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INTRODUCTION

Mineral exploration relies on the application of advanced
geophysical techniques to refine the search for mineral
deposits and mine planning (Malehmir et al., 2012, 2017;
Manzi et al., 2012, 2020; Stevenson et al., 2003). The
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Abstract

Improving the exploration of deep-seated mineral deposits and assessing the
stability of the mine pillars require that geophysical techniques are deployed in a
fast and cost-effective manner with minimal environmental impact. This research
presents results from in-mine reflection seismic experiments and a ground pen-
etrating radar (GPR) survey conducted at the Maseve platinum mine, South
Africa. The research aims to develop and implement methods to image platinum
group metal (PGM) deposits and geological structures near mine tunnels and
assess the stability of pillars. The seismic experiments were conducted using
a sledgehammer source (10 Ib), conventional cabled geophones (14 Hz), and
a landstreamer with 4.5 Hz vertical component geophones. The GPR survey
was conducted using a Noggin 500 GPR system with 500 MHz centre fre-
quency. An image of the underlying orebody and geological structures down
to 100 m from the mine tunnel floor (~500 m below ground surface) was pro-
duced. We correlated the coherent reflections beneath the tunnel floor with a
known Upper Group (UG2) PGM orebody. The final seismic section shows that
the UG2 mineralisation is dissected by near-vertical dykes, faults and fractures.
These structures, faults in particular, are interpreted to have been active post-
mineralisation, implying that they may have contributed to the current complex
geometry of the deposit. Four GPR profiles were collected around a stability
pillar adjacent to the seismic lines. The radargram sections were processed to
improve the signal-to-noise ratio (S/N). The results show different patterns of
fracturing and stress-induced structures. These fractures were shown to be sub-
vertical and, possibly, constitute complex micro-structures within the pillar, which
could compromise the pillar stability and integrity. The study demonstrates that
in-mine seismic and GPR surveys can be cost-effective and valuable for mineral
exploration.
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seismic method has been well proven as an effective
tool for mineral and hydrocarbon exploration, geoengi-
neering, seismic risk assessment, and environmental
and hydrogeological investigations (Brodic et al., 2017;
Onyebueke et al., 2018, 2020; Manzi et al., 2020). The
reflection seismic method provides information about

60 | © 2023 European Association of Geoscientists & Engineers.

wileyonlinelibrary.com/journal/nsg Near Surface Geophysics 2024;22:60—74.


https://orcid.org/0000-0002-1654-5211
https://orcid.org/0000-0003-1956-5223
mailto:Emmanuel.onyebueke.o@gmail.com
https://wileyonlinelibrary.com/journal/nsg
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fnsg.12270&domain=pdf&date_stamp=2023-09-26
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subsurface structures with the advantage of deeper pen-
etration depth and higher resolution compared to other
geophysical techniques (Yilmaz, 2001; Malehmir et al.,
2012; Manzi et al., 2012, 2019, 2020; Westgate et al.,
2020).

The past few years have withessed an increase in
research activity towards in-mine seismic experiments
and the utilization of value-added technology in assess-
ing the excavation face and hangingwall stability using
ground penetrating radar (GPR) and thermal imagery.
These geophysical methods employ combinations of
specific acquisition, processing and interpretation tech-
niques in both shallow and deep hard-rock mining
environments to improve orebody and structural imag-
ing (Malehmir et al., 2012, 2017; Manzi et al., 2012, 2020;
Brodic et al., 2021). The integration of these innovative
approaches can nurture new ideas on how the in-mine
infrastructure (shafts, boreholes and developmental tun-
nels) can be utilized to design geophysical experiments.
The integrated geophysical approach could provide
fresh insights with respect to improving the image
of the subsurface geology for mine development and
expansion.

Despite various innovative seismic data acquisition
approaches in the recent years, numerous difficulties
have been encountered with in-mine seismics. The dif-
ficulties include noise interference during in-mine data
acquisition from electrical infrastructure, mine vehicles,
rock blasting and crushing. Several research centres
across the world (such as Smart Exploration in Europe,
the Seismic Research Centre in Africa, and Metal
Earth in Canada) have launched innovative initiatives
to tackle these challenges. However, these tools are
still under-utilized by South Africa’s hard-rock mining
industry.

