
conductive layer at depth. Meyer and De Beer (1987) also suggested that
the eastern and western lobes extend to depths of ~15 km and not are
connected (Fig. 1b). They also attributed the conductive layer to sedi-
mentary strata of the Transvaal Supergroup found underneath the
outcropping lobes. More recently, a continuous-sheet model was pro-
posed based on the gravity data suggesting that mafic layers continue at
depth beneath the center of the complex connecting both the eastern and
western lobes (e.g., Cawthorn et al., 1998; Cawthorn and Webb, 2001;
Webb et al., 2004) (Fig. 1b). Webb et al. (2004) suggested that the
conductive layer identified by Meyer and De Beer (1987) was indicative
of RLS rocks based on the drilling results of Walraven (1988).

Several seismic studies have reported Moho depths beneath seismic
stations located in the Bushveld Complex using a variety of modeling
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tomography and surface wave tomography (e.g., Nguuri et al., 2001;
Nair et al., 2006; Yang et al., 2008; Kgaswane et al., 2009, 2012; Youssof
et al., 2013). This study builds on the results of Kgaswane et al. (2012),
who used a joint inversion of receiver functions and Rayleigh wave
group velocities, similar to the approach taken in Kgaswane et al.
(2009). Kgaswane et al. (2012) used a total of 16 broadband seismic
stations from the Southern African Seismic Experiment (SASE) network,
14 of which are also used in this study. In addition to P-wave receiver
functions, Kgaswane et al. (2012) used local earthquakes recorded on
the SASE network in a surface wave tomography to obtain Rayleigh
wave group velocity curves for use in the joint inversion. Their results
showed a maximum crustal thickness of ~45 km in the center of the
complex and ~ 37-38 km outside of the complex. In the center of the
complex, some stations showed shear wave velocities as high as 3.7-3.8
km/s in the upper 10 km of the crust, and greater than 5 km of high
velocity (Vs >4.0 km/s) layering in the lower crust, which they argued
supported the continuous-sheet model. The revised continuous-sheet
gravity model from Kgaswane et al. (2012), modified from the Webb
et al. (2004) model and constrained by their joint inversion results,
shows mafic layering that is continuous in the lower and upper crust
across the complex, but with substantial complexity, especially in the

methods, including P-wave receiver functions, ambient noise upper crust (Fig. 1b).
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Fig. 2. Geologic map of the Bushveld Complex showing the 40 broadband seismic stations used in this study. The networks (network codes XA, GT, AF, ZT) to which
the stations belong are designated by red, green, purple, and black inverted triangles. Lithologies and faults are georeferenced from the Council of Geoscience map

which was compiled by M.R. Johnson and L.G. Wolmarans and prepared by C. Thomas (2008). Thin gray lines show country boundaries. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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3. Data and methods
3.1. Data

Teleseismic earthquakes recorded on 39 broadband seismic stations
were used in this study (Fig. 2). The data come from 22 temporary
stations (2015-2020) belonging to the AfricaArray Bushveld network
(https://doi.org/10.7914/SN/ZT _2015), two permanent stations
belonging to the AfricaArray network (https://doi.org/10.7
914/SN/AF), 14 temporary stations (1997-1999) belonging to the
Southern African Seismic Experiment (SASE) network (https://doi.org
/10.7914/SN/XA_1997), and one permanent station belonging to the
Global  Seismographic = Network (GSN) (https://doi.org/10.7
914/SN/GT). Station information is provided in Table S1.

Three thousand five hundred and fifty-five earthquakes recorded
with magnitudes >5.0 and epicentral distances between 30 and 99°
(Fig. S1) were used to compute receiver functions. Data from the SASE
network were obtained between April 1997 and July 1999, and data
from all other networks (ZT, AF, GT) were obtained from January 1st,
2015, to December 31st, 2020. Event information is provided in
Table S2.

