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ABSTRACT
The detection of mineral deposits and their related geological structures is of great
importance to the mining industry as structures (such as dykes and faults) can affect
the safety, cost and efficiency of mining.With the goal of testing cost-effective seismic
methods for mineral exploration and mining, active and passive seismic experiments
were conducted at Maseve platinum mine in the Bushveld Complex (South Africa)
in 2020. The experiments involved surface-passive (using 5 Hz wireless nodes; sin-
gle vertical component) and in-mine active reflection seismic surveys (using 4.5 Hz
land streamer and 5 kg sledgehammer) to image geological structures and delineate
economic platinum-group elements bearing Merensky and Upper Group-2 chromitite
layers (known as reefs). This paper presents only the results from the in-mine active
seismic experiments. The in-mine seismic surveys consisted of seven 2D reflection seis-
mic profiles in the development tunnels, which were located ∼550 m below ground
surface and a few tens of metres above known mineralizations: the Upper Group-
2 and Merensky Reef. The data were carefully processed to enhance the reflections
and suppress noise generated by mine infrastructure (e.g., equipment and ventilation).
We successfully imaged the Merensky Reef and Upper Group-2 orebodies approxi-
mately 55 m and 124 m below the tunnel floor, respectively, and delineated faults and
dykes that crosscut them. Furthermore, the seismic data reveal relatively strong am-
plitude and faulted reflections below the Upper Group-2 that may represent deeper
chromitite-enriched orebodies. However, the economic value of these horizons can
only be confirmed through drilling. The processed seismic data were combined with
borehole data, synthetic modelling and geological models to constrain the interpreta-
tion. This study encourages the use of in-mine seismics for future mineral exploration,
mine development and planning.
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INTRODUCTION

The Bushveld Complex, located in the northern parts of South
Africa, is the world’s largest layered igneous intrusion with
an estimated area of 64,000 km2. It hosts the world’s largest
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Figure 1 (a) Geological map of the Bushveld Complex (modified from Cawthorn, 2015) showing the location of the Maseve mine site. (b) Map
of the Maseve mine showing the location of the study area at the north shaft and the surrounding mines that are used for seismic surveys. The
orange dashed lines show the ENE–WSW trending Chaneng fault, while the black dotted lines show the NE–NW trending fault (here termed
Rapetsoa Fault Zone (RFZ)). (c) Stratigraphic column of the critical zone showing the chromitite layers and Merensky Reef (MR). RBPM: Royal
Bafokeng Platinum Mine; UG: Upper Group; MG: Middle Group; LG: Lower Group.

reserves of platinum-group elements (PGEs) and accounts
for almost 80% of all platinum that is mined worldwide
(Chistyakova et al., 2019).

The PGE deposits occur at various locations around the
perimeter of the Bushveld Complex. The Maseve mine is lo-
cated ∼ 38 km NW of Rustenburg and ∼ 10 km south of
the Pilanesberg Alkaline Intrusive Complex in the North West
Province, South Africa. The mine is situated on the western
limb of the Bushveld Complex, next to the Styldrift and We-
sizwe mines (Figs 1 and 2). The mine was placed under care
and maintenance in 2017 due to economic reasons and is cur-
rently used to test new mining technologies, making it an ideal
site for field research.

Underground mining operations in the Bushveld Com-
plex occur between 0.5 km and 2.0 km below surface.Geolog-
ical structures (e.g., faults, dykes, potholes, and Iron Rich Ul-
tramafic Pegmatites (IRUPs)) are encountered more frequently

as mining depth increases (Eales and Cawthorn, 1996; Se-
hoole et al., 2020). These geological structures not only de-
lay development and production, but also threaten the safety
of mineworkers by increasing the risk of fall of ground that
can result in injuries and fatalities (Guo and Luo, 2014). Fur-
thermore, faults and dykes may act as conduits for flammable
gases and groundwater to the mining levels, which may lead to
disasters in the mines. These structures can also be re-activated
during mining activities and cause rock bursts. The height-
ened risks compromise the fundamental principles governing
South African mining; i.e., safety and optimized ore extrac-
tion. These problems highlight the growing need for these ge-
ological structures to be identified ahead of mining.

The reflection seismic method is one of the most im-
portant geophysical methods because of its ability to de-
tect both large and small-scale subsurface features (Malehmir
et al., 2012). In South Africa, the reflection seismic method is
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Figure 2 (a) Map view of the Maseve mine surface workings and underground working indicating the seismic profile (black) collected. (b)
Underground mine plans, showing the location of the seismic profiles (black) and geological structures such as fault (blue) and dolerite dyke
(green) for in-mine seismic experiments. (c) A schematic 3D geological model of the study area, showing the Merensky Reef (MR), Upper Group
2 reef (UG2) and the incline tunnel (red) (the green arrow is pointing to the south). The position of the seismic line is indicated along the incline
tunnel. BH1: borehole 1; BH2: borehole 2; P1: profile 1, P2–P 4: profile 2 to profile 4; P5: profile 5; P6: profile 6; P7: profile 7.

mainly used for exploration,mine design, and planning, due to
its ability to delineate complex geological features (Stevenson
and Durrheim, 1997; Manzi et al., 2012; Manzi et al., 2019).

Active surface reflection seismic surveys have been con-
ducted since the 1980s in South Africa to address challenges
related to deep and near-surface mineral exploration, with
the goal of reducing drilling and exploration costs, maximiz-
ing mine safety and increasing the possibility of finding new
prospects and the life of mine. In the 1990s, exploration and
mining companies started conducting high-resolution surface
2D and 3D reflection seismic surveys in the Bushveld Com-
plex to map economic platinum-bearing horizons (known as
reefs) and other subsurface features (faults, dykes, folds and
potholes). The 3D reflection seismic surveys were particularly
designed to map major faults, dykes, potholes (slump struc-
tures), and IRUPs. However, the surface seismic surveys were
unable to accurately map and provide the geometry of smaller
geological structures ahead of mining tunnels (Trickett et al.,

2004). In the early 2000s, trials were conducted to investi-
gate technologies that can delineate subtle structures with a
throw of ∼ 2 m (Stevenson et al., 2003). The trials mainly
involved borehole seismic techniques (e.g., cross-well reflec-
tion seismics, seismic tomography and vertical seismic profil-
ing), which produced resolutions of 1 to 3 m; however, these
techniques exhibited low resolutions in noisy mining environ-
ments (Stevenson et al., 2003; Manzi et al., 2012).

As an alternative solution, and despite suffering from
noise produced by mine operations such as blasting, ventila-
tion and drilling, in-mine seismics has proven useful in im-
proving the imaging resolution of the mineral deposits and
geological structures (Brodic et al., 2017, 2021; Donoso et al.,
2021). The application of in-mine seismic techniques has
grown worldwide; however, the techniques are not yet well
established in deep South African mines.