Deep mining in South Africa is characterized by two
fundamental challenges: how to optimize the extrac-
tion of ore deposits; and ensuring mine safety. The
South African Mining Extraction Research, Develop-
ment and Innovation (SAMERDI) programme estab-
lished an Advanced Orebody Knowledge (AOK) theme
to tackle these issues. Most research is conducted by
teams at the University of the Witwatersrand (Wits), Uni-
versity of Pretoria (UP), the Council for Scientific and
Industrial Research (CSIR) and the Mandela Mining
Precinct (MMP). AOK’s goals are to develop and acquire
technologies and techniques that will be used to obtain
information around the mining tunnels and ahead of
the mining face and assess the stability of the hang-
ing wall and pillars. Seismic modelling and innovative
in-mine seismic surveys are important components of
this endeavour to reduce drilling and exploration costs,
maximize mine safety, find new brownfield ore bodies
and increase the life of mines (Westgate & Manzi, 2017;
Westgate et al., 2020). The AOK project also seeks to
advance LiDAR, GPR and thermal imagery technology

to provide more detail of the discontinuities and loca-
tions of loose block of rocks within the supporting pillars
(e.g., joints and fractures), which could cause rockfalls
and pillar instability.

The seismic experiments involved both passive sur-
veys (sensors deployed on the Earth’s surface) and
active surveys (sensors both on the surface and in tun-
nels). In this paper, we focus on the in-mine active
seismic experiments using a seismic landstreamer sys-
tem, sledgehammer and cabled geophones inside the
mine tunnel and a GPR survey around the reference pil-
lar (known as ‘Michelle’s pillar’). Our experiments were
conducted in tunnels excavated within the Merensky
Reef (MR) in order to map the structure of the under-
lying Upper Group orebody (UG2), which is high-grade
platinum group metal (PGM) ore deposit. The GPR
was used to scan Michelle’s pillar to gain an overall
understanding of the discontinuities within the pillar’s
interior.

SITE LOCATION AND BACKGROUND
GEOLOGY

The study area is located within the Western Lobe of
the Bushveld Complex (BC). Maseve mine is ~38 km
NW of Rustenburg and ~10 km south of the Pilanesberg
Alkaline Intrusive Complex in the North West Province,
South Africa (Figure 1a). The BC is the world’s largest
host of PGMs, vanadium and chromium commodities
(Magson et al., 2018) (Figure 1a,b). The complex has
been mined for decades and plays a key role in South
Africa’s economy. The presence of complex geologi-
cal structures, such as faults, dyke swarms, iron-rich
ultramafic pegmatites (IRUPs) and potholes, renders the
seismic imaging and full exploitation of these economic
platinum-bearing horizons (known as reefs) challenging
(Manzi et al., 2020). These make the Maseve mining
environment an ideal site to conduct such seismic exper-
iments. The mine is located within the Western Bushveld
joint venture project area (Royal Bafokeng Platinum
[RBPIat], 2020) (Figure 1a).

The BC is a layered igneous province with an
area extent of 65,000 km? and thickness of 5-10 km
(Figure 1a,b). It spans 450 km east—west and 350 km
north—south (Campbell, 2011; Kawohl & Frimmel, 2016;
Bachmann et al., 2018; Magson et al., 2018). The BC
is Paleoproterozoic in age, dated ~2.06 Ga. The rock
compositions range from mafic to ultramafic, felsites
and granites, which formed on the stable Kaapvaal and
Zimbabwe cratons towards the north-eastern part of
South Africa (Magson et al., 2018). The complex is
divided into five lobes, namely the Northern, Southern
(or Bethal), Western, far Western and Eastern. At the
current levels of erosion, it consists of three lobes, the
Northern, Eastern and Western Lobe (Cawthorn et al.,

85U8017 SUOWWIOD AIIe.D 8|qeoljdde ayy Aq peuseno a1e s9oile VO ‘8sN JO Sa|nJ o Akeidi8uljuO 3|1 UO (SUOIPUOO-PUR-SWBIAL00" AB 1WA eiql Ul [UO//SdnL) SUOBIPUOD pue SWwie 1 8y} 885 *[202/T0/6T] U0 AkeidiTauluo A8 |IM ‘Uotessay [eOIPSIN Ued iy Uinos Aq 02221 Bsu/z00T 0T/10p/uoo" A8 (1M Aeiqipul|uoy/sdiy Wwolj pepeojumod ‘T ‘%202 ‘¥090£L8T



ONYEBUEKE ET AL.

Bushveld

Villa Nova

South Africa

25 50 75 100

Pretoria

a
(@) Complex \é l) IDIO%I;thern N

Mokopane

Middelburg !
T i

(b)

Rock type Lithology

Diorite
Magnetite
Gabbronorite

Anorthosite

~7.9 km

Gabbronorite

rite Merensky Reef (MR)
Anorthosite

Gabbronorite -
NorE

UG2 Reefs
UG1 Reefs
MG Reefs
LG Reefs
Pyroxenite
Harzburgite

Reef

[ Feldspathic pyroxenite
I Norite

/= Pegmatoidal anorthosite
I Anorthosite

Norite

FIGURE 1
South African outline map indicating the position of Bushveld Complex (modified after Kinnaird, 2005 and Manzi et al., 2019). (b) General
stratigraphy of the Rustenburg Layered Suite (RLS) and the schematic enlargement of the Merensky Reef. The Suite is estimated to be ~8 km
thick (Kawohl & Frimmel, 2016; Magson et al., 2018); note that the figure is schematic and not drawn to scale.

