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Abstract

We reprocessed a 50-km long legacy 2D reflection seismic profile acquired in 1986,
under a project funded by the National Geophysics Program to improve the delineation
of complex geological structures that host the platinum-bearing horizons (known as the
UG?2 reef; a chromitite horizon) on the south-eastern edge of the Western limb of the
Bushveld Complex and to investigate the continuity of the reef below the thick cover.
The pre-stack seismic data quality was improved through conventional processing steps.
We applied standard Kirchhoff pre-stack depth migration as well as advanced coherency
migration techniques. Both imaging techniques yielded good structural images of the
platinum deposits, their hanging wall and footwall rocks. In particular, the coherency
migration technique has provided significantly better images in complex faulted regions,
yielding a better understanding of the interrelationship between fault activity and plat-
inum deposit distribution, and the relative chronology of tectonic events. Moreover,
the regional geological structures (Crocodile River fault and Chaneng structure) that

crosscut the profile are clearly defined.
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the outcrop on the complex margin to depths as great as
2.3 km concealed beneath cover rocks. Between the 1970s

The Paleoproterozoic age (2.06 Ga) Bushveld Com-
plex (Figure la) is the world’s largest igneous intrusion
(~64,000 km?), which is associated with the platinum-group
element (PGE) deposits of South Africa (Manzi, Cooper
et al., 2019). The Bushveld Complex PGEs occur within the
mafic stratiform horizons locally known as reefs (Basson,
2019; Sehoole et al., 2020). These deposits are mined from

and 1980s, traditional greenfield approaches of mineral
exploration (mainly geological mapping, exploration drilling
and potential field methods) were successfully employed to
map the extent of the Bushveld Complex. To date, mature
brownfield mineral exploration requires innovative and novel
geological and geophysical techniques to improve the delin-
eation of deeply buried platinum-bearing horizons (Donoso
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FIGURE 1

(a) Simplified geological map of the Bushveld Complex showing the study area, (b) simplified stratigraphy of the Bushveld

Complex, (c) geological map covered by the seismic line and (d) aeromagnetic map covered by the line.

et al., 2020; Manzi, Cooper et al., 2019). However, these
methods are not widely used because they are deemed to be
expensive and cost beyond the exploration budget of some
mining companies. Consequently, companies that revise and
improve their existing data stand to benefit (Malehmir et al.,
2019; Manzi, Malehmir et al., 2019).

Revision and re-processing of legacy reflection seismic
data have been utilized successfully by several authors (e.g.,
Donoso et al., 2020; Malehmir & Bellefleur, 2010; Manzi,
Cooper et al., 2019; Manzi, Malehmir et al., 2019; Sihoyiya
et al., 2022; Westgate et al., 2020, and references therein)
for hard rock mineral exploration. Challenges presented by
these data sets are related to bad storage and documentation,
such as outdated tapes and hard copies, respectively. Several
pre-processing steps are needed to correct inaccurate coordi-
nates and set up new geometry. Despite these challenges, these
data are still valuable, cost-effective and have the potential
to be revised and reworked (Malehmir et al., 2019), particu-
larly in the Bushveld Complex where the PGE mineralization
was first recognized in 1924 with the discovery of the first
economically viable PGE deposit (Cawthorn, 1999; Manzi,

Cooper et al., 2019). In the 1980s, the 3D reflection seismic
method was introduced in the Bushveld Complex, and since
then a seismic database with tens of 2D and 3D seismic sur-
veys has been acquired across the Complex to delineate the
platinum-bearing horizons and geological structures under
thick cover rocks (Manzi, Malehmir et al., 2019; Pretorius
et al., 2000, 2003).

In this study, we reprocessed a 50-km long, 16 s two-
way traveltime (TWT) legacy 2D reflection seismic profile
acquired on the southeastern edge of the Western limb of
the Bushveld Complex. The complex is subdivided into four
different limbs, namely the Northern, Eastern, Southern, and
Western limbs. Most PGE deposits in the Western limb are
associated with the Critical Zone (Figure 1a,b) of the Rusten-
burg Layered Suite. The Critical Zone diminishes in thickness
from west to east (Rustenburg to Pretoria), and this diminu-
tion has resulted in a lack of interest in mineral exploration
in the southeastern edge of the Western limb, near Preto-
ria (Cawthorn & Webb, 2001; Scheiber-Enslin & Manzi,
2018; Sehoole et al., 2020). The main aim of the study is
to improve the delineation of the ore-bearing horizons and
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the complex geological structures of the Bushveld Complex.
This is accomplished by applying careful reprocessing work-
flows (mainly pre-stack depth-imaging) on the 1986 legacy
seismic profile to produce improved seismic images for a bet-
ter understanding of the continuity of the platinum-bearing
horizons on the southeastern edge of the Western limb, as
well as the tectonic evolution of the geological structures in
general. The legacy seismic line was collected from south to
north (Figure Ic), traversing towards the centre of the com-
plex. Improved imaging of the centre of the complex could
provide insight regarding the connectivity between the West-
ern and Eastern limbs of the Bushveld Complex (Cawthorn &
Webb, 2001; Shithigona et al., 2018).