3.2. Receiver functions

Receiver functions reveal P-to-S converted energy beneath a seismic
station from a velocity discontinuity (Langston, 1979). To generate
receiver functions, seismograms were first detrended and tapered using
a taper width of 0.02. The detrended and tapered data were then high
pass filtered at 0.05 Hz and low pass filtered at 8 Hz. Next, the wave-
forms were down-sampled to 10 Hz and cut to 10 s before the P-wave
arrival time and 110 s after the P-wave arrival time, and the horizontal
traces were rotated to the great circle path to obtain radial and
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transverse components. Using the iterative, time domain deconvolution
technique (Ligorria and Ammon, 1999), the vertical component was
deconvolved from the radial and tangential components using a
maximum number of 500 iterations to generate the receiver functions.
Receiver functions were calculated for Gaussian width factors (a) of 2.5,
and 1.0, which correspond to frequencies of <1.25 Hz, and < 0.5 Hz,
respectively.

To high grade the receiver functions, a quality control process was
applied where the waveforms were convolved back with the corre-
sponding vertical component (Ligorria and Ammon, 1999), and only
those fitting 80 % or more of the observed power in the original radial
component were selected for further analysis. In addition, manual in-
spection was applied to remove data with large amplitudes on the
transverse receiver functions, unclear arrivals on the radial receiver
functions, and otherwise noisy receiver functions. For stations where
data were limited, specifically those from the XA network, only the
manual inspection process was used. Station WTBG from the ZT network
displayed large amplitudes on all transverse receiver functions and was
therefore not used in this study. Examples of low (Gaussian of 1.0) and
high (Gaussian of 2.5) frequency receiver functions for station NHAM
are shown in Fig. 3, and the receiver functions for all stations can be
found in Fig. S2.

Receiver functions were stacked by ray parameter for use in the joint
inversion with Rayleigh wave group velocities. Ray parameter groups
were selected to account for phase move-out resulting from varying
incidence angles (Cassidy, 1992; Gurrola and Minster, 1998). For each
station, the receiver functions were initially grouped from 0.04 to 0.049
s/km, 0.05 to 0.059 s/km, 0.06 to 0.069 s//km, and 0.07 to 0.079 s/km.
However, the ray parameter groupings were adjusted for each station
depending on the quality and quantity of receiver functions. In prepa-
ration for the joint inversion, the receiver function stacks were
normalized by the area of the averaging function associated with their
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black arrow shows the increase in group velocities at 5 s period indicating higher velocity layers in the upper crust. (Middle) Receiver functions (black lines) stacked
by ray parameter (Rp) and model synthetics (red curves). The bottom three receiver function stacks are high frequency receiver functions, and the top three are low
frequency receiver functions. The dashed line shows the Moho Ps arrival. The small red arrows show the negative arrival 1-2 s after the P-wave indicating a decrease
from higher to lower velocity layers in the upper crust. (Right) Shear wave velocity models. LF/HF = model from inverting low and high frequency receiver functions.
HF = model from inverting high frequency receiver functions only. The vertical dotted line indicates Vs for 3.7 km/s for LF/HF and 3.6 km/s for HF models. The
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specific Gaussian bandwidth parameter. Fig. 3 shows the receiver
function stacks for station NHAM. Low and high frequency receiver
function stacks for all stations can be found in the supplemental material
(Figs. S3, S4).

3.3. Rayleigh wave group velocities

An ambient noise tomography was performed using data from the
AfricaArray Bushveld network (network code ZT) to obtain shorter
period Rayleigh wave group velocities using the processing workflow of
Fadel et al. (2020) based on Poli et al. (2013). The data were pre-
processed by first removing the instrument response, filtered between 1
and 50 s periods, decimated to 0.25 s, and the subjected to spectral
whitening. Following Poli et al. (2013), who illustrated that stacking
over several months can yield representative dispersion curves, inter-
station cross-correlation measurements were carried out using 4-h seg-
ments, excluding segments with a maximum amplitude 10 times higher
than the standard deviation, and then linearly stacked over a 3-month
period. Following that, the automated frequency-time analysis
(AFTAN) was utilized to extract interstation dispersion measurements
from the cross-correlation functions using a signal-to-noise ratio
threshold of 10 and the one wavelength criteria for the maximum period
(Luo et al., 2015) for group velocity between 3 and 35 s (Bensen et al.,
2007).