2002) (Figure 1a). The BC has been further subdivided
into the Rooiberg Group, Lebowa Granite Suite and the
Rustenburg Layered Suite (RLS).

The RLS was emplaced at 2.06 + 0.0026 Ma and
cooled by 2.05 + 0.0037 Ga (Zeh et al., 2015; Opper-
mann et al., 2017). The RLS succession is subdivided
into the Marginal, Lower (LZ), Critical (CZ), Main and
Upper zones (UZ), which are categorized by their
unique igneous intrusive layering (Figure 1b). The Upper
Group of the RLS CZ hosts the largest concentration
of these PGMs (platinum, palladium, iridium, rhodium,
osmium and ruthenium). The most important orebod-
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ies are the Upper Group (UG2) chromitite reefs, the
MR and Platreef mineralization in the Northern Lobe.
The stratigraphic column shown in Figure 1b illustrates
the positioning of the UG2 relative to the MR, (Kin-
naird, 2005; Campbell, 2011; Magalhaes et al., 2018).
The Merensky and UG2 reefs dip ~5°-15° N and also
contain sulphides, which host the PGMs, gold and vari-
eties of copper and nickel minerals (Kinnaird, 2005;
Magalhaes et al., 2018). The surface geology comprises
the lower portion of the RLS with 14 major chromitite
seams and numerous less developed seams (Opper-
mann et al., 2017) (Figure 2a—c) (RBPlat, 2020). The CZ
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FIGURE 2 (a) Depth contours of the Merensky Reef (MR) and Upper Group 2 (UG2) showing the mining levels and identified iron-rich
ultramafic pegmatite (IRUP). (b) Underground mining plan showing the locations of the seismic line 1 (SL1) and 2 (SL2), the Borehole 1 and
Michelle’s pillar, (c) borehole lithology in the mine area (note that the figure is schematic and not drawn to scale but to show rock layering). Note

that the elevation is above sea level.

of the RLS in this region comprises cyclic units of mafic
cumulate rocks ranging from harzburgite to orthopyrox-
enite composition in the LZ, whereas the UZ includes
orthopyroxenite, norite and anorthosite (Schoenberg
et al.,, 1999; Barnes et al., 2004). The enrichment of
PGMs in this area has been explained by a variety of
models that include the mixing of sulphide-rich horizons
and large amounts of silicate melts in either a closed or
open magma chamber system (Kinnaird, 2005; Kawohl
& Frimmel, 2016; Magalhaes et al., 2018).

The mining development in the area is currently on
the MR level, which is regarded as a uniform package of
chromitite- and sulphide-bearing orthopyroxenite hosted
by norite and/or anorthosite (Chistyakova et al., 2019)
(Figure 2a—c). The thickness of this reef ranges from
4 cm to 4 m. Chistyakova et al. (2019) subdivided the MR
into four horizons (MR-1-MR-4). The UG2 reef occurs
between 15 m and 100 m below the MR and comprises

a 0.7-1.2 m thick (main) chromitite seam with 2-4 m
thick hangingwall chromitite (Campbell, 2011). Underly-
ing the UG2 in the area are UG1, Middle Group and
Lower Group chromitite seams. The orebodies in the
study area are affected by major faults (e.g., Rusten-
burg Fault) and a network of north to northeast trending
dolerite and diabase dyke swarms of Waterberg and
Karoo age (Campbell, 2011).

GEOPHYSICAL METHODS
Seismic method and synthetic modelling

Refraction and reflection seismic surveys were con-
ducted to image the rock mass beneath the mine’s
tunnel floor. For survey design purposes, and sub-
sequent interpretation, seismic responses of targeted
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FIGURE 3 Synthetic seismogram plot using laboratory physical property measurements of Borehole 1 rock and ore samples.