In addition to the reprocessing of the 2D legacy seis-
mic profile, we integrate the aeromagnetic data to gain an
understanding of the geological structures and their rela-
tionship with the platinum-bearing horizon. The regional
high-resolution aeromagnetic data (Figure 1d) are used to pro-
vide constraints on the geometry of the faults and magnetic
dykes that crosscut the legacy seismic line (Scheiber-Enslin
& Manzi, 2018). Herein, we demonstrate a suitable depth
imaging workflow through reprocessing of the 1986 data with
a special attention on pre-stack depth migration (PSDM).
We compare the results from two PSDM methods: conven-
tional Kirchhoff pre-stack depth migration and a focusing
PSDM technique, namely coherency migration (CM). This
is to demonstrate the effectiveness of the focusing migration
technique in the hardrock environment.

The ray-based focusing PSDM techniques have a common
objective of restricting the Kirchhoff migration operator to
the physically pertinent region in the subsurface. They mainly
differ in the implementation of the restriction and velocity
model consideration (Buske et al., 2009). Some techniques
are loosely defined by tapering the migration operator using
a definite cosine taper (Tillmanns & Gebrande, 1999). Others
make a full use of the physical concepts of Gaussian beams,
Fresnel zones, anisotropy or analogous wavefield approaches
(Bleistein, 1984; Hua & McMechan, 2009; Liith et al., 2005;
Sun & Schuster, 2003; Tabti et al., 2004; Takahashi, 1995). In
this study, we applied CM, which reconstructs for each imag-
ing point of the specular diffraction surface in the recorded
wavefield and estimates the coherency at neighbouring traces
(Neidell & Taner, 1971), and uses these values for weighting
(Hlousek et al., 2015b).

ELAND MINE AND WESTERN LIMB OF
THE BUSHVELD COMPLEX

Background information

The Eland mine (triangle in Figure 1a) is a relatively new plat-
inum mine on the southeastern edge of the Western limb of the
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Bushveld Complex. The mine started with opencast mining
operations in 2007, and underground production commenced
in 2010 until placed under care and maintenance approx-
imately 5 years later. Potgieter and Malan (2010) detailed
the mining method at the Eland platinum mine, and one of
the complicating factors is the dip of the ore body at ~18°
to the North. In 2019, Eland mine assessed the feasibility
of extending the infrastructure to access reserves down dip
and along the strike of the platinum-bearing horizons, with a
hybrid mining method (a semi-mechanized development as
well as traditional stopping). Eland mine is currently min-
ing the Merensky reef (MR) and the UG2, and the Merensky
is not well developed on the eastern edge of the mining
rights area. The underdevelopment of the MR is due to the
thinning of the Critical Zone from west to east in the West-
ern limb. Consequently, on the eastern edge, Eland mine
conducted a feasibility study to employ an open-pit mining
operation. Therefore, we envision that the results from this
legacy seismic profile could provide insight into understand-
ing the thinning of the Critical Zone further east (~10 km east
of the Eland mine).

Geological background

The Western limb of the Bushveld Complex has been stud-
ied by several authors, including Cawthorn and Webb (2001),
Manzi, Malehmir et al. (2019) and Sehoole et al. (2020),
Scheiber-Enslin and Manzi (2018). However, the southeast-
ern edge of the Western limb has not been studied in detail
due to thinning of the mineralized Critical Zone (Cawthorn
& Webb, 2001). Figure 1b shows a simplified stratigraphic
column of the Western limb of the Bushveld Complex. Sum-
marily, the mafic cumulate rocks of the Bushveld Complex are
called the Rustenburg Layered Suite (RLS) and are divided
into five zones, namely the Marginal, Lower, Critical, Main,
and Upper. The RLS overlies the Transvaal Supergroup sed-
iments and is in turn overlain by the felsic cumulate rocks
of the Bushveld Complex called the Rashoop Granophyre
Suite and Lebowa Granite Suite (Scheiber-Enslin & Manzi,
2018). The Critical Zone of the RLS, reaching a maximum
thickness of ~1.5 km, is divided into Lower and Upper Crit-
ical Zones according to the plagioclase crystal’s appearance
(Sehoole et al., 2020). The two economically viable platinum-
group element deposits in the study area, MR and UG2, occur
near the top of the Upper Critical Zone. MR is hosted within
the Merensky pyroxenite between 15 and 400 m above the
UG2 chromitite and has a thickness range of 0.5-2 m (Manzi,
Malehmir et al., 2019; Rapetsoa et al., 2022).