In this study, we conducted 2D in-mine seismic surveys
at Maseve platinum mine in the Bushveld Complex (South
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Africa) to characterize geological structures using different
seismic data acquisition techniques. The seismic experiments
were conducted in an area covered by ground-penetrating
radar (GPR) and electrical resistivity tomography (ERT) sur-
veys for integrated interpretation purposes. Integration of geo-
physical and geological data has played a key role in map-
ping; the deep geological structures and obtaining information
on/ahead of the tunnel face.GPR and ERT are commonly used
to map tunnel roofs and sidewalls, the information of which
is in turn utilized to assess and mitigate fall of grounds due
to unstable hangingwalls (Kgarume et al., 2019). However, in
this paper, we present only the results from the in-mine seismic
trials.

The extent to which in-mine seismic techniques can image
structures depends on multiple factors: acoustic impedance
contrast; the geometry and structural characteristics of the tar-
get; host rock properties; survey design (receiver and source
position); and the mine noise level along the tunnel. To better
design in-mine seismic surveys and conduct high-resolution
seismic surveys, noise levels need to be assessed and appropri-
ate sources and receivers need to be used. Furthermore, accu-
rate velocity models for the rock mass around the tunnel need
to be determined for numerical modelling, seismic processing,
interpretation and time-to-depth conversion (Malehmir et al.,
2013; Manzi et al., 2017).

STUDY AREA AND GEOLOGICAL
BACKGROUND

The emplacement of the Bushveld Complex has been the sub-
ject of academic debate, and its geology has been documented
by several authors (Eales and Cawthorn, 1996; Buchanan
and Reimold, 1998; Kinnaird, 2005; Hunt et al., 2018). The
intrusive rocks of the Bushveld Complex were emplaced at
∼2.06 Ga into the intra-cratonic sedimentary sequence of
the Transvaal Supergroup (Cawthorn and Webb, 2001). The
Bushveld Complex is known for its remarkable size, covering
an area of about 64 000 km2. The complex (Fig. 1) is com-
posed of four major limbs, with only the eastern, western and
northern limbs outcropping. The southern limb is visible only
from gravity data and has been confirmed by drilling. Over
the years, several authors have debated about the limbs being
connected (Webb et al., 2004; Kinnaird, 2005). The successive
injections of magma resulted in the geology of the area being
divided into three plutonic suites: the Rashoop Granophyre
Suite; the mafic to ultramafic Rustenburg Layered Suite (RLS);
and the Lebowa Granite Suite (Eales and Cawthorn, 1996;
Hunt et al., 2018). Based on mineralogical variation, the RLS

is further divided into the (from bottom to top): Marginal;
Lower; Critical; Main; and Upper Zone (Kinnaird, 2005).

The Critical Zone is about 900–1500 m thick and
has been divided into the Lower Critical Zone (LCZ) and
the Upper Critical Zone (UCZ) based on the appearance
of cumulus plagioclase. The LCZ is characterized by py-
roxenites, Lower Group chromitite layers (LG) and Mid-
dle Group chromitite layers (MG1 and MG2), whereas the
UCZ is characterized by the Merensky Reef (MR; a pack-
age of platinum-bearing chromitite-feldspathic orthopyrox-
enite), Upper Group chromitites (UG1 and UG2), Middle
Group chromitites (MG3 and MG4), pyroxenites, norites and
anorthosites (Kinnaird, 2005; Seabrook, 2005). The upper
limit of the UCZ is marked by the Bastard Reef (referred to
as cyclic/rhythmic unit) (Cawthorn, 2015). The MR and the
UG2 chromitite are the twomajor economic horizons for PGE
deposits. The thickness of theMR ranges from 0.5 m to 2.0 m,
with an average thickness of 1.0 m. The UG2 chromitite layer
contains the largest PGE resources on Earth, with a thick-
ness ranging between 0.5 m and 1.0 m. The Middle Group
(MG) is made up of four major and minor chromitite layers
with a thickness of 0.01-0.05m, whereas the LG consists of
seven chromitite layers,with the thickest being 0.8–1.2m (Lee,
1996; Nex et al., 1998; Kinnaird, 2005). TheMR and the UG2
are mined at depths greater than 500 m below surface at the
Maseve mine, with the UG2 occurring between 15 m and 400
m below theMR in the Bushveld complex (Manzi et al., 2020;
Sehoole et al., 2020).

The Bushveld Complex is crosscut by multiple dykes of
different ages and compositions, with diabase and dolerite
dykes being dominant in the area. A few dykes at the Maseve
mine have been confirmed through drilling and underground
mapping. Knowledge of the dykes is important as they reduce
the ore reserve and may present mining difficulties. The dykes
in the Bushveld Complex are often associated with fault zones
(Ledwaba et al., 2012; Scheiber-Enslin andManzi, 2018). Fur-
thermore, the Bushveld Complex is affected by slump struc-
tures (locally known as ‘potholes’) and IRUPs that result in
challenges to mining operations. The Bushveld Complex is
generally faulted, and the regional structural interpretation
suggests that the ENE–WSW trending Chaneng Fault Zone
(Fig. 1b) is the most dominant structure in the Maseve area
(Basson, 2019). To the south of the Pilanesburg complex, a
dense conjugate network of faults and fractures trending NE
and NW is displayed on the high-resolution aeromagnetic im-
ages (Scheiber-Enslin and Manzi, 2018; Basson, 2019). These
geological features have been confirmed through drilling at
the Maseve mine and incorporated in the geological model
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Table 1 Physical property measurements of Bushveld Complex rocks.
Velocity and density of feldspathic and pegmatoidal pyroxenite are
adapted from Manzi et al. (2020).

Rock type v (m/s) ρ (kg/m3)

Merensky Reef (orthopyroxenite) 5950 2744
UG2 (chromitite) 6118 4392
Anorthosite (pegmatoidal) 5530 2947
Anorthosite (weathered) 3088 2851
Norite 5667 2951
Feldspathic pyroxenite 5400 3000
Pegmatoidal pyroxenite 5900 2700

v = P-wave velocity ρ = density.

(Fig. 2). Most of the faults strike north to northwest and dip
at an average of about 70° to 80° (Scheiber-Enslin and Manzi,
2018).