horizons would be evaluated via forward modelling.
Ore deposits in the BC typically exhibit a contrast in
seismic impedance with their host rocks due to varia-
tion in rock densities and seismic velocities, which is
quantified by the reflection coefficient (Campbell, 2011;
Manzi et al.,, 2019). The impedance contrasts in the
area are attributed mostly to the litho-structural bound-
aries (dykes, faults and IRUPs) and magmatic layering.
Previous research conducted in the study area using
reflection seismic data and synthetic modelling drilled
cores had reported the range of P-wave velocities in
the BC between 5500 and 6800 m/s (Trickett et al.,
2009; Campbell, 2011; Scheiber-Enslin & Manzi, 2018;
Manzi et al., 2019). Generally, the CZ is character-
ized by alternating sub-horizontal strata of anorthosites
and norites, and ultramafic pyroxenites with interca-
lated chromitite seams, which include the targeted
pyroxenite—chromitite UG2 package. The Merensky and
UG2 reefs have estimated average P-wave velocities of
6400 m/s and 6800 m/s and density values of 2.9 g/cm?®
and 3.15 g/cm?3, respectively (Campbell, 2011; Manzi
etal., 2019). The reflection events in the CZ are expected
at the interface between the low-density anorthosite
(2.78 g/cm?®), which hosts the MR and the higher density
pyroxenite (4.3 g/cm3), which host the UG2. The UG2
is approximately 15—100 m below the MR platform. The
synthetic seismogram in Figure 3 was calculated using
laboratory ultrasonic P-velocity and density measure-
ments of the host rocks and ore samples obtained at
Maseve mine starting from the Bastard Reef (Table 1).

The physical property estimations were performed with
the average of 10 measurements of each rock type, and
the results obtained are consistent with earlier report at
the same site (Campbell, 2011). The seismogram was
estimated using a minimum phase Ricker wavelet cen-
tred at 100 Hz and 0.25 ms sampling interval to resemble
the expected input wavelet of a hammer source.

Seismic data acquisition

The in-mine seismic experiments were conducted along
four different 2D profiles around the reference pillar, of
which two lines are presented in this study (Figure 2a,b).
A conventional seismic landstreamer coupled with 24
receivers (4.5 Hz) connected to a Geometrics Geode
seismograph was deployed along the tunnel floor across
SL1 and SL2. The landstreamer was attached on a car
with a non-stretchable cargo belt. Table 2 summarizes
the acquisition parameters for SL1 and SL2. The choice
of the landstreamer was justified in this study due to the
tunnel accessibility and better receiver-ground coupling.
Several acquisition trials were performed to observe the
effect of rebounds and tunnel echo. A sledgehammer
(10 Ib) was used as the seismic source. To minimize
noise, data acquisition was stopped whenever mine
trucks or heavy machinery operated nearby.

To improve the signal-to-noise ratio (S/N), a vertical
stack of five hammer blows were taken at every source
station. We acquired the data using 500 ms (SL1) and
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TABLE 1 Average values of physical property measurement of Bushveld Complex rocks.

Rock type P-wave velocity (m/s) Density (kg/m?3)
Merensky Reef (orthopyroxenite) 5950 2745

Upper Group 2 (chromitite) 6118 4293
Anorthosite 5530 2948
Pegmatoidal anorthosite 5088 2851

Norite 5667 2951
Feldspathic pyroxenite 5400 3000
Pegmatoidal pyroxenite 5900 2700

TABLE 2 Acquisition parameters and geometries used in the in-mine underground tunnel seismic experiments.

Parameters Values

Seismic lines SL1 SL2
Profile length (m) 115 25
Seismogram Geometric Geode

Geophone (Hz) 4.5 4.5
Source 10 Ib sledgehammer

Receiver number 24 24
Receiver spacing (m) 5 1
Shot spacing (m) 5 2
Record length (ms) 500 150
Sampling interval (ms) 0.25

Vertical stacks 5

Min/max offset (m) 2.5/120 1/24
Max CMP fold 24 12

Survey direction

Strike direction

Up dip direction

Abbreviation: CMP, common midpoint.

150 ms (SL2) recording time with 0.25 ms sampling inter-
val. The shot points were located in between every two
receivers. The asymmetrical split-spread yielded a com-
mon midpoint (CMP) subsurface spacing of 2.5 m in
SL1 and 0.5 m in SL2 with nominal folds of 12 and 6,
respectively (Levande et al., 1994; Minato et al., 2012;
Onyebueke et al., 2020). Two offset shots were taken at
2.0 m and 5.0 m from the end of each line, respectively.
There were significant challenges in acquiring seismic
data along the mine tunnel, which include obtaining
accurate elevation measurements for each geophone
and shot position, the flooded areas of the tunnel that
made it difficult to place the receivers, difficulty in plant-
ing and obtaining tight coupling of the geophones on a
fresh rough bedrock surface and high humidity level and
poor air ventilation.