Structurally, the southeastern edge of the Western limb is
characterized by a major right-lateral Crocodile River fault
trending NNW. This fault is accompanied by NNE trend-
ing mafic dykes with low magnetic signature and minor NE
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trending left-lateral scissor faults such as Lindiwe and Schi-
etfontein faults (Figure 1c) (Bosson, 2019). Basson (2019)
interpreted these fault structures to postdate the Bushveld
Complex mineralized mafic units, as well as being hinged
by the Crocodile River fault on the northeastern edge and
exhibit maximum displacement of approximately 150 m on
the southwestern edge. The Crocodile River fault is partic-
ularly interesting since it crosscuts the 1986 legacy seismic
profile in the south (Figure 1c). Another large-scale EW trend-
ing geological lineament of interest is the strongly magnetized
Chaneng structure (Figure 1c,d) that crosscuts the legacy pro-
file in the north. The Chaneng structure is a normal fault with
a magnetic signature that is associated with a dyke (Basson,
2019; Scheiber-Enslin & Manzi, 2018). The imaging of these
structures through reprocessing of the legacy seismic data is
significant for future mine planning and characterization of
their geometry in the region.

Transvaal Supergroup inliers

The Bushveld Complex mafic and granitic rocks intruded the
Transvaal Supergroup, and several inliers of highly deformed
Transvaal rocks occur in the Bushveld Complex (Figure 1a).
The Crocodile River dome and the Rooiberg fragment in the
Western limb and Dennilton-Marble Hall dome, and Stavoren
fragment in the Eastern limb are the most prominent Transvaal
Supergroup inliers (Hartzer, 1995). Understanding the geol-
ogy and tectonic evolution of these inliers provides insight
into the distribution and geometry of the target mineralized
RLS and regional tectonics of the Bushveld Complex. The
Crocodile River dome lithostratigraphy and tectonic relation-
ship with the Bushveld Complex is of interest in this study
because it forms the northern half of the reprocessed legacy
profile. Several authors (e.g. Hartzer, 1989, 1995; Humphrey,
1906, 1909, and references therein) provide a detailed geo-
logical description of the dome, which is over 1560-m thick
(Hartzer, 1995).

LEGACY 2D SEISMIC DATA
Seismic data acquisition

We received the 50-km long 2D legacy reflection seismic pro-
file as raw shot gathers and a cropped post-stack migrated
image with acquisition information in hardcopy observer’s
reports. The raw shot gathers were in SEG-Y format with-
out geometry information in the header files, which required
manual digitizing from the observer’s reports. The profile was
collected on the southeastern edge of the Western limb of the
Bushveld Complex, approximately 10 km east of the Eland
mine. Table | outlines the summary of the acquisition param-
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TABLE 1 Legacy profile acquisition parameters.

Survey parameters

Survey type 2D crooked line
Year 1986

Length 50 km
Direction S-N

Spread Split spread:

1287.5-112.5m x 112.5-1287.5 m.
96 active channels

Nominal fold 24

Recording system

Recording device MDS-10, 96 channel

Sample rate 2 ms
Recording length 21s
Sweep length 16's

Sweep frequency 20-90 Hz

range
Source information
Source device 3 Vibroseis
Vibrator controller PII

Source spacing 50 m
Receiver information

Receiver spacing 25 m

Geophone type 10 Hz (SM4U)

eters of the profile. The 2D legacy reflection seismic profile
was acquired in 1986 as part of the National Geophysics Pro-
gramme (Durrheim, 2015) using three Vibroseis trucks as
energy source. We recovered a total of 998 correlated shot
records with 96 active channels per shot, 50 m shot spacing
and 25 m receiver spacing. The survey was designed with a
16-s sweep length, 20-90 Hz linear sweep frequency band and
a sampling interval of 2 ms. The profile was acquired with a
split spread geometry with a near offset of 112.5 m, a far offset
of 1287.5 m and 24-fold coverage. The geophones used were
Sercel SM4U single component with dominant frequency of
10 Hz.

Seismic data reprocessing

The seismic profile was initially processed through a con-
ventional post-stack time migration workflow (Odgers et al.,
1993). In this study, we applied a pre-stack depth imag-
ing workflow (Figure 2). Moreover, the key element of the
workflow is the application of an advanced focusing pre-
stack depth-migration approach (coherency migration [CM])
as well as the usage of a reliable migration velocity model
in depth. The velocity analysis is carried out convention-
ally by picking semblance peaks from a velocity spectrum
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FIGURE 2 Summary of the depth imaging workflow.

to determine the moveout velocity assuming a horizontally
layered medium. However, semblance velocity analysis can-
not be easily adapted to hardrock environments that have
strong lateral velocity variations and steeply dipping reflec-
tors. The results from using the wrong velocity model for the
normal moveout correction strongly affect the quality of the
stacked section. In this study, the velocity model used for pre-
stack depth migration (PSDM) is a smoothed interval velocity
model derived from constant velocity stacks spanning every
hundredth common midpoint (CMP).

A summary of the processing workflow applied to the data
set is shown in Figure 2. The legacy data were recovered and
resorted through various pre-processing steps to enhance it to
contemporary standards compatible with modern seismic pro-
cessing software. The header information was digitized from
handwritten observer’s reports to set up a new geometry with
traces stored in CMP bins spaced 12.5-m apart using a spline
curve. A 50-Hz notch filter was applied to the data during
acquisition to remove the spiking noise resulting from the AC
power lines in the study area.