PHYSICAL PROPERTY MEASUREMENTS

Physical property measurements were collected following the
procedure described byNkosi et al. (2017).Themain objective
was to investigate the potential source of seismic reflectivity of
the mineralization (Merensky Reef (MR) and Upper Group-2
(UG2)) with respect to their host rocks. The ultrasonic veloc-
ity (P-wave) measurements were conducted using a UK1401
SURFER ultrasonic tester, operating at frequencies of 50
kHz. Throughout the seismic P-wave velocity measurements,
the repetition frequency of the instrument was kept constant
between 2 Hz and 4 Hz, depending on the size of the sample.
Five P-wave velocity measurements were taken on each
sample and an average was taken as the final velocity value
(Table 1). Although the ideal conditions for measuring these
samples are at elevated pressures (∼ 20–60 MPa) to mimic
the in situ environment, our measurements were conducted
at atmospheric temperature and pressure. The bulk density
measurements were conducted using the water immersion
method (based on Archimedes’ principle) (Nkosi et al., 2017).
Another factor that affects acoustic impedance is porosity;
however, in this study, we did not conduct porosity measure-
ments as the rock samples are from a crystalline environment
and have comparable porosity (Malehmir et al., 2013; Nkosi
et al., 2017).

Synthetic seismogram

This section presents results of the physical property mea-
surements (bulk density and seismic velocities) of rocks in the
Bushveld Complex that make up the hanging wall and foot-

wall of the MR and UG2. Previous studies have reported seis-
mic velocities and densities of rocks in the Bushveld Complex
(Campbell, 2011; Manzi et al., 2017); therefore this study re-
ports in detail the individual density and velocity measure-
ments of the hanging wall and footwall in the study area. We
used the information to design the seismic experiments to in-
vestigate ‘near-surface’ geological structures, i.e. within 150
m of the mine tunnel in which the survey was conducted. Ta-
ble 1 summarizes the ultrasonic velocities and density mea-
surements of the MR, MR hanging wall, MR footwall and
UG2. While the velocity and density of feldspathic and peg-
matoidal pyroxenite are from Manzi et al. (2019), the den-
sities and velocities of the rocks are within a narrow range,
except for the chromitite sample that is much denser than the
host rocks and the water-saturated top layer of norite that has
a lower velocity. The average P-wave velocity measurements
of the core samples range from 3088 m/s to 6118 m/s and
the average density measurements range from 2700 kg/m3 to
4392 kg/m3. To compute the synthetic seismograms, we used
the measured densities, velocities and depths from borehole
1 (BH1; see Figs 2 and 3). The borehole has a total depth
of 577.5 m from the Earth’s surface and intersected the MR
and UG2 at 515.14 m and 570.94 m, respectively. We used
a Ricker wavelet with a dominant frequency of 130 Hz and
a sampling rate of 0.25 ms to compute the seismograms for
the lower 75 m of the borehole, which covered the ore zones
beneath the tunnel (Fig. 3). The acoustic impedance contrast
between the hanging wall and footwall of the MR suggests
that the interface is associated with a strong reflection, which
can be used as a proxy for MR mineralization. The UG2 has
a higher acoustic impedance contrast with the host rocks;
hence, a noticeable reflection at the interface (Fig. 3), which is
in agreement with studies conducted by Scheiber-Enslin and
Manzi (2018) and Manzi et al. (2020).

2D acoustic modelling and seismic reflectivity

The geology of the Maseve mine is detailed in the mine’s
resource estimation report (Muller and Visser, 2010). The
Bushveld Complex has been well studied (Nex et al., 1998;
Webb et al., 2004; Kinnaird, 2005; Cawthorn, 2015), and the
geological structures in certain areas make it an ideal place
to conduct numerical modelling to investigate the seismic
response of mineralizations and other geological structures.
However, the Bushveld Complex rocks (anorthosite, norite
and pyroxenite) have similar physical properties (mainly seis-
mic velocities). Acoustic impedance contrast in the Bushveld
Complex is mainly controlled by noticeable differences in
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Figure 3 Stratigraphic column derived from borehole 1 (BH1) of the Maseve mine. Reflection coefficients were derived from the acoustic
impedance, and synthetic seismograms were generated using the reflection coefficient and a Ricker wavelet (130 Hz). Generated reflections are
associated with the two major reefs (Merensky Reef and UG2). The impedance contrast of the Merensky Reef (MR) and its hangingwall is high
due to the water-saturated hangingwall and low velocities of the anorthosite rocks in the hangingwall. The acoustic impedance of the Upper
Group 2 (UG2) and the surrounding rock is typically high compared to that of the MR (see Manzi et al., 2020).

the densities of the rocks, which in turn provides a strong
reflective interface between the mineralization and the host
rocks. The MR has a slightly higher seismic velocity than
the host rock, while the UG2 has a higher density com-
pared to the host rocks (Table 1). The focus of the study
is to image the near-tunnel-floor mineralization and geolog-
ical structures; therefore, the complex geology of the area is
not presented in detail. The thickness and depth of the tar-
geted mineralizations were obtained from the available sur-
face boreholes in the study area (Figs 2 and 3). The MR
(∼ 1–2 m thick) and UG2 (∼ 1–2 m thick) were intersected
by surface borehole (BH1) at depths of 515 and 571 m, re-
spectively. These horizons are faulted and folded (asymmetri-
cal synclinal fold with aNW–SE trending fold plane), resulting
in the MR and the UG2 outcropping on the west-south-west
(WSW) side of the seismic line (Fig. 2b). The acquired seismic
profiles (mainly P5 and P6) transverse a major dolerite dyke
and the fault zone (here termed Rapetsoa Fault Zone (RFZ))
that crosscut theMR and UG2 (Fig. 2). Seismic modelling only
considers the rocks beneath the tunnel. The rock between the

tunnel and the Earth’s surface is considered to be free space.
The elevation of the inclined tunnel is used as the datum for
reflection seismic processing. Therefore, the complex charac-
teristics of the full 3D wavefield are not analysed in this paper.

The modelling was conducted using Tesseral Pro soft-
ware. Figure 4 shows the geological model built (Ahmadi
et al., 2016; Singh et al., 2020) from borehole data and mine
information (Fig. 2). The 2D acoustic finite-difference mod-
elling was conducted to assist with the planning of the in-mine
seismic surveys, to investigate the source of seismic reflectivity
in the data and to constrain seismic interpretation. The struc-
tures identified from the mine plan (Fig. 2b) were used to build
a geological model (Fig. 4) of the rock mass beneath the in-
cline tunnel. The finite-difference model was 360 m (horizon-
tal extent) × 140 m (depth), with a grid cell of 1 m in both
vertical and horizontal directions. A synthetic 2D seismic sur-
vey was designed to generate 2D synthetic shot gathers using
acoustic modelling (Fig. 5a) of the first few hundreds of me-
tres for two shot examples (Fig. 5a, d: first and centre shot).
Themain objective of numerical modelling was to simulate the
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Figure 4 Geological/finite-difference model at the Maseve mine. The model shows the two-target mineralizations (MR and UG2) and geological
structures (fault and dyke). The velocity and density of the rocks are noted. The receiver (brown) and shot (red) positions are shown, together with
the acquisition direction (ENE–WSW) over an incline. The boreholes used for the model as shown (purple) MRHW:Merensky Reef hangingwall
(Weathered Anorthosite; MR: Merensky Reef (orthopyroxenite); MRFW: Merensky footwall (norite); UG2HW: Upper Group 2 hangingwall
(feldspathic-pyroxenite); UG2: Upper Group 2 (chromitite); UG2FW: Upper Group 2 footwall (pegmatoidal pyroxenite); msl: mean sea level;
BH: Borehole.