Seismic data analysis

Figure 4 shows examples of raw and processed shot
gathers with associated amplitude spectra. The data

were recorded using a high sample rate of 0.25 ms
for useful signal versus mining noise bandwidth exper-
imentation purposes. However, as can be seen from
Figure 4a, the strong mining noise, inevitable at these
sites, dominates the signal using such fine sampling
where clear first breaks cannot be noted. The situation
improves after processing (Figure 4b) where a shallow
event marked R1 becomes prominent. Similar situation
can be seen for the second line indicated in Figure 4c,d.
The average frequency (F,) of the useful signal in our
data is ~100-140 Hz, consistent with a same nature
source (impact hammer) used in Brodic et al., 2017
(Figure 4a,c). The ‘NS’ was due to high energy content
at the vicinity of the impact source, whereas AS’ was
caused by loose/malfunctioning geophones. Preliminary
processing reduced the amplitude of the near-source
wave and high-frequency signal (>200 Hz) visible in the
shot gathers. The coherent events approximately at 25—
50 ms (labelled R1) (Figure 4b,d) could be the expected
reflections from the pyroxenite—chromitite UG2 package,
approximately 50-100 m below the tunnel floor. This is
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FIGURE 4 Shot gathers after different processing steps along seismic lines 1 (SL1) and 2 (SL2). Part (a) shows SL1 raw shot gather
indicating some seismic events and part (b) shows SL1 shot gather after bandpass frequency filter, AGC, FK filter and spiking deconvolution.
Parts (c) and (d) show the same steps as in parts (a) and (b) on SL2. The inserts on the bottom right are the frequency spectra of the seismic
shot gather events. R1-possible reflection. AS, amplitude spikes; NS, near-source high-amplitude waves.

supported by the synthetic results shown in Figure 3.
The events (labelled M) observed between 50 ms and
200 ms are likely reverberations (Figure 4d).

Seismic data processing and results

The traces were normalized with respect to the aver-
age amplitude of the entire shot gather, and dead traces
were removed. The pre-processing involved bandpass
frequency filtering (60—-70-180—-200 Hz) with 50 ms
AGC to compensate the amplitude variation and loss of
energy with depth (Figure 4b,d). To enhance the coher-
ent events that might be reflected from the targeted
horizon and improve the S/N, we adopted a conventional
reflection seismic processing workflow. The processing
steps are listed in Table 3. These include geome-
try set-up, trace edits and normalizations, first break

picking, refraction statics, frequency bandpass filtering,
pre-stack deconvolutions; standard CMP sorting, veloc-
ity analysis, normal moveout correction (NMO); stacking,
migration and time-to-depth conversion.

The number of CMP gathers across SL1 and SL2
were 61 and 48, respectively. The significant step in
improving the quality of reflections relies on picking P-
wave first arrivals and using them for refraction static
correction purposes (Figure 5a—d). The tomograms were
generated using the simultaneous iterative reconstruc-
tion technique (SIRT). The SIRT algorithm estimates the
theoretical traveltime from the observed datasets and
finds a velocity model that reduces the error between
them to a minimum. The advantage of this algorithm is
the ability to constrain the inversion using acquisition
geometries and the estimated apparent velocities of the
first break picks to generate the final P-wave velocity
model (Figure 5c,d). The vertical extent of the starting
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TABLE 3 Data processing steps and parameters.

Processing steps

Parameters

Geometry setup
Trace normalization
Trace editing

AGC

Brute stack

First break pick and velocity
inversion

Muting

Static correction

Spiking deconvolution
Bandpass frequency filter
fk filter

CMP/CDP sorting
Residual static correction
NMO and stacking

Migration

Time-depth conversion

Trace header updated with observer’s report

With respect to the average amplitude of the entire shot gathers
Removed dead and noisy traces

Using 50 ms window length

Initial constant velocity range of 3500-6500 m/s

Velocity range of 3000-6000 m/s with 0.01 misfit

Surgical muting of the first arrivals

Using refraction velocity at 536 m floating datum
Deconvolution of 30 ms autocorrelation with 5 ms length
Butterworth: 60-70-180-200 (Hz)

3000-8000 m/s

61 and 48 gathers for L1 and L2

Near-surface constant statics

Using interactive constant velocity panel and semblance with velocity
range of 3500—6800 m/s (45% stretch)

2D Kirchhoff migration algorithm with interval velocity range of
3500-6800 m/s

Using interval average velocity range of 3500—-6800 m/s

Abbreviations; CMP, common mid-point; NMO, normal moveout.

velocity models for SL1 and SL2 ranges from 0 m to
40 m with 0.4 m cell size and P-wave velocity range of
3000-6800 m/s. The inversion was based on iteration
model (the results were obtained after 20 iterations) with
a defined data variance of 0.01 (misfit), the permissible
threshold of 0.001 and a maximum defined change of
50% as an input parameter.