Figure 3 shows an example of raw and reprocessed shot
gathers. The data generally have good quality with most shot
gathers showing clear first breaks (indicated by the FB arrow
in Figure 3a). Following the geometry setup of the data, a total
of 89,882 first arrivals were manually picked for the applica-
tion of appropriate statics. The floating datum was calculated
using a maximum elevation of 1368 m as a fixed datum with a
replacement velocity of 6000 m/s. The statics were calculated
with the RMS error of less than 7 ms using the least-squares
inversion method (Woodward, 1991). The attenuated ampli-
tudes were amplified using an automatic gain control with a
window length of 1000 ms.

Additionally, we applied f-k filtering, spiking deconvolu-
tion and frequency filtering. The direct surface wave arrivals
have an average velocity of 3200 m/s; therefore, an f-k fil-
ter was applied to mute surface waves and any linear signal
velocity less than 3300 m/s. We broadened the spectrum using
predictive deconvolution with a 4-ms gap length and 180 ms
filter length to simulate spiking deconvolution. A frequency
bandpass filter was applied to remove frequencies outside the

K|rchhoff PreSDM

]—[ Migration veloaty analysis ]—[ Coherency migration ]
(

Kirchhoff PreSDM section ] [ Prestack depth section ]

frequency band [5-20-100-110 Hz]. Finally, a refraction top
mute was applied to the data. As indicated by reflections A,
D and E in Figure 3b, reflection continuity and resolution of
the processed shot gathers have improved.

Analysis and comparison between the raw and reprocessed
1986 2D seismic profile sample shot gathers is shown in
Figure 3. The strong reflections observed on the exemplary
reprocessed shot gather are the main lithological contacts
with significant acoustic impedance contrast between the
overlying and underlying rocks (Figure 3b): Rashoop
Granophyre-Upper Zone ferrogabbros (A), Transvaal
Supergroup-Rustenburg Layered Suite norites (D) and an
intrusive Diabase sill (E).

Refraction tomography velocity model

Interactive interval velocity analysis was performed for the
construction of a migration velocity model in the depth
domain. The migration velocity model needs to incorpo-
rate realistic information about the near surface as well as
deep-seated geology. The near-surface velocity information
used in this study is derived directly from refraction tomo-
graphic velocity analysis. A conventional velocity analysis
was conducted for depths without ray coverage with constant
velocities constrained by the previous studies conducted in
the Bushveld Complex (Odgers et al., 1993; Rapetsoa et al.,
2022).

After manually picking a total of 89,882 P-wave first
breaks, a three-layered initial model was defined by fitting
the gradients in the first break picks for the first arrival travel-
time inversion. Using the geometry of the data, the synthetic
traveltimes were calculated for the initial model using the ray
tracing method. The tomographic approach that was applied
to the data set to calculate synthetic traveltimes is a nonlinear
refraction traveltime tomography method developed by Zhang
and Toksoz (1998).

A first break traveltime tomography to a depth of 600 m,
which accounted for elevation variation to a datum of 1398 m,
was computed across the profile with a maximum shot gather
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Transvaal Supergroup-Rustenburg Layered Suite norites (D) and a Diabase sill (E), as well as attenuated surface waves, shaded blue on the raw shot

gather.

offset of ~1200 m and a padding airwave velocity of 340 m/s.
The ray paths and velocity model are displayed in Figure 4a,b,
respectively, with vertical exaggeration. The velocity model
shows low-resolution velocity boundaries between strata with
velocities ranging between 2000 and 6800 m/s. The upper-
most low-velocity layer of the initial model is relatively thin,

only occurring on the southern and northern edges of the
profile and possibly represents Karoo cover sediments with
velocities ranging from 2500 to 3500 m/s. The second layer
has a strong velocity gradient from 3500 to 5500 m/s. The
observed strong velocity gradient in the second layer is pos-
sibly the weathered layer. The host rocks have an average
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velocity of 6500 m/s with low-resolution lateral velocity vari-
ation characteristic of weak zones, which are interpreted as
possible faults or fractures (Figure 4b).

The mapped geological structures are possible extensions
of the deeper seated faults mapped on the reflection section,
with no direct correlation because of the depth limitation
of refraction tomography model. Furthermore, the data were
collected using a reflection seismic acquisition technique
rather than the conventional seismic refraction tomography
acquisition technique, which leads to low resolution at depth
(Akingboye & Ogunyele, 2019).