We inverted all interstation dispersion data for group velocity maps

Tectonophysics 890 (2024) 230496

on 0.25 by 0.25 grids using the technique of Barmin et al. (2001). The
tomographic inversion is governed by a misfit function depending on
data misfit (path density contribution 1), model perturbation from the
background model (norm damping f), and model smoothness (weight
and Gaussian smoothness width ¢). We varied the different parameters
in a systematic way exploring the range of possible values (200-10 for a
& 0, 2.5-0.1 for  and 1-0.01 for 1) until we arrived at results that
balanced the data misfit and the final smoothness. The final parameters
used were @ =50, =1.0,6 =50,and 2 = 0.1. A checkerboard test was
carried out to confirm the 0.25-degree grid cell size provides the opti-
mum spatial resolution (Rawlinson and Sambridge, 2003).

Ray coverage over the Bushveld Complex is shown in Fig. S5, Fig. S6
shows checkerboard resolution tests, and Fig. 4 shows the group velocity
maps for periods of 5, 10, 20, and 30 s. Spatial variability in group ve-
locities at any given period is in the range of ~0.2 km/s for areas where
there is good ray coverage and resolution.

For longer periods (30-60 s), group velocities were taken from the
Raveloson et al. (2015) surface wave tomography model for southern
Africa. For each station, a composite Rayleigh wave group velocity curve
from 5 to 60 s was constructed by combining the shorter periods from
the ambient noise tomography with the longer periods from the Rav-
eloson et al. (2015) model. The data points were smoothed with a 3-
point running average to produce the curve used in the joint inversion
with the receiver functions. For stations MOPA, MPHEP, and CRLN there
was significant mismatch in two curves for the 30-35 s periods, which
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we attribute to the limited resolution of the ambient noise model along
the edge of the study area where these stations are located (Fig. S5). To
obtain smooth, representative dispersion curves for MOPA and MPHEP,
a dispersion curve was generated by averaging of curves for nearby
stations CRAIL, HOED, PUMBA, and TZAN. The dispersion curve from
station SA43 was used for station CRLN.

3.4. Joint inversion

The joint inversion of receiver functions and surface wave dispersion
measurements was preformed using a linearized inversion method to
constrain shear-wave velocity with depth (Julia et al., 2000; Julia et al.,
2003). The model contains 85 layers and extends to a depth of ~600 km.
The model is parametrized with 1-km thick layers to a depth of 10 km,
2.5-km thick layers to a depth of 47.5 km, 5-km thick layers to a depth of
242.5 km, and 17 to 40-km thick layers below 242.5 km depth. The
starting velocity model used in this study is identical to the model used
by Kgaswane et al. (2012) that was constructed using the PREM model
(Dziewonski and Anderson, 1981) modified above 60.5 km depth to
better reflect the average crustal and uppermost mantle structure of the
Kaapvaal Craton (Kgaswane et al., 2009) (Fig. 3). The P-wave velocities
(Vp) were estimated using a Vp/Vs ratio of 1.75 for each layer. Like the
approach of Kgaswane et al. (2009), the density for the starting model
was determined using the empirical Vs —density relation in Brocher
(2005).

An influence factor to 0.5 was used in the inversions to give equal
weight to the receiver function stacks and group velocity measurements.
Smoothness constraints in the inversion regularize the inversion process
(Ammon et al., 1990; Julia et al., 2003). At the start of each inversion,
the smoothing parameter was set to zero, and then, if the resulting model
had geologically unrealistic velocities, for example, mantle-like veloc-
ities of 4.4 km/s or greater in the upper crust, or else the inversion
appeared to be adding large block-by-block changes in the velocity
model to fit lower amplitude higher frequency arrivals in the receiver
function stacks that could be noise, the smoothing parameter was
adjusted. An example of the inversion results for station NHAM using
both high and low frequency receiver functions and also only high fre-
quency receiver functions is shown in Fig. 3.

To estimate the uncertainties of the velocity models, the approach
developed by Julia et al. (2000) was used, which involves repeatedly
performing the inversions using a range of inversion parameters, and
then examining the models to see how much Vs in any layer changes or
by how much the depths of velocity discontinuities change. According to
Julia et al. (2000), by repeatedly performing the inversions with a range
of inversion parameters to estimate uncertainty, the issue of not having a
normally distributed set of observations, which is required by many
methods used to estimate uncertainty, can be circumvented. By
repeatedly performing the inversions using a random selection of
inversion parameters (data weighting and starting model; see Figs. S7,
S8), an uncertainty of approximately 0.1-0.2 km/s for the velocity in
each layer is estimated, which translates into an uncertainty of ~2-3 km
in the depth of the Moho or any other velocity boundary in a model.