The filtered shot gathers were sorted into CMP for
velocity analysis. The velocity analysis was based on
interactive constant velocity picks and semblance recog-
nition. Figure 5e,f shows the final stacked reflection
sections after applying bandpass frequency filter, fk
filter, deconvolution and subsequent velocity analysis
(Figure 4a—d). We applied surface-consistent static cor-
rections to compensate for the elevation and short—long
wavelength variations. The CDP gathers were 45%
muted after NMO correction to account for NMO stretch-
ing (45% stretch). Given that our seismic lines are
located inside a tunnel within a solid rock space, we
assume that the reflected energy seen in the final
stacked sections originates from within our stacking
plane. We assume that off-the-plane contributions would
be handled by the Kirchhoff time migration algorithm
used. However, we are fully aware that a proper sepa-
ration of in- versus off-the-plane reflection contributions
would require 3D time/depth migration using true acqui-
sition geometry, presently unavailable. The data were
migrated using the Kirchhoff algorithm and converted to
depth using the stacking velocity model, which ranges
from 3500 m/s to 6800 m/s with 200 m/s velocity interval.

The GPR data were acquired using the Noggin 500
GPR system (Lee at el., 2021; Yang et al., 2021) with
a centre frequency of 500 MHz. The acquisition proce-
dures involve moving the antenna along the sidewall of
the reference pillar (Figure 6a,b). A total of four lines
(GPRL1 [8 m], GPRL2 [6.5 m], GPRL3 [11.4 m] and
GPRL4 [6.6 m]) were acquired around Michelle’s pil-
lar (Figure 6b). Common-offset reflection survey mode
was used for data acquisition with 0.025 m trace spac-
ing, 0.2 ns sampling rate and 120 ns listening time.
To improve the S/N ratio, eight vertical radargram were
stacked at each sampling point (Figure 6c—f). The GPR
sections in Figure 6¢c—f show radar traces (radargram)
plotted against time and distance across the sidewall
of Michelle’s pillar (Figure 6a,b). The x-axis represents
the distance along the survey line, whereas the y-axis
represents the traveltime of the radar pulses. The radar
profiles acquired in the surveyed area show several
reflection events, which exhibited an average velocity of
0.1 m/ns as well as presence of background noise.

The GPR data processing involved correcting the
radargram to zero time (time delay), applying a time-
varying spherical and exponential gain to correct for the
spherical spreading and intrinsic attenuation of the sig-
nal, and a bandpass filter (200—800 MHz) to attenuate
the unwanted frequency components. The dominant fre-
quency is approximately 400 MHz. Background removal
(subtracting mean) filter was used to enhance the sub-
vertical reflectors as well as suppress the background
noise and the direct arrivals (Figure 6g—j). The GPR
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Parts (a) and (b) are the seismic line 1 (SL1) two-way traveltime plot and tomogram, respectively; parts (c) and (d) are the

seismic line 2 (SL2) two-way traveltime plot and tomogram, respectively. (e) Stacked-time section of SL1 indicating possible Upper Group 2
(UG2) reflection package (R1) and possible reverberation (R2). (f) Stacked-time section of SL2 (this line is short and does not provide adequate

reflection information for further interpretation).

profiles were migrated and converted to the distance
of penetration with a constant velocity of 0.1 m/ns.
The migration collapses the diffractions and allows the
geometries of the linear structural features on the pillar
to be delineated.

INTERPRETATION

This study aimed to demonstrate how in-mine geophys-
ical surveys can produce subsurface images of the rock
mass near the excavation surface and the interior of
mine pillars as well as provide insight about the com-
plex geological structure of the orebody in the area. A
site reconnaissance was conducted upon our arrival,
consisting of equipment testing to observe different geo-
phone responses (4.5, 14, 45 and 100 Hz resonance
frequencies) and planning a cost-effective and success-
ful data acquisition. Campbell (2011) and Manzi et al.

(2019) used 2D and 3D reflection seismic data sets
and borehole information to provide detailed subsurface
images of the BC for mineral exploration. They produced
synthetic seismograms using wireline measurements of
sonic velocity and density to show that the UG2 and UG1
pyroxenite—anorthosite contacts are the main seismic
reflection markers in the area.