seismic response of the targets (MR and UG2) and geological
structures (faults and dykes). The synthetic data were gener-
ated using the acquisition parameters very close to the ones
used for real seismic surveys, except that the model used a sin-
gle profile (360 m long), while the real survey data had three
merged profiles (115 m long). The synthetic seismic modelling
had a maximum two-way travel time of 500 ms. A Ricker
wavelet of 130 Hz was used for modelling, with a sampling
rate of 0.25 ms. The measured average velocities and densi-
ties in Table 1 were used in the model. The shot gathers of
the synthetic data (Fig. 5a, d) were then compared with those
of the acquired data (Fig. 5b, e). The comparison between the
synthetic and real data is discussed later.

SE ISMIC DATA ACQUIS IT ION

Prior to the seismic surveys, a preparatory mine site visit was
made for a few days to check the tunnel conditions and de-
cide on the location of shots and receivers. Information from
the ground-penetrating radar and electrical resistivity tomog-

raphy surveys conducted in the tunnel a few weeks prior as-
sisted in designing our surveys to better delineate the targets
(depth and lateral extent of the deposits, as well as geological
structures).

In November 2020, seven 2D in-mine seismic profiles
were acquired with a total length of about 0.6 km over known
orebodies (Fig. 2a, b). The final set-up included: one profile in
the development tunnel (P1); two around Michelle’s pillar (P2
and P4); one profile in a crosscut (P3); and three profiles (P5,
P6 and P7) in the incline tunnel (Fig. 2b). The three incline
tunnel profiles, namely P5 (115 m long), P6 (115 m long) and
P7 (115 m long), were collected in segments that are collinear
to each other, orientated in an east-north-east (ENE) to west-
south-west (WSW) direction (Fig. 2b). P5, P6 and P7 profiles
are the focus of this paper and were designed to cover the
area along the incline tunnel. P1 was collected perpendicular
to P5–P7, with the goal of imaging the folded Merensky Reef
(MR) and Upper Group-2 (UG2) located at about 20–70 m
depths below the incline tunnel (Fig. 2b). P2 and P4 were ex-
perimental lines collected around the pillar of interest. The
idea being to test the response of the 4.5 Hz geophone (1C)
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Figure 5 Shot gathers examples from P5 (see Fig. 2b) first shot and middle shot, with their frequency spectra. Shot gathers highlight clear
reflections marked by red arrows. (a and d) Synthetic shot gathers modelled from the geological model; (b and d) raw shot gathers; (c and d)
processed shot gathers. (a) Clear reflection (R1: 10 ms, R2: 27 ms) from the UG2 and diffractions (green) due to the dyke and fault zone. (b)
Raw shot gathers with reflections overshadowed by high frequencies (black circle), airwaves are indicated by black arrows and first breaks
are indicated by blue arrows. The frequency spectrum has frequency ranges of 0–1800 Hz as a result of the sampling rate of 0.25 ms. (c) The
processed shot gathers showing clear reflections, with one of the reflections not easily identified on the synthetic gather and the raw shot gather.
(d) R1 (29 ms) originates from the Merensky Reef and R2 (45 ms) originates from the UG2. The modelled dyke and fault zone disturb R2 (red
circle). (e) R1 at 20 ms, R2 at 45 ms and R3 at 55 m are observed on the raw shot gather. (f) The three reflections observed (R1, R2 and R3) are
enhanced after pre-stack filtering.

attached to the land streamer along the pillar; the shots were
generated horizontally along the pillar using a 5 kg sledge-
hammer. P2 was conducted at the base of the pillar, whereas
P4 had receivers supported on the sidewall. P3 was collected
with planted cabled sensors (1C; 4.5 Hz and 14.0 Hz), while
the other 5 segments were collected using a 4.5Hz seismic land
streamer. The profiles collected with the land streamer had a
receiver spacing of 5 m, providing a total spread of 115 m.

A day was spent testing different sources (24 kg acceler-
ated weight drop (AWD) and a 5 kg sledgehammer), and one-
component sensors (cabled 100 Hz horizontal, 14.0 Hz ver-
tical and 4.5 Hz land streamer). We also drilled holes along
the tunnel floor to plant the cabled geophones and increase
the coupling; however, this process proved time consuming
as it took about half a day to plant geophones along one
profile. This encouraged the use of the land streamer as re-
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Table 2 In-mine seismic acquisition parameters at the Maseve mine

Line P1 P2 P3 P4 P5 P6 P7

Number of receivers 24 24 24 15 24 24 24
Profile length 115 m 26 m 26 m 28 m 115 m 115 m 115 m
Direction SW-NE On Pillar SE-NW On Pillar SE-NW SE-NW SE-NW
Recording length 500 ms 300 ms 150 ms 150 ms 500 ms 500 ms 500 ms
Sample interval 0.25 ms
Vertical stacks 4
Source spacing 5 m 2 m 5 m 5 m 5 m 5 m 5 m
Source type 5 kg Sledgehammer
Receiver spacing 5 m 2 m 1 m 2 m 5 m 5 m 5m
Geophone frequency 4.5 Hz 4.5 Hz 4.5&14 Hz 4.5 Hz 4.5 Hz 4.5 Hz 4.5 Hz

ceivers in all seismic profiles because it was quick and pro-
vided better coupling with the tunnel surface. Shots were gen-
erated with both sources to check the signal-to-noise ratio
(S/N) of the data and decide on the most suitable seismic
source for the surveys. Although the 24 kg AWD provided a
better signal, it was not safe to use due to the conditions of
the tunnel sidewall and hanging wall (e.g., loose fragments
of the hanging wall). A 5 kg sledgehammer was used as a
seismic source instead, with a shot spacing of 5 m. To im-
prove S/N, four shot records were vertically stacked at ev-
ery shot position. A range of sampling rate parameters were
also tested to ensure that guided waves and other mine-related
noise, for example, were not contaminating the records. Fol-
lowing the analysis of the shot gathers at various sampling
rates, a sampling rate of 0.25 ms was chosen as it provided
better results with respect to the limitations of the resonant
and spurious frequencies of sensors used in the survey. The
survey parameters are detailed in Table 2. One of the advan-
tages of the sledgehammer is its light weight and low cost
when compared to other seismic sources. The mine is also
prone to flammable gases (e.g., methane), so we carefully
ensured that the hammer’s impact on a base plate did not
generate any sparks that could lead to explosions inside the
tunnel.