Depth imaging

Seismic imaging in hardrock environments is often more chal-
lenging in comparison with softrock settings because of the
complex geology, disrupted reflectors and scattered seismic
energy. Pre-stack depth migration, especially in a Kirch-
hoff type implementation, has been successfully applied in
such complex crystalline hardrock environments since for
at least two decades (Buske, 1999). Further developments
towards incorporating a focusing migration operator resulted
in advanced pre-stack depth migration techniques, for exam-
ple Fresnel Volume Migration (Buske et al., 2009; Liith et al.,
2005), CM and coherency-based Fresnel Volume Migration
(Hlousek et al., 2015a). Successful applications of these
focusing PSDM methods range from imaging crustal fault
systems (HlouSek and Buske, 2016), over the characterization
of geothermal reservoirs (HlouSek et al., 2015b; Jusri et al.,
2018; Riedel et al., 2015; Schreiter et al., 2015), to the high-
resolution imaging of mineral deposits (Brdunig et al., 2019;
Cheraghi et al., 2022; Heinonen et al., 2019; HlouSek et al.,
2022; Singh et al., 2019).

Here, we demonstrate again the effectiveness of these
approaches by applying the CM technique to the 2D legacy
seismic profile from the Bushveld Complex known for its
hardrock platinum-group element exploration.

CM is one of the possible implementations of focusing pre-
stack depth migration approaches. It is based on Kirchhoff
pre-stack depth migration, which is an integral solution for the
wave equation in the form of diffraction integral (Schneider,
1978), written as

V(m)=;—;//w(m,r)xu(r,ts+tR)dr. (1)
A

Therefore, the resultant image value V' for a random point
m = m(x, y, z) in the subsurface is described by the weighted
summation over the corresponding diffraction surface (¢, +
tg) for the given point. Here, ¢, and ty are the traveltimes
from source S and receiver R to the image point m, respec-
tively; u is the time derivative of the wavefield and r is the
distance from image point m to the receiver R. The weight-
ing function w(m,r) along the diffraction curve accounts
for the directivity-based energy losses and spherical diver-
gence. The image for a single surface shot wavefield, which
is scattered by a single diffraction point in a homogeneous
medium and recorded by a single receiver on surface, is
constructed by smearing the amplitudes along their corre-
sponding two-way traveltime (TWT) isochrones. This concept
can be extended for multiple shots and receivers on surface
by treating every single point along the reflector as a point
diffractor and a migrated image of the reflector can be con-
structed by constructive interference of all TWT isochrones
along the reflector.

Focusing migration approaches limit the migration opera-
tor to the physically relevant part along the TWT isochrone.
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This is achieved by adding an additional weighting factor
f(m, r) to the Kirchhoff integral solution (Equation 1) depen-
dent on the image point, which ensures that the amplitudes are
smeared in the physically pertinent region along the traveltime
isochrone, as follows:

V(im) = ;—; / / f(m,r) X w(m,r) Xu(r,t, + tg)dr. (2)
A

CM uses a weighting factor f(m, r) = C, obtained directly
from the input data (HlouSek et al., 2015b). This weighting
factor is computed by evaluating the semblance coefficients
of the recorded wavefield along the theoretical diffraction
curves, defined by the individual TWT for the same image
point at different neighbouring receivers. Neidell and Taner
(1971) defined the semblance coefficient to be the normalized
input/output energy ratio, where the sum of input traces is the
output trace. Mathematically, the ratio of coherent energy and
total energy within a time window over a certain number of
neighbouring receivers is given by the following equation:

T 2 p
2 N-1
/_2I Xi—ol <ts+ tRj+t> dr
—c? _ 2
f_cc(mar)_ T Nl B
Nf_2I 2i—ol4 <t5+ tRl_+t> dt
2

3)
where p is an exponent factor used to enhance coherent sig-
nal, and very high values of p can lead to enhanced migration
artefacts; therefore, a careful consideration of values of p is
needed. T 'is the window length which ranges from one to three
times the time span of the reflected signal, and N is the number
of traces used for comparison. The resultant semblance coef-
ficient can be utilized without modification on the migration
integral as it is normalized (i.e. ranging from O to 1).

The most critical step in CM is choosing comparison traces
because the results are not only dependent on the number of
traces (N), but they also depend on the aperture spanned by
these traces. Consequently, the boundary condition for the
number of traces is set using the maximum offset from the
actual trace location. Additionally, the source, image point
and receiver geometries are taken into consideration using the
projected Fresnel zone as follows:

dx2 + dy?
R

= 1. @

t
ey, = Vdx? +dy? +dz2y /2—‘1"“‘
0

where the first term is the image point to receiver distance,
and the combination of the first and the second term approx-
imates the first Fresnel zone radius on a constant velocity
subsurface. #,,,,, represents the dominant period of the source
signal, and #;, = 2¢;, where fy is the traveltime between the
image point and receiver. The last term represents the paraxial
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Fresnel zone projected to the surface at the receiver loca-
tion. Therefore, Equation (4) provides an additional boundary
condition for the comparison traces (N) used in computing
the semblance coefficient. The minimum value for the third
term is 1, where the image point lies at the receiver location
since dx? 4+ dy? = 0. Therefore, the approximation is equiv-
alent to the projected Fresnel zone and "Fpro is small for an
image point that is located near the receiver and increases
with increased lateral distance between the receiver and image
point (Hlousek et al., 2015b).