The interpretations of the reflection seismic sections
in this study are based on coherent event characteris-
tics and comparison with borehole information, synthetic
seismograms and previous research results (Campbell,
2011; Manzi et al., 2019) (Figures 7 and 8). The data
were acquired in tunnels excavated for the MR exploita-
tion ~500 m below the ground surface (Figure 7a). The
main feature belonging to the Upper Group is shown on
the reflection seismic sections as a coherent reflection
(R1) at shallow depth below the tunnel floor, which we
interpreted as UG2 (Figure 7b,c). The strong reflection
is due to high acoustic impedance contrast with their

85U8017 SUOWWIOD AIIe.D 8|qeoljdde ayy Aq peuseno a1e s9oile VO ‘8sN JO Sa|nJ o Akeidi8uljuO 3|1 UO (SUOIPUOO-PUR-SWBIAL00" AB 1WA eiql Ul [UO//SdnL) SUOBIPUOD pue SWwie 1 8y} 885 *[202/T0/6T] U0 AkeidiTauluo A8 |IM ‘Uotessay [eOIPSIN Ued iy Uinos Aq 02221 Bsu/z00T 0T/10p/uoo" A8 (1M Aeiqipul|uoy/sdiy Wwolj pepeojumod ‘T ‘%202 ‘¥090£L8T



IN-MINE SEISMIC AND GPR SURVEYS

EUROPEAN

EAGE Gscinnsise

ENGINEERS

(a) (b) N
- 8750 - 9050 - 9350 A
& 5
2 N
N
© Tunnel A
N l
° = ]S —_
n \
o~
N
Ll
o]
@ ’
< 4
(o}
i
[eo]
[a\] T
(C) Distance [m] (d) Distance [m] (e) Distance [m] (f) Distance [m]
01 2 3 4 5 6 7 012345678 91011 0 1 2 3 4 5 6 7
00 5 : 0o o 0 ——r—vw—vwarrvw—iy )
10 1 = 10
120 1 20 1 1=
g
30 30 7}
=)
2 40 2 40 2 22
©
= 50 5
-g- 50 t
@ 3 60 3 60 3 3z
£ g
= 70 70 =
8
4 80 4 80 4 4 €
8
I
90 90 a
5100 5 100 5 5
110 110
(h) (i) Distance [m] )] Distance [m]
012 3 456 7 8 3456 78 91011 0 1 2 3 4 65 6 7
0 0 0o o 0 o )
10 10 10
1 20 1 20 1 20 1 _
©
30 30 30 z
S
2 40 2 40 2 40 2 0
.
= 50 50 50 2
E a
o 3 60 3 60 3 £
g 60 3 £
L 70 70 70 2
Q
4 80 4 80 4 80 4 %
8
[%]
90 20 20 2
5100 5 100 5 100 5
110 110 110

FIGURE 6 Underground mining plan showing the locations of the seismic lines 1 (SL1) and 2 (SL2), the borehole 1 and Michelle’s pillar. (b)
The enlarged schematic diagram of the reference pillar indicating the positions of the ground penetrating radar (GPR) lines (GPRL1-GPRL4).
Parts (c)—(e) and (f) show the unprocessed radargram sections of GPRL1-GPRL4 after delay time removal, respectively. Parts (g)—(j) show the
processed radargram sections of GPRL1-GPRL4, respectively (note the significant improvement of the sub-vertical reflectors and background
noise removal from the raw radargram sections as pointed out with white arrows).

host rocks (orthopyroxenite and anorthosite), which is
comparable with studies by Campbell (2011) and Manzi
et al. (2019). The reflector R2 was attributed to multi-
ples as the SL1 profile length and energy source were
deemed not capable of reaching such depth. The results
correlated well with the synthetic seismogram from the

Borehole 1 that intersects this mineralization (Figure 7c).
The delineated UG2 exhibits a gentle dip (~10°-15°
NW) across the depth section of SL1 (Figure 7d) but
was not well resolved in SL2 due to the short pro-
file length. The depth from the survey elevation (tunnel
floor) to the underlying UG2 is ~40—-100 m, which is in
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FIGURE 8 Interpreted depth section of seismic line 1 (SL1)
indicating the prominent reflection package of Upper Group 2 (UG2)
and possible Upper Group 1 (UG1). Note the dotted lines are the R1
reflection package, which is interpreted as the UG2 and UG1 Groups.

agreement with the borehole information. In addition,
another relatively strong reflection (~15-40 m below

UG2) has been observed, and it could be associated
with another potential mineralization (known as UG1)
(Figure 8). The observed undulating or dipping reflec-
tions shown in the dip section across UG2 could be as a
result of faulting and folding commonly found in the BC
(Manzi et al., 2020) (Figure 8). The underlying UG2 and
UGH1 reflection markers and associated faults and frac-
tures discerned between ~40 m and 130 m in Figure 8
confirm and support previous research conducted in the
western BC (Campbell, 2011; Manzi et al., 2019).