In addition to the seismic surveys conducted along mine
tunnels, five active seismic profiles were collected on the sur-
face, simultaneously with passive seismic surveys using three
broadband seismometers and remote acquisition units. The
surface experiments were an attempt to test the feasibility of
conducting tunnel-surface experiments. In this paper, only the
results obtained from active in-mine seismic profiles (P5–P7)
are presented.

SE ISMIC DATA PROCESS ING

Figure 5 shows the comparisons between the synthetic (Fig. 5a,
d), raw (Fig. 5b, e) and processed (Fig. 5c, f) shot records. The
raw seismic data exhibit a high signal-to-noise ratio (Fig. 5b).
However, a few traces exhibit some noise due to airwaves
(Fig. 5b, e: black arrows) or poor coupling of geophones on
the muddy areas along the tunnel. Table 3 provides the work-
flow followed in the processing of the data, subdivided into
pre-conditioning and processing steps. The main aim of the
processing workflow was to preserve primary reflections and
remove source-generated and ambient noise (e.g., water pipes,
moving vehicles and blasting from neighbouring mines) to im-
prove data quality.

The first step was to fix the coordinates and merge the
seismic profiles (P5–P7) before processing because the head-
ers had receiver and shot positions as coordinates. Coordi-
nates from the mine pegs were used to determine the shot and
receiver locations, using linear and spline interpolation func-
tions. The second step was to fix the geometry. From the coor-
dinates created, a shell-processing-support file was set up for
the geometry. The geometry was then merged with the seis-
mic data. For the seismic profile, we assigned common depth
points with a spacing of 2.5 m, followed by removing noisy
traces, mainly caused by poor ground coupling.

The data are of fair quality, with clear P-wave first breaks
in the raw shot gathers (indicated by blue arrows in Fig. 5b, e).
Some reflections (R1 and R2) observed in the raw shot gathers
(red arrows in Fig. 5b, e) matched reflections in the synthetic
shot gathers (Fig. 5a, d). R1 is interpreted to originate from
Merensky Reef (MR) and is not clearly defined in the first
shot synthetic gather (Fig. 5a); it is masked by first breaks as
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Table 3 Processing steps applied to the Maseve mine, South Africa, in-mine seismic dataset.

Pre-conditioning Parameters

Create coordinates
√

Linear and spline interpolation
Create SPS files

√
Merge the coordinates of P5–P7

Processing Parameters
Data input + reformat

√
From SEGD to SEGY

Geometry assignment + CDP bin
√

Sources and receivers assigned to each trace + CDP size 2.5 m
Trace editing

√
Kill noisy traces

First break picking
√

Automatic, manual picking
Floating datum statics correction

√
Fixed datum elevation: 602 m (below surface). Replacement velocity: 4000 m/s

Refraction static correction
√

Two-layer model based on the first break picking. Root-mean-square error 1.45–2 ms
Trace muting

√
Top mute using first breaks

Bandpass filtering
√

50–60–160–170 Hz
Automatic gain control

√
Window: 50 ms

Balance
√

500 ms
F–k filtering

√
Surgical muting, dip = 1.2 m/s per trace

Velocity analysis
√

Constant velocity stack
NMO corrections

√
5500–6500 m/s, stretch mute: 70%

Residual statics
√

Repeat NMO corrections twice
DMO

√
Kirchhoff common offset

Stack
√

Normal
Bandpass filtering

√
80–90–150–160 Hz

Post-stack time migration
√

2D Kirchhoff
Time-to-depth conversion

√
Constant velocity: 5500 m/s

the reflecting MR is close to the tunnel floor on the east of the
model (Fig. 4). R2, on the other hand, is well defined at 25 ms
with a weak reflection compared to R1. Possible reflected re-
fractions from the fault (RFZ) zone and dyke are also observed
in the synthetic data (Fig. 5a, d: green arrows). R1 (30 ms) and
R2 (45 ms) are clearly observed on the centre synthetic shot
gather and the raw shot gather. An additional reflection (R3:
55 ms) is also observed on the raw shot gather.

As one of the most important steps in the pre-stack data
processing stage, the P-wave first breaks were picked using an
automatic method (envelope threshold) combined with man-
ual picking. The picks were used to compute the refraction
statics. A total of 1778 picks were used over 72 receivers and
76 shots across the three profiles. The picks were inverted for
the two-layer-based refraction model, with four iterations and
an RMS error of 1.45–2.00 ms. Figure 6 shows a refraction
tomogram (Fig. 6a) and a ray path model with low ray cov-
erages (white arrows in Fig. 6b). The low ray coverage is as a
result of merging the three segments into one profile (Fig. 6b).
The refraction tomogram (Fig. 6a) was produced to aid with
the interpretation of the data for about 20−50 m depth below
the incline tunnel. The maximum elevation along the profile
is 602 m (above mean sea level) and was chosen as a match-
ing datum elevation together with a replacement velocity of

4000m/s for floating datum statics. The next step was to apply
refraction, residual (using only short wavelength component)
and elevation statics correction to enhance the continuity of
the reflections and improve the quality of the final seismic
section.

Figure 5(b and c) shows the raw shot gathers and a pro-
cessed shot gather (trace editing, refraction static, bandpass
filter and top mute), respectively. The raw data are contami-
nated by some noise that could be related to ambient sources
(i.e., ventilation and water pumps; Fig. 5b). The frequency of
the acquired data ranges from 50 Hz to 1800 Hz. The higher
frequencies (> 250 Hz) are most likely related to spurious fre-
quencies of the 4.5 Hz geophones used. A bandpass filter (50–
170 Hz) was applied to constrain the data within the source
energy frequencies. The amplitudes of the first breaks (Fig. 5b,
e) are high, affecting the near-surface reflections. To remedy
this, we applied top mutes on the first breaks with care in or-
der to not mute some shallow reflections. The processing steps
applied illuminated reflections (R2 and R3) in the shot records
(Fig. 5f). Although the above-mentioned processing steps en-
hanced some of the reflections, some noise (probably related
to airwaves) were still present in some shot records (Fig. 5b, e:
black arrows) and overshadowed the reflections (e.g., R2). To
eliminate these, an f–k filter was applied to the data. The f–k
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Figure 6 (a) Near-surface P-wave velocity model showing the upper 70 m of the incline tunnel. Black arrows indicated lower velocity zones,
which are associated with geological structures intercepted alone the line. (b) Ray path model showing ray coverage of the velocity model. The
white arrows indicate an area of low fold and where the three segments were merged. msl: mean sea level.

filter targeted events with velocities below 4100 m/s, in order
to enhance the targeted events that have apparent velocities
between 5700 m/s and 6400 m/s.