3.5. H-k stacking

To provide a consistency check on the joint inversion results, the H-k
stacking method was applied to the receiver functions to obtain esti-
mates of crustal thickness (H) and Vp/Vs (k) (Zhu and Kanamori, 2000).
In this method, the receiver functions are transformed to the H-k
parameter space by an objective function:

N
S(H,k) = > _ wirj(tr) +war;(t2) — war(ts) @
=

where ti are the traveltimes for the three converted phase arrivals, Ps
and PpPs and PsPs + PpSs, respectively, r j, is the jth receiver function
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amplitude, N is the number of receiver functions and w; are weights
assigned to each phase (3> w; = 1). For a simple layer over half space
model, S(H, k) is maximum when H and k obtain optimal values.

To apply the H-k stacking method, weights for the converted phases
and an average crustal Vp must be selected. A Vp of 6.5 km/s was chosen
because it is consistent with average crustal P-wave velocities deter-
mined from previous studies of Precambrian crust in southern Africa
(Tugume et al., 2012; Kachingwe et al., 2015and references therein). For
consistency with Tugume et al. (2012) and Kachingwe et al. (2015),
values of w; = 0.4, wy = 0.3, w3 = 0.3 were employed, which places
close to equal weights on all the phases.

The H-k stacking method was performed using receiver functions
generated with both 1.0 and 2.5 Gaussian filters for every station where
there were a sufficient number of receiver functions to use a boot-
strapping method to obtain formal uncertainty estimates. Results
using receiver functions computed with a Gaussian filter of 1.0 are re-
ported for all but four stations, where a Gaussian filter of 2.5 was used.
For those stations, the Moho converted phases were more clearly seen at
higher frequencies than at lower frequencies.

Formal uncertainties for H and k were obtained using a boot-
strapping method, which involves repeating the stacking procedure
200 times with random, resampled data from the original dataset (Efron
and Tibshirani, 1991). These are minimal uncertainties as additional
uncertainties in H and k arise because of the choice of the average crustal
Vp. Thus, H-k stacks were also computed using a Vp of 6.3 and 6.8 km/s
to estimate the uncertainties that arise from the choice of Vp used for the
stacking. The combination of the uncertainty estimates yields an overall
uncertainty in Moho depth for each station of ~3-4 km. Poisson’s ratio
changes by about 0.01 across the range of Vp used for the stacking (i.e.
6.3-6.8 km/s).

4. Results and discussion

Joint inversion results are illustrated in Figs. 5-7 and results for in-
dividual stations are provided in Figs. S3 and S4. Figures with the results
for the H-k stacking method are shown in Fig. S9, and Table S4 provides
a comparison of results for the two methods. Moho depth uncertainty
estimates for both methods are similar (~2-4 km).

Here we discuss features in the lower and upper crust that can be
used to evaluate the structure of for the Bushveld Complex. Observations
of Moho depths and lower crustal velocities are taken from velocity
models where low frequency and high frequency receiver functions were
jointly inverted together with group velocities. The combination of low
frequency (longer wavelength) and high frequency (shorter wavelength)
receiver functions provides good constraints on the Moho discontinuity
(Owens and Zandt, 1985; Julia, 2007; Kgaswane et al., 2009). Obser-
vations of the upper crust are made using velocity models where only the
high frequency receiver functions were jointly inverted with group ve-
locities because upper crustal structure is not as well constrained by
lower frequency receiver functions.

In the models, the sharpness of the Moho is influenced by the
amplitude of the P-to-S conversion from the velocity discontinuity be-
tween the lower crust and upper mantle, as well as the amplitudes of the
multiples (PpPs and PsPs+PpSs). For stations where the receiver func-
tions have Moho Ps arrivals and multiples with low amplitudes, the
Moho discontinuity in the velocity model is often gradational. The Moho
depth for each station, influenced by the phase arrival times and group
velocities, was determined at the depth where shear wave velocities are
equal to or exceed 4.3 km/s, and where there is a discontinuity in the
velocity structure (Kgaswane et al., 2009, 2012). Mantle lithologies are
associated with shear wave velocities of >4.3 km/s (e.g., Christensen
and Mooney, 1995; Christensen, 1996).