RESULTS AND INTERPRETATION

According to the surface geological map (Figure 1c) the
1986 2D seismic profile was collected over an outcrop of
the Transvaal Supergroup in the southern portion, Bushveld
Complex in the middle portion, and Karoo Sequence in the
north portion. The strata are documented to be dipping to the
north in the southern section at approximately 20°. This is
supported by the presence of Karoo sediments on the north-
ern edge of the data and the outcrop of the Transvaal and
Bushveld strata on the southern edge (Odgers et al., 1993).
The results of the coherency migration (CM) technique are
presented as absolute values of migrated wavefield amplitudes
in order to produce robust images that are less affected by
erroneous velocities (Tillmanns et al., 1996).

Comparison between legacy data and
reprocessed data

The new imaging results (Figures 5b and 6) of the southern
section of the legacy profile are in general analogous to
the results presented by Du Plessis and Levitt (1987) of
an unmigrated stacked section of the profile. Odgers et al.
(1993), aiming to collapse diffractions, migrate dipping
reflections to their true subsurface position and suppress mul-
tiple reverberations, reprocessed the profile and presented a
detailed interpretation of the post-stack time migrated section
(Figure 5a). The results correspond to the interpretation of
the southern section of the CM result (Figure 5b). The high
amplitude reflections marked D, E, F and G (Figure 5a,b)
correspond to the Transvaal Supergroup reflectors, with
reflection D marking the contact between the Transvaal
sequence and the overlying Rustenburg Layered Suite (RLS)
norites. Reflection E is the 85 m thick Diabase sill, with its
continuity clearly mapped by the CM at depth. Reflections
F and G mark the base of Timeball Hill Formation and
Chuniespoort Group or Black reef, respectively, and their
continuity is better imaged by the CM. The contact between
the low amplitude reflections of high frequency from the RLS
norites and the overlying low amplitude reflections of low
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FIGURE 5 Comparison of the post-stack time migrated section (a) (Odgers et al., 1993) and reprocessed coherency migration (CM) depth
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Rashoop Granophyre-Rustenburg Layered Suite (RLS) ferrogabbros (A), RLS ferrogabbros-RLS gabbros (B), RLS gabbros-RLS norites (C),
Transvaal Supergroup-RLS norites (D), a Diabase sill (E), base of Timeball Hill Formation (F), base of Chuniespoort group (G) as well as the
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FIGURE 6 Zoomed region of the legacy stack (a) and reprocessed stack (b) as indicated by green rectangles in Figure 5.
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SEISMIC IMAGING OF GEOLOGICAL STRUCTURES

frequency from the RLS gabbros is marked C in Figure 5a,b.
Symbols A and B represent the RLS gabbros-RLS ferrogab-
bros contact and the RLS ferrogabbros-Rashoop Granophyre
Suite contact, respectively (Odgers et al., 1993).

The northern section of the profile (Figure 6, highlighted by
rectangles in Figure 5) was interpreted with contrasting results
by Du Plessis and Levitt (1987) and Odgers et al. (1993). Du
Plessis and Levitt (1987) concluded that the RLS rocks ter-
minate against a major fault called Mabopane fault and the
geology is analogous to the neighbouring Crocodile River
dome. Odgers et al. (1993) interpreted the low signal-to-noise
ratio (SNR) character of the northern section of the legacy
time migrated profile to be due to out-of-plane reflection
energy, poor source-to-ground coupling or energy scattering
and interference. Therefore, concluding that the RLS rocks
occur as a highly faulted anticlinal structure, which formed
during the intrusion of the Bushveld Complex rocks (Odgers
et al., 1993). The CM result (Figure 6b) resolved the anticli-
nal structure better than the legacy post-stack time migrated
section (Figure 6a). This region exhibits high amplitude
discontinuous reflections overlain by low amplitude discon-
tinuous reflections. The distinction between these reflections
is not clear in the legacy stack, whereas the CM image allows
for the delineation of major geological structures like the Cha-
neng structure and the Mabopane fault (Figure 6b). The high
amplitude reflections are interpreted to correspond to highly
faulted Transvaal Supergroup rocks, and the overlying low
amplitude reflections correspond to the RLS norite-gabbros.

Figure 7a,b shows the comparison between the con-
ventional Kirchhoff pre-stack depth migration (KPreSDM)
section and the CM section down to a depth of 16 km, with
the outcrop data along the profile overlain. The A, B, C, D,
E, F and G reflections are clearly defined in the CM section
(Figure 7b) compared to the KPreSDM section (Figure 7a).