Velocity analysis was conducted using a series of constant
velocity stacks generated to select the velocity that showed
highest coherency of the reflections. Prior to stacking, Nor-
mal Moveout (NMO) corrections were applied to account for
the hyperbolic curvature of the reflections and stacked using
the NMO velocities of ∼5500 m/s. We calculated and applied
residual statics using the updated NMO-corrected gathers, re-
sulting in continuous reflections on the stacked sections. Dip
moveout was applied to stack the dipping reflections simul-
taneously. A second bandpass filter (80–160 Hz) was applied
to remove low frequencies that were still present in the data.
Figure 7 shows the final unmigrated time (Fig. 7a) and depth-
converted (Fig. 7b) stacked sections, respectively. A Kirchhoff
migration algorithm was applied using a constant velocity of
5500 m/s, which was decided based on the P-wave velocity
distribution on the data and published velocities (Manzi et al.,
2020). Finally, following a series of tests on velocity fields that
provided the best migrated sections, 5500 m/s was used for
time-to-depth conversion.Together withmine-modelled struc-
tures and surface boreholes, the final depth-converted seismic
section was imported into the 3D visualization software pack-
age for final geological interpretation and comparison with
other geological datasets.

RESULTS AND INTERPRETATION

Seismic processing and interpretation were mainly con-
strained to the top 100 ms (approximately 275 m depth be-
low the tunnel floor) because the main targets (Merensky Reef
(MR) and Upper Group-2 (UG2)) for future mining and ex-
ploration at Maseve mine fall within this window (Figs 5–9).
The first step was to make a comparison of the synthetic, raw
and processed shot gathers (Fig. 5). Clear first arrivals (blue
arrows) are seen in the 2D acoustic finite-difference mod-
elled shot record, raw short record and processed shot record
(Fig. 5). The airwaves (indicated by black arrows) observed in
the raw shot gather (Fig. 5b, e) has been attenuated (Fig. 5c,
f) by applying filters (mainly f–k) and dip moveout, resulting
in a dataset with an improved signal-to-noise ratio. The main
reflections observed in the seismic data interpreted to have
originated from the mineralizations are MR (R1) at 20 ms,
UG2 (R2) at 45 ms and a possibly unknown mineralization
(R3) at 55 ms (Fig. 5e, f). MR is shallower toward the ENE
on the model. Therefore, the strong reflection (R1) originates
from MR and is coupled with the first breaks, while the weak
reflection (R2) originates from the UG2. R3 is not modelled
in the synthetic data (Figs 4 and 5a) as it was not known, but
is visible in Fig. 5(b, e). R3 is interpreted to originate from the
UG1, which is a chromitite mineralization that is well known
in other mines within the Bushveld Complex.UG1 is, however,
not intersected by drilling at the Maseve mine as the drilling
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Figure 7 Comparison of unmigrated (time) stack (a) and depth stack (b) sections of incline tunnel profile (P5-P7). Clear reflections (shown with
black arrows) are more prominent at the centre of the sections. Time stack section shows strong reflections at 20 ms (black), which correspond
to 55 m depth in (b), while the dipping reflections (green arrows) at about 45 ms correspond to 124 m on the depth section. Third reflection
(red arrows) is shown at 55 ms and is expected at a depth of 151 m.

only targetedMR andUG2 (Fig. 2c).Our interpretation of this
seismic reflection (and others observed in the data) is not con-
clusive as these events could be associated with complicated
wavefield characteristics caused by side tunnels connected to
the main exploration tunnel, fracture systems, the rock mass
around the tunnel and mine infrastructure (or developments).
In addition, there is no borehole information to further con-
strain our seismic interpretation below the UG2 horizon.

P-wave velocities obtained from the first break tomo-
grams show a good definition of two zones in our area: frac-
tured top layer (∼ 10 m thick) exhibiting velocities between
1000 m/s and 4000 m/s and the hard rock exhibiting variable
thicknesses (10–40 m) with velocities between 4000 m/s and
6500m/s. These velocities show a goodmatch with the known
velocities from (norite and pyroxenite; Manzi et al., 2020) and
borehole stratigraphy and complement P-wave reflectivity ob-
served on the final stacked sections (Figs 7 and 8). Based on
the refraction tomograms, existing borehole, geological mod-
els (Fig. 2) and tunnel observations (i.e. outcropping MR and
UG2 ∼ 110 m and ∼180 m WSW of the centre of the merged
profile, respectively), the stratigraphy generally dips at ∼ 10°

towards WSW and dips 60° ENE due to folding and faulting
(Fig. 4).

The unmigrated time (Fig. 7a) and depth-converted
(Fig. 7b) stacked seismic sections suggest that the reflections
are well delineated in our study. The strong reflectivity ob-
served at 20 ms (black arrows) on the time stack section
corresponds to 55 m depth on the depth stack section. The
reflections (Fig. 7a, b: marked with arrows) are more promi-
nent at the centre of the seismic section. The shallow reflection
occurring at about 55 m is attributed to the MR, as discussed
previously. The far ends of each seismic profile (P5–P7) show
reflections that may be related to processing artifacts, while
the middle section (CDP: 160-180; 200-230) shows more co-
herent reflections due to the high fold-of-coverage (Fig. 8a).
Overlaying the borehole log and 1D synthetic data onto the
depth-converted migrated section (Fig. 8b) confirms that the
strong reflections (R1) at about 55 m depth can be attributed
to the MR, while the reflection at ∼124 m (R2) is associated
with the UG2. The reflector (R2) dips towards west-south-
west and loses coherency at CDP 130. The area is structurally
complex as interpreted in Fig. 9. MR and UG2 are affected by
folding (e.g., a synclinal structure is observed between CDP
160 and 200) and crosscut by dykes (dotted green and red
lines) and faults (indicated by pink lines) different orientations
(Fig. 9). In addition to faults and dykes, the seismic section

© 2022 The Authors. Near Surface Geophysics published by John Wiley & Sons Ltd on behalf of European Association of Geoscientists and
Engineers.,Near Surface Geophysics, 1–18



Cost-effective in-mine seismic experiments 13

Figure 8 Depth-converted migrated seismic section; red outline shows the focus area where boreholes 1 and 2 are overlaid. (a) Migrated stack
section of profiles P5–P7 with (b) Borehole 1 and synthetic seismogram overlaid (BH1; see Fig. 2). Reflection R1 correlates with the Merensky
Reef (MR) and reflection R2 correlates with UG2. The arrows mark the identified reflector detailed in the text. (c) Borehole 2 correlated with
the migrated section.

exhibits a vertical low-seismic amplitude and chaotic feature
along the MR and UG2 horizons, which is interpreted to be
associated with the IRUP (Fig. 9; IRUP: dotted brown). Sim-
ilar to faults and dykes, this feature appears to disrupt both
the MR and UG2 (Figs 8 and 9), and it occurs in the vicinity
of the fault zone. In particular, the seismic sections show the
delineation of F4 that coincides with the RFZ interpreted in
the mine geological model and described by several authors.
Identification of these structures by the seismic data is impor-
tant as this information can be used to enhance the existing
geological model.