Velocity changes in the lower crust are mainly controlled by group
velocities at periods >15 s together with the amplitude of the Moho Ps
phase and its multiples. High velocities of >4.0 km/s in the lower crust
are associated with mafic lithologies (e.g., Christensen and Mooney,
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Fig. 5. Selected Vs profiles across the study area obtained from the inversion of high and low frequency receiver functions with group velocities. Profile and station
locations are shown in Fig. 2. The vertical dotted line indicates a Vs of 3.7 km/s and the vertical dashed line a velocity of 4.3 km/s. The gray shaded area shows
regions of the lower crust with Vs > 4.0 km/s. Bold horizontal line shows the Moho with depth given in km next to the line. The bold double arrow extends between
the limbs of the Bushveld Complex. A line (dotted) is shown at 40 km depth for reference.

1995; Rudnick et al., 2003), such as amphibolites and mafic granulites.

Velocity changes in the upper crust (<~15 km depth) are primarily
controlled by group velocities between periods of 5-10 s and by Ps ar-
rivals in the first ~1-2 s of the receiver functions following the P-wave
arrival. Forward modeling of the receiver functions for station SA47 by

Kgaswane et al. (2012) clearly illustrated how higher velocity layers in
the upper crust underlain by lower velocity layers give rise to a negative
Ps arrival in the first 1-2 s of the receiver function following the P-wave
arrival. Stations with Vs models showing evidence for high velocity
layering underlain by low velocity in the upper crust also typically have



K. Contreras et al.

<&

Tectonophysics 890 (2024) 230496

>

SSW G saw WALT  NYAT  TSWA SA47 SHUDU SAS1 sas2 MARK  KEir  crai H NNE
10+
20 -
g 30
< | ‘
8 40 - | T L|40. | 40 ]
a ]_E‘ 425 425 425 42.5 42.5 42.5 42.5 ! B la2s | 25
50+ H 1
60 + :
L L HE

3.5 40 45
Vs (km/s)

Fig. 5. (continued).

group velocity curves that show an increase in group velocities from 5
to10 s period along with a negative polarity Ps arrival between 1 and 2 s
in the high frequency receiver functions. Following the review of ve-
locity information on Bushveld lithologies by Kgaswane et al. (2012), a
Vs of >3.6 km/s in the upper crust can be indicative of mafic lithologies
within the complex. And when upper crustal layers with such higher
velocities (i.e., >3.6 km/s) are underlain by lower velocity layers, this
velocity pattern points to the presence of mafic layering (i.e., higher
velocities) in the upper crust underlain by sedimentary or felsic igneous
upper crustal lithologies (i.e., lower velocities).

Results for station NHAM are shown in Fig. 3 to illustrate Vs features
in the upper and lower crust. The group velocity curve shows an
“upswing” at 5 s period to ~3.3-3.4 km/s from ~3.1 km/s at periods of
15-20 s, and the high frequency receiver functions show a negative
polarity arrival at about 1-2 s. The upper crust shows complicated
layering where velocities alternate between >3.7 km/s and < 3.6 km/s
followed by a lower velocity zone with Vs = 3.5 km/s at 9-10 km depth,
which is consistent with the presence of mafic lithologies underlain by
sedimentary and/or felsic igneous lithologies. The velocity model shows
a step increase in velocity (i.e., a discontinuity) at a depth of 42.5 km
where the shear wave velocity exceeds 4.3 km/s, which is interpreted to
be the Moho. The lower crust shows layers about 7.5 km thick imme-
diately above the Moho that have Vs > 4.0 km/s (between depths of 35
km and 42.5 km), which are interpreted as mafic lithologies in the lower
crust.