Aeromagnetic data

The regional aeromagnetic data acquired at a terrain clear-
ance of 100-150 m with flight lines spaced at 1 km imaged
the Upper Zone sequence outcrop mapped in the four limbs,
due to the strong positive magnetic signature of the ferrogab-
bro and magnetite horizons as shown in Figure 1d (Campbell,
2011). Figure 8a shows the magnetic profile along the seismic
section in Figure 8b, with the geological structures mapped
by magnetic data overlain on the seismic section. These data
adequately map the regional faults and dykes that crosscut the
seismic profile (e.g. the Chaneng structure and the Crocodile
River fault). The low magnetic signature observed in the
northern section of the profile is interpreted to result from the
absence of the positively magnetized rocks of the Upper Zone
(RLS Magnetic-Gabbro).
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Out-of-plane reflectivity

A 2D reflection seismic line collected with high-fold crooked
line geometry is a limited swath 3D survey of the subsur-
face reflectivity near the line (Nedimovic & West, 2003).
Therefore, reflection energy from out-of-plane structures can
migrate to the profile imaging plane at later, equal or ear-
lier two-way traveltime compared to energy reflected within
plane, depending on their geometry. The reflections from
out-of-plane energy can interfere (constructively or destruc-
tively) with reflections within plane leading to distorted
amplitudes and low SNR. Here, 2D seismic data are pseudo-
3D migrated producing a 3D volume (Figure 9) to access
cross-profile information about the subsurface reflectivity.
The green arrows show constructive interference out-of-plane
with ambiguous possible sources of reflectivity. The reflec-
tivity could be from anywhere in the cylindrical curve around
the surface. However, this shows that there is a presence of
out-of-plane reflectivity in the northern half of the profile
contributing to the low SNR.

Figure 9 is a 3D view of the crooked line CM section
with the surface geological map (Figure 1c) overlain, and the
regional geological structures (e.g. Crocodile River fault and
Chaneng structure marked) together with the target platinum-
group element reefs (Merensky reef [MR] and UG2). The
migration velocity model (Figure 10a) and the final inter-
preted section of the 2D legacy reflection seismic profile
(Figure 10b) are shown in Figure 10. A seismic velocity of
6500 m/s was assigned to the Transvaal Supergroup rocks,
and 5700 m/s assigned to the RLS norites from previous stud-
ies (Rapetsoa et al., 2022; Scheiber-Enslin & Manzi, 2018).
The proposed tectonic evolution along the profile is outlined
in Figure 11.

DISCUSSION

The previous interpretation of the profile carried out by Du
Plessis and Levitt (1987) and Odgers et al. (1993) was focused
primarily on reflection contacts associated with the geological
sequences on the post-stack time migrated section corre-
lated to the mapped surface geological outcrop. The dominant
reflections, Marked A, B, C, D, E, F and G outlined on the
reprocessed data, correspond with the results from the previ-
ous interpretation. The geological models were supported by
regional gravity data along the profile (Odgers et al., 1993).
However, the previous interpretation did not outline detailed
tectonic information along the profile and recommended the
application of pre-stack depth imaging techniques (Odgers
etal., 1993).

The Rustenburg Layered Suite (RLS) sequence of the
Bushveld Complex is of particular interest in this study as
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FIGURE 7

(a) Kirchhoff pre-stack depth migration (KPreSDM) section and (b) coherency migration (CM) section, with the main lithological

contacts: Rashoop Granophyre-Rustenburg Layered Suite (RLS) ferrogabbros (A), RLS ferrogabbros-RLS gabbros (B), RLS gabbros-RLS norites
(C), Transvaal Supergroup-RLS norites (D), a Diabase sill (E), base of Timeball Hill Formation (F), base of Chuniespoort group (G) as well as the

geological outcrop along the profile.

it hosts platinum-group element (PGE) deposits in the com-
plex. Our interpretation is constrained by the limitations of
2D seismic data imaging. True dips and thicknesses cannot
be determined from 2D data due to signal from out-of-plane
reflections that can be misinterpreted as in-plane features.
This is exaggerated in hardrock environment with layered
igneous rocks of the RLS that might cause seismic energy
to scatter, resulting in low amplitude and coherency in the
reflections. The interpretation presented in this study is based
on constraining data sets (e.g. post-stack time migrated data,
regional aeromagnetic data and surface geological mapping)
from previous studies. Moreover, the presence of the Karoo
sediments on the northern half of the profile leads to high
seismic signal energy attenuation. The Karoo Supergroup
is laden with dolerite intrusions and has unconsolidated
younger sediments, which lead to seismic energy scattering
and poor source-to-ground coupling, respectively. Therefore,
the interpretation of the data in the northern half is of
rather low-confidence, especially without ground truthing
constraints (e.g., borehole data).

The anticlinal structure on the seismic section is associated
with the Chaneng structure (Figure 10b) in the northern half
of the profile. This corresponds to the interpretation of the
Chaneng structure by Scheiber-Enslin and Manzi (2018) on
the western edge of the Western limb (near Rustenburg). This
structure is interpreted to cause shallowing of the PGE min-
eralization near the intrusive Pilanesberg complex, and it is
linked with the updoming of basement rocks during the intru-
sion of the Bushveld Complex (Scheiber-Enslin & Manzi,
2018). Campbell (2011) interpreted the northern sector of a
seismic profile (traversing 50 km NNE from Rustenburg) as
a complex graben-like structure where it is crosscut by the
Chaneng structure. In this study, the anticlinal structure is
interpreted to be a southern extension of the Crocodile River
dome covered by younger Karoo sediments.