DISCUSS ION

To better understand the quality of the data and interpret ge-
ological structures, it is important to first address the seismic
resolution limit of the data. The quality of the acquired data is
dependent on many factors such as the impedance contrast be-
tween the target and the host rock, the geometry (e.g., shape)

and thickness of the target, survey design, instruments used,
tunnel conditions and noise level. The seismic resolution limit
is controlled by the dominant wavelength (λ) in the data, seis-
mic velocity of the targets and the dominant frequency of the
data. Theoretically, the top and bottom of geological features
cannot be resolved if its thickness is less than a quarter of the
dominant seismic wavelength (i.e., Rayleigh criteria of the ver-
tical resolution limit). However, smaller features down to λ/32
can still be detected, although the detection will depend on the
diffractions, not solely on the seismic amplitude (Manzi et al.,
2014; Malehmir et al., 2018).

The dominant seismic frequency of the reflected signal at
the Merensky Reef (MR), for example, is ∼ 130 Hz. By taking
into account the stacking velocity (∼ 5500 m/s) used in our
processing workflow, the dominant seismic wavelength (λ) is
∼ 42 m. This gives us the vertical resolution limit of ∼ 10.5 m,
which is the minimum thickness needed to resolve the top and
bottom of a layer. However, the MR (∼1–2 m thick) and Up-
per Group-2 (UG2) (1–2 m) are too thin to be resolved.Hence,
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Figure 9 Interpreted migrated section (in depth) of seismic profiles P5-P7. The Merensky Reef (MR) reflector is marked with dotted lines (R1),
and UG2 is marked with a dashed line (R2). Third reflection marked with a solid line is linked with the UG1. The reflections are not continuous
at areas of the low fold. The reflector is displaced by a combination of normal and reverse faults (purple solid lines). Dashed lines (green) are
the interpreted dykes, while the red dashed line is the position of the dyke and fault zone (see Fig. 4). R1 is bent (grey dashed line) between CDP
160 and 190, which is interpreted as a fold, while the brown dotted lines represent an interpreted Iron Rich Ultramafic Pegmatite (IRUP).

the structure of such thin mineralized reefs can be mapped in-
directly using the seismic reflective interfaces between hang-
ing wall and footwall rocks as proxies (Manzi et al., 2020).
For example, the MR is associated with the reflections aris-
ing from the contact between pegmatoidal anorthosite hang-
ing wall and norite footwall. This implies that the MR is not
imaged directly because of the low acoustic impedance con-
trast between the reef (ρ = 2744 kg/m3; v = 5950 m/s) and
the surrounding rocks (norite: ρ = 2951 kg/m3; v= 5667 m/s;
anorthosite: ρ = 2947 kg/m3; v = 5530 m/s). Due to weath-
ering of the hanging wall, the MR is imaged indirectly due to
the high acoustic impedance between the hanging wall (weath-
ered anorthosite: ρ = 2851 kg/m3; v = 3088 m/s) and the
footwall (norite: ρ = 2951 kg/m3; v = 5667 m/s). The UG2,
on the other hand, is directly imaged because of the significant
acoustic impedance contrast (mainly controlled by a high den-
sity associated with chromitite) between the UG2 (ρ = 4392
kg/m3; v = 6118 m/s) and the footwall (ρ = 2700 kg/m3; v =
5900 m/s) (R2 in Fig. 9).

The lateral extent of the geological feature cannot be dis-
cerned if it is narrower than the diameter of the first Fresnel
zone (i.e., horizontal resolution limit) (Yilmaz et al., 2001),
which governs the horizontal positional accuracy of struc-
tural information that can be obtained from seismic data. It
is worth noting that this horizontal resolution limit assumes
that the seismic data are unmigrated. After migration, as is the
case with our seismic data, this limit can be enhanced to ap-
proximately half the dominant wavelength, i.e. 21 m. Theoret-
ically, this implies that two or more geological features within

21 m of each other will not be resolved as separate features.
However, smaller features could still be detected, but this will
depend on signal-to-noise ratio of the data, the velocity field
and the migration algorithm used for migration (Manzi et al.,
2014; Westgate et al., 2020).

A general assessment of the in-mine seismic results reveals
that the data, although acquired in a noisy mine environment,
are of high quality from which structural interpretation can
be drawn. The strong, seismic reflections associated with the
MR (∼ 20–25 ms in Fig. 7a) and UG2 (∼ 45–70 ms in Fig. 7a),
although disrupted by faults and folds, are prominent and reli-
able indicators of mineralizations throughout the seismic pro-
file (see, Figs 7, 8 and 9). The depth position, shape and dips
of the interpreted MR and UG2 have been constrained with
the geological information. Figure 10(a-d) shows the 3D visu-
alization of the integrated borehole data, seismic data, mine
modelled structures (MR, UG2, fault and dyke), seismically
defined structures (faults and dykes). Generally, the seismic
data has a good tie (within 3 m discrepancy) with the bore-
hole information (Fig. 10a). For example, BH1 intersected the
MR and UG2 at a depth of 68 m and 120 m below the tun-
nel respectively, which correspond to the depth position of re-
flections R1 and R2 on the migrated section (Fig. 10a). The
seismic reflections R1 and R2 show a good correlation with
the mine MR and UG2 orebodies, respectively (Fig. 10b). Sur-
face boreholes (e.g., BH2) on the western side of the seismic
line (Fig. 2b) intersected the MR at an average depth of 510
m and UG2 at an average depth of 555 m below surface,
while the boreholes on the eastern side of the seismic profile
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Figure 10 Depth-converted migrated seismic section plotted in 3D view together with the mine tunnel around 550 m below Earth’s surface.
(a) Correlation between the seismic section and borehole intersections of the MR (red) and UG2 (blue). (b) Correlation between the seismic
reflections (R1 and R2) with MR (grey, red, and blue surface) and UG2 (green contoured surface) mine orebodies. (c) Seismic section together
with interpreted and mine modelled faults and dykes overlaid. The Rapetsoa Fault Zone (RFZ) is shown in blue, crosscutting the mineralizations
(MR, UG2 and R3). (d) Seismic section with boreholes, Merensky Reef (MR) and UG2 mine orebodies, structural interpretations (faults and
dykes). The green arrow is pointing to the south.