4.1. Crustal thickness

Fig. 5 shows the ensemble of 1D shear wave velocity generated using
both high and low frequency receiver functions arranged in profiles
crossing the Bushveld Complex. Profile and station locations are shown
in Fig. 2. Three of the profiles have orientations similar to the profiles in
Kgaswane et al. (2012). Beneath most stations, a clear Moho disconti-
nuity is observed, but for a number of stations (SA42, SA47, SA48, SA49,
HOED, MARA, MPHEP, MRCO, NYLS, NYAT, RUST, SCHUN, SHUDU,
VERL, and WALT) a gradational Moho is observed, where a Vs of ~4.2 to
4.3 km/s extends over a depth interval of ~5 km or more before Vs
increases to >4.3 km/s. And for station VOET, the shear wave velocity
changes from >4.3 km/s to <4.3 km/s and then finally >4.3 km/s,
displaying two possible Moho locations 10 km apart.

Fig. 7a shows Moho depths obtained from this study together with
results from Kgaswane et al. (2009) for stations surrounding the Bush-
veld Complex. Within the Bushveld Complex, Moho depths range from
35 to 45 km for all but two stations, NYLS and SCHUN, where the Moho

is at a depth of 47.5 km. A Moho depth at 42.5 km is observed beneath
many stations, and deeper depths (>42.5 km) observed at six stations.
The deepest Moho depths (~45-47.5 km) are in the western lobe and
center of the complex.

To determine the extent of crustal thickening, estimates of Moho
depths from stations around the boundary of the complex are used to
establish an average crustal thickness away from the complex (Fig. 7a).
Stations to the south of the complex (SA31, SA32, SA33, SA34, SA35,
SA36) have an average Moho depth of ~37.8 km, while stations to the
north (SA55, SA56, SA57, SA64, SA65, CRAIL, MPHEP) have an average
Moho depth of 41.8 km. If Moho depths from these stations are com-
bined with those to the east (TZAN, SA54, HOED, MOPA, PUMBA) of
~38.1 km and to the west (SA38, SA39, SA60, SA62, SA63, LBTB) of
40.7 km, then the average Moho depth away from the complex is 39.6
km. This is similar to results from Kgaswane et al. (2012), who reported
an average Moho depth of ~37-38 km outside of the complex, and the
comparison indicates that under parts of the Bushveld Complex the crust
has been thickened by up to ~5-7 km.

The deepest Moho depths reported by several other studies also have
been for the center of the complex (e.g., ~45-50 km by Youssof et al.,
2013; ~44-45 km by Kgaswane et al., 2012; ~47-49 km Nair et al.,
20065 ~50 km Webb et al., 2004). Some of these studies show depths in
the center of the complex similar to Moho depths in the western lobe
(Kgaswane et al., 2012; Nguuri et al., 2001), while others show that
Moho depths in the center of the complex are most similar to those in the
eastern lobe (Youssof et al., 2013; Kgaswane et al., 2009; Nair et al.,
2006). And one study suggests that the Moho depths in the central,
western, and eastern lobes are comparable (Yang et al., 2008). The re-
sults of this study, although overall showing slightly thinner crust with
more spatial variability compared to some of these previous studies, are
consistent with results in the previously published studies cited above
considering uncertainties in the reported Moho depths.

4.2. Lower crustal structure

For all stations used in this study, the lower crust shows at least 2.5
km of layering above the Moho with shear wave velocities >4.0 km/s
(Fig. 5). Fig. 7b shows a map these results combined with those from
Kgaswane et al. (2009). A region with greater amounts of high (>4.0
km/s) Vs layering (~ > 10 km) can be seen in the western lobe and the
center of the complex, consistent with where the thickest crust is found
(Fig. 7a). The average thickness of the high Vs layers in the lower crust
beneath the center of the complex (LESE, NHAM, NYAT, RUST, SA47,
SA48, SCHUN, TSWA, VERL) is 9.5 km, compared to 5.8 km outside the
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Fig. 6. Selected Vs profiles of the upper 25 km of the crust from the inversion of high frequency receiver functions only with group velocities. Profile and station
locations are shown in Fig. 2. The vertical dotted line indicates Vs of 3.6 km/s. Layers with Vs > 3.6 km/s are shaded. Blue ellipses indicate stations with high velocity
upper crust (Vs > 3.6 km/s) underlain by a low velocity zone. Yellow ellipses indicate stations where there possibly is one or more high velocity layers underlain by a
low velocity zone. Blue and yellow colour scheme is the same as in Fig. 7c. Black arrows denote lower velocity layers below higher velocity layers. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

center of complex. Two exceptions are stations MOPA and SA36, both
well away from the Bushveld Complex. The distribution of high Vs layers
in the lower crust is consistent with results from Kgaswane et al. (2012),
who reported that for most stations within the complex there was high
velocity layering in the lower crust exceeding a thickness of 5 km.