The target Merensky and UG2 reefs have a thicknesses
below 1.5 m and cannot be directly resolved using surface
reflection seismic. Therefore, we use the reflections from
footwall and hanging wall rocks with significant acoustic
impedance contrast to constrain their geometry (Scheiber-
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Granophyre-Rustenburg Layered Suite (RLS) ferrogabbros (A), RLS ferrogabbros-RLS gabbros (B), RLS gabbros-RLS norites (C), Transvaal
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outcrop along the profile are shown. The green arrows show constructive interference out-of-plane.
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Enslin & Manzi, 2018). These reefs are interbedded within
the RLS norite-harzburgites and the RLS norite-gabbros.

Tectonic model

Our reprocessing results, integrated with existing geologi-
cal information, were used to constrain the strato-structural
model of the region. Transvaal Supergroup sedimentation
started approximately 2642 Ma (Walraven & Martini, 1995)
with the deposition of the Wachteenbeetje Formation along a
series of east-northeasterly trending depressions. Thereafter,
thin fluvial sheet sandstones of the Black Reef Forma-
tion was deposited, followed by a series of regressions and
transgressions events that triggered the development of a shal-
low shelf in which carbonate and banded iron formations
were deposited to produce the Chuniespoort Group rocks
(~2557 + 49-2430 Ma) (Eriksson et el. et al., 2002; Nel-
son et al., 1999). Following a period of erosion and marine
transgression, Pretoria Group siliciclastic sedimentary rocks
were deposited, approximately 2224 + 21 Ma (Eriksson et al.,
2002; Hartzer, 1989; Walraven & Martini, 1995).

Pre-Bushveld Complex deformation that followed the
Transvaal Supergroup deposition includes, first, updoming
of the sediments that resulted in the deposition of thinner
Pretoria Group sediments in the Crocodile River dome area.
Second, the development of northwest striking folds, fol-
lowed by east-northeast striking folds from compressional
forces. Finally, possible faulting along weak zones, as shown
by the south-north tectonic model along the legacy profile
(Figure 11a) (Hartzer, 1989).

The Bushveld Complex intrusion into the upper Pretoria
Group rocks at approximately 2055 Ma terminated the sedi-
mentation of the Transvaal Supergroup. The location of the
feeders and the exact composition of the parental magmas are
still subject to debate. The coarse-grained Bushveld igneous
rocks with composition ranging from ultramafic to felsic were
emplaced from different feeder channels and their rate and
effective mixing are yet to be resolved. The updoming of
the Transvaal rocks advanced to a stage where the domes
acted as barriers, controlling the magma to either spread out
against them or extend across, as shown in Figure 11b. The
intrusion reactivated pre-existing deformation structures and
caused low-medium grade metamorphism in the Transvaal
sediments (Hartzer, 1989).

Post-Bushveld Complex deformation reactivated the north-
west and east-northeast striking seismically-defined fault
zones such as the Crocodile River fault and Chaneng struc-
ture, respectively. Isostatic readjustment due to the intrusion
probably exerted further compressional forces on the folds,
leading to a relative upward movement of the Transvaal inlier
(Crocodile River dome) and subsequent erosion (Figure 11c)
(Hartzer, 1989).
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CONCLUSION

Reprocessing of the 2D legacy seismic profile using
coherency migration (CM) has yielded an improved depth
image of the geological structures of the Western limb of
the Bushveld Complex. Despite the challenges associated
with seismic energy attenuation, the platinum group element
(PGE) bearing horizons of the Rustenburg Layered Suite
(RLS) have been imaged with considerable confidence. More-
over, the information from the previous seismic, magnetic and
geological studies in the Bushveld complex has contributed to
the imaging of the complex geological structures. The aero-
magnetic data were used for the first time to constrain the
interpretation of the profile. Previous studies had no conclu-
sive results on the northern half of the profile due to low
resolution imaging in this section. The low signal-to-noise
ratio (SNR) in the northern half of the profile is attributed to
the presence of out-of-plane reflectivity. Despite the presence
of out-of-plane reflectivity, the SNR of the northern half of
the profile has been improved.

The northern half of the profile interpretation provides evi-
dence for the presence of the geological structures interpreted
in the previous studies, namely Mabopane fault and Cha-
neng structure. The anticlinal structure present in the northern
half of the profile was successfully imaged by the CM tech-
nique. The updoming and erosion of the RLS lithologies
provide possible evidence of reduction of PGE mineraliza-
tion in this region. The tectonic evolution outlined along the
profile provides insight into the possible depletion of the PGE
mineralization in the northern edge of the profile. A 3D reflec-
tion seismic acquisition method is recommended to improve
the SNR of the northern edge of the profile to account for
out-of-plane reflectivity.
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