intersected theMR and UG2 at 515m and 570m, respectively,
indicating that these two target mineralizations are closer to
each other on the western side (Fig. 10b). The boreholes were
targeting the MR and UG2, thus did not extend to depths be-
low UG2. Therefore, these boreholes were not used to con-
strain the source of R3 reflectivity in the seismic data. The
minor discrepancies (0–3 m) in depth positions between seis-
mics, orebodies and borehole data might be due to three rea-
sons: (1) the boreholes were projected onto the seismic profile
as they were not drilled directly along the seismic line, result-
ing in the interpreted reflection on the seismic profile having
an apparent dip compared to the borehole data, therefore we
expect a mismatch of the on a seismic line and the geological
model (Fig. 4); (2) the velocity model used to depth convert
the seismic sections may be in error; and (3) the mine orebody
models are poorly constrained in areas that are not covered by
the borehole information (western portion of the study area).

In terms of structural interpretation, our results confirm
the existence of previously known faults and dykes (e.g.,

RFZ and dyke 2 in Figs. 4 and 10c) and further constrain
their interpretation. F4 may represent one of the reactivated
subordinate faults (e.g. RFZ) associated with the major
Rustenburg fault, which has been studied by several authors
(e.g., Scheiber-Enslin and Manzi, 2018; Basson, 2019) and
confirmed through underground and surface mapping and
drilling. Along the fault zone, we have also interpreted a
dyke (D2) that corresponds to the one found in the mine
model (Fig. 4). Therefore, our results suggest that the RFZ
was active (or re-activated) and provided planes of weakness
along which dyke 2 intruded. Furthermore, this work has
identified more faults (e.g., f1–f7 in Figs 9 and 10c, d) and
dykes (dyke 1 and dyke 3 in Fig. 10c, d) that were not incor-
porated in the existing mine geological model. The majority
of the faults in the area are dipping at 60–90o WSW. The
faults (Fig. 9; f1, f4, f5 and f7) are mainly reverse faults with
a WSW upthrow, displacing the MR and UG2 horizons. F2
and f3 are normal faults dipping WSW, while f6 dips ENE
(Fig. 10c).
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In general, the geometry of R1 and R2 corresponds with
the geometry of the mine MR and UG2 orebodies. Good
correlation between seismics and mine orebodies is mainly ob-
served from the centre (common depth point (CDP) no. 160)
to the eastern end (CDP no. 100) of the profile (Fig. 10b, d).
However, the seismic data suggest that these two horizons (R1
and R2) are faulted towards the far western end of the pro-
file (CDP no. 160–240) with the downthrow in the west. This
suggests that MR and UG2 are continuous on the western
side of the outcrop position, which contradicts the geometry
shown in the mine orebodies (Figs 2c and 10b). If our inter-
pretation is correct, the continuity of these horizons beyond
the outcrop position will need to be incorporated in the cur-
rent mine model to enhance the resource evaluation. The seis-
mic results suggest that faults and dykes crosscut and displace
(in the case of faults) the MR, UG2 and R3 horizons, which
constrains their timing of activity (i.e., they were active after
the reefs depositions). The delineation of these structures is
important for future mine planning at Maseve mine as these
indicate areas that may not be mineable because of the loss
of ground. Although these faults are detected on the seismic
section, their throws cannot be determined with confidence as
their displacements (throws) are below the seismic resolution
limit of the data. In addition to this, the seismic data provide
information on a potential chromitite-rich horizon (reflection
R3 in Fig. 9) tens of metres in the footwall of the UG2 horizon,
which is interpreted as the UG1.

In the future, we plan to overlap (at least by 50% of
each profile length) the profiles to avoid obtaining low folds
at the end of each profile. In the new data, other processing
approaches (such as pre-stack depth and diffraction imaging)
will be tested to further improve the imaging of the structures
in this area and further investigate the sources of other re-
flections (including R3). While a longer single profile would
have provided better results and allowed deeper imaging, the
study was constrained by the available recording system we
have (48 channel recording system) and the limited budget to
hire a suitable seismic system. In addition to this study, other
seismic profiles are being processed and the results will be in-
tegrated with the GPR data collected along the same profiles
to constrain the geological interpretation.

Given the cost-effective nature of the instruments used
and the limitation posed by mine infrastructure to properly
design in-mine seismic surveys, the results demonstrate that in-
mine seismic surveys can be an asset for mineral exploration
and mining. Furthermore, these experimental surveys are con-
sidered to be cost-effective as the approach was approximately
> 60% cheaper than if the survey was acquired by commercial

contractors on surface (assuming that there would be no in-
frastructure limitations, environmental and permitting issues)
using more expensive and heavier geophysical equipment
(such as vibroseis trucks and 100s of receivers on surface).

CONCLUSIONS

In-mine seismic experiments were conducted at Maseve mine
to image the host rocks, geological structures and the plat-
inum deposits. The surveys involved careful planning through
mine visits and using mine geological models and borehole
data. This project is a joint effort between South African aca-
demic, research, government and mining institutions. While
the results of the experiments are encouraging considering
they were conducted inside underground mine tunnels in a
structurally complex hard rock mining environment, the sur-
vey designs and processing of the data were challenging due
to flooded mining tunnels causing issues with land streamer
sensor-ground coupling; the hard rock environment making
it difficult to plant geophones (cabled); loose tunnel hanging
wall limiting the use of a heavier energy sources; and fractured
tunnel walls and mine infrastructure producing complicated
wavefield characteristics (e.g., tunnel guided waves) that are
difficult to handle in a 2D scenario.

We demonstrate that the seismic method can be used in-
side mine tunnels to delineate geological features associated
with mineral deposits and improve mining. The processing of
the in-mine seismic data provided insight into the location of
the Merensky Reef (MR) and Upper Group-2 (UG2) below
the mine tunnel, and an additional potential resource below
UG2.Despite the challenges faced in the design and processing
of the data, the target MR and UG2 orebodies have been im-
aged with confidence, supported by the geological model. Syn-
thetic data constrained our seismic interpretations, although
the model can be improved with more borehole data to con-
strain the targeted mineralizations. The reported data are only
a portion of the full dataset, not including seismic and GPR
profiles that are nearly perpendicular to the reported merged
profiles. Exploitation of the full dataset will enable the char-
acterization of both the MR and the UG2 in detail. The study
forms a pilot concept for the mining industry to utilize in-mine
seismics development and mine planning. This survey set-up is
cost-effective because it uses an affordable energy source and
land streamer, which do not require extensive planning and
mobilization.
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