4.3. Upper crustal structure

Fig. 6 shows shear wave velocity profiles generated using only the
high frequency receiver functions to better image upper crustal struc-
ture. As reviewed above, and summarized in Table S3, there are two

features in the data that lead to high velocity layering in the models, 1)
an increase in group velocity at ~5 s period to ~3.3-3.4 km/s, and 2) a
negative arrival in the receiver function at 1-2 s after the P-wave arrival.
In Fig. 6, stations with a higher velocity zone (i.e., layers with Vs >3.6
km/s) underlain by a lower velocity zone are indicated by blue ellipses.
Yellow ellipses show stations where higher velocity layers may be pre-
sent, but they are not as prominent as stations with blue ellipses and the
higher velocity layers are not as clearly underlain by a lower velocity
zone. Fig. 7c shows a map of these stations similarly colour coded. The
presence of high velocity upper crustal layering is present at many sta-
tion locations. However, the Vs models for stations VERL, SHUDU, NYLS
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do not show any high velocity layering (Vs > 3.6 km/s is found only at
depths of 13-15 km). High Vs layering in the upper crust is more
widespread across the complex than where deep Moho depths and thick
layering of high Vs in the lower crust are observed. Station SA45, MRCO,
and SCHUN are the only stations that have Moho depths >45 km, high-
velocity lower crustal layers >10 km thick, and the presence of high
velocities in the upper 15 km of the crust. The distribution of high ve-
locities in the upper crust found in this study is consistent with the upper
crustal structure reported by Kgaswane et al. (2012), who used a subset
of the stations used in this study.

10

4.4. Evaluating the dipping and continuous-sheet models for the Bushveld
complex

To evaluate the dipping and continuous-sheet models for the sub-
surface geometry of the Bushveld Complex, three diagnostic features of
the crust can be used: (1) the presence of thicker crust beneath the
complex, (2) high velocity layers in the lower crust indicating the
presence of mafic rock, and (3) higher velocity layers in the upper crust
underlain by a lower velocity region indicating the presence of mafic/
ultramafic rock. The dipping sheet model does not predict thickened
crust with mafic lower crustal lithologies beneath the center of the
complex, whereas the continuous-sheet model does (Fig. 1b). Similarly,
the dipping sheet model does not predict higher velocity layers in the
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upper crust within the center of the complex indicative of mafic/ultra-
mafic lithologies, whereas the continuous-sheet model does. (Fig. 1b).

The results of this study, overall, support the continuous-sheet model
and not the dipping sheet model because there is evidence in the
ensemble of 1D shear velocity models for thickened crust, as well as
mafic lithologies in both the upper and lower crust, across much of the
Bushveld Complex. The crust is ~5-7 km thicker towards the center of
the complex than in nearby areas around the complex. This amount of
crustal thickening is consistent with the crustal density models of Webb
et al. (2004) and Kgaswane et al. (2012) (Fig. 1b). Vs models for stations
in the center of the complex also show thicker high-velocity layering in
the lower crust, again, consistent with the continuous-sheet crustal
density models of Webb et al. (2004) and Kgaswane et al. (2012)
showing high density mafic lower crust under the center of the complex
(Fig. 1b). In addition, high velocity upper crust layering indicating the
presence of mafic lithologies is present throughout much of the complex.

Although the results of this study support the continuous-sheet
model, the Vs models reveal complex upper crustal structure in
several areas, consistent with reports by other studies (Kgaswane et al.,
2009, 2012; Cole et al., 2014). The location of the areas with compli-
cated upper crustal structure (stations SA47, VERL, NYLS, MARA, RUST,
SA48, SA50, SCHUN, NHAM, NYAT, TSWA) are predominately in the
center of the complex near complicated fault and shear zones (Fig. 1a).
The location of alkaline complexes near these stations, as well as the
kimberlites (Fig. 1a), also point to the possible disruption or modifica-
tion of much of the upper crustal structure from post-emplacement
magmatic and tectonic activity (Frick and Walraven, 1985; Webb
et al., 2004). Thus, while the results of this study support the continuous-
sheet model, the upper crustal layering is not uniformly thick, and in
some places, locally, may not be present at all.

Our findings extend significantly beyond the results presented in
Kgaswane et al. (2012). In that paper, 1D Vs models were reported for
only eight stations within the Bushveld Complex, compared to results for
24 stations in this study. In addition, the group velocity model used in
this study derived from ambient noise has superior resolution to the one
used by Kgaswane et al. (2012). In particular, our group velocity model
provides improved constraints on upper crustal velocities. For example,
the group velocity curves used by Kgaswane et al. (2012) do not show
the increase in velocity at ~5 s period to 3.3 to 3.4 km/s that is seen in
many of the dispersion curves from the model used in this study. While
the results presented by Kgaswane et al. (2012) suggested the presence
of thickened crust under the complex and mafic/ultramafic layers within
the upper crust, the sparse number of stations used in that study left
open the question of how continuous those features were across the
entire complex. The results from this study, using many more stations
and an improved group velocity model, shows definitively the conti-
nuity of the thickened lower crust, the thickness of mafic lithologies in
the lower crust, and the extent to which much of the upper curst contains
high velocity layers indicative of mafic/ultramafic layering.

The results of this study also suggest the mafic/ultramafic layering of
the Bushveld Complex could possibly be present in areas immediately
surrounding outcrops of the western and eastern lobes. Stations SA45,
MRCO, SA40, WALT, SA49, DULL, and SA43 show some evidence for
mafic upper crustal layering, and some of these stations also show
thickened crust with 10 or more kms of high-velocity lower crust, which
may reflect sills associated with the complex that extend upwards of 50
km beyond the complex. Consequently, the spatial extent of the com-
plex, as expressed in the structure of the upper and lower crust, may be
larger than indicated by the outcrop pattern.

5. Summary and conclusions

In summary, receiver function stacks and Rayleigh wave group ve-
locities for 39 seismic stations spread across and around the Bushveld
Complex have been jointly inverted to obtain 1D Vs models of the crust.
Moho depths of 45-47.5 km are found beneath several stations in the
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center of the complex compared to ~40 km thick crust, on average,
surrounding the complex, indicating ~5-7 km of crustal thickening. The
1D Vs models also reveal the bottom ~10 km or more of the lower crust
across much of the Bushveld Complex has a mafic composition, indi-
cated by a Vs > 4.0 km/s. In comparison, for most areas around the
margins of the complex the thickness of the mafic lower crust is much
less than 10 km. In addition, the 1D Vs models image an upper crust in
many parts of the complex with higher velocity layers above 15 km
depth underlain by lower velocity layers. The higher velocity upper
crustal layers indicate the presence of mafic/ultramafic layering present
in many areas of the complex, but not everywhere. 1D Vs models for
some stations immediately surrounding the complex also suggest the
presence of mafic/ultramafic layering in the upper crust and mafic
layering in the lower crust, and if confirmed, this finding would indicate
that the complex could have a larger spatial footprint than indicated by
the outcrop pattern.

These findings favor the continuous-sheet model for the structure of
the Bushveld Complex because they include three diagnostic features
that are consistent with the continuous sheet model: (1) thicker crust
under the center of the complex than away from the complex; (2) a
greater thickness of high-velocity (mafic) layering in the lower crust
compared to away from the complex; (3) high-velocity (mafic/ultra-
mafic) layering in the upper crust present beneath most of the complex.
However, the lack of mafic/ultramafic layering beneath some stations
within the complex suggests the complex may have been modified by
post-emplacement tectonic and magmatic activity.

There have been several models proposed for how the Bushveld
Complex formed, including mantle plumes, meteorite impacts, and
rifting. The findings of this study supporting the continuous-sheet model
for the structure of the complex suggests the complex formed from a
single large magmatic system spanning more than 400 km and not by
several smaller magmatic systems. Such a large magmatic system that
could modify both lower and upper crustal structure similarly over such
a large region is difficult to envision in a continental rift setting or to
have formed from a meteorite impact, given our understanding of rifting
processes in East Africa and other regions, and the size of impact craters.
A very large mantle plume or a large subduction zone magma chamber
may therefore be a more likely mechanisms to have formed the Bushveld
Complex.
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