Maximum penetration depths of about 13 m and 5 m
were achieved across SL1 and SL2, respectively, on
the refraction tomograms. The low P-wave velocity zone
(Figure 9a) observed across SL1 was interpreted as a
result of flooded area seen on the surface, and fractured
bedrock near the tunnel floor due to mining activities
such as rock blasting and excavation. The low P-wave
velocity zone between distances 2 m and 8 m in SL2
tomogram (Figure 9b) is attributed to fractures evident
on the tunnel floor.
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FIGURE 9

Figure 10 shows the merged radargram of GPR
lines (GPRL1-GPRL4) acquired around the sidewall of
Michelle’s pillar. Different fracture patterns and stress-
induced micro-strains were observed. The radargrams
are dominated by NW-SE and NE-SW striking linear
structural features, which could be faults, joints and
stress-induced fracture sets. These linear structural fea-
tures can be observed across the pillar with major
stress-induced strains and micro-fractures observed at
about 1-3 m distance inside the pillar sidewall across
GPRL1, GPRL3 and GPRL4. Sidewall parallel stress-
induced micro-fracturing were observed across all the
lines conducted around the pillar. A prominent linear
structural feature in GPRL2 strikes from 2.0 m to 3.5 m
distance inside the pillar sidewall. Complex fracturing
is observed in GPRL3 with two prominent linear struc-
tures (probably fractures), striking towards the northwest
at 1.5-6.0 m distance within the sidewall, with another
three striking perpendicularly towards the southeast.
The stress-induced micro-fractures in GPRL3 extend
to an overlapping distance between GPRL4. Another
prominent sub-vertical reflector was also observed in
GPRL4, which strikes towards the southeast at 2.5—
5.0 m distance within the pillar sidewall. The metal
response observed on the GPRL3 section is due to
pillar bolt. The interaction of these structures could

Interpretation of tomogram sections along seismic line 1 (SL1) (a) and line 2 (SL2) (b).

compromise the stability of this supporting pillar. The
difference in the intensity of the fracturing could be
ascertained by the degree of electromagnetic wave
reflectivity and radargram texture. The observed texture
of the radargrams is clearly different across the image
of the scanned pillar, which could reflect the degree of
fracturing as well as structural compositions (Figure 10).
The information from seismically defined known min-
eralization (UG2), additional potential resources (UG1)
and structural styles should be incorporated in the future
mine planning and designs. Future drilling could focus on
targeting the UG1 mineralization to confirm its existence
and assess its economic value.

In future, we plan to improve the quality of the seis-
mic data with different survey designs and use other
seismic technologies such as distributed acoustic sens-
ing to image below the tunnel, surface-tunnel recording
to image the rock mass between ground surface and
tunnel floor and cross-hole tomography to improve struc-
tural imaging between boreholes. In addition, with an
increase budget, we can also explore more powerful
sources that are less manually and labour-intensive and
provide deeper penetration. We are also planning to con-
duct a 3D GPR and thermal image scan across the
supporting pillars and the mining face (Riedel et al.,
2018).
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CONCLUSIONS

Pilot in-mine geophysical experiments have been con-
ducted at Maseve mine, Rustenburg, South Africa, to
image the platinum orebodies below the mine explo-
ration tunnel (~500 m below ground surface), complex
geological structures that complicate mining as well as
the interior of the mine pillar. Seismic and GPR meth-
ods were employed. The seismic and GPR data were
acquired and processed. The initial seismic analysis
revealed various seismic events on the raw shot gathers,
namely the first P-wave arrivals, surface waves and high-
amplitude noise. The data were processed to attenuate
unwanted signals and enhance the coherent reflec-
tion events arising from the UG2 and UG1 reflectors.
The coherent reflected event observed at the shallow
depth (<100 m) was attributed to the UG2 pyroxenite—
anorthosite packages in the CZ of the Rustenburg Layer
Suite. The underlying UG2 reflection markers discerned
between 40 m and 100 m confirm and support previous
research conducted in the area. The seismic section also
exhibits relatively strong reflection at 40-80 m below
UG2, which is likely from another mineralized zone. The
imaging of this new mineralized zone is important for the
mine for future resource enhancement, mine planning
and design. Possible subtle faults and fractures (no clear
offsets observed) were also delineated by the reflection
seismic sections. While we plan to acquire numerous
in-mine seismic surveys on the same site, the results

from this pilot study are encouraging and will be used
as guidelines for future in-mine seismic survey planning
and acquisitions. The GPR radargram image of the mine
pillar provides a good understanding of discontinuities
within the rock mass, particularly the sub-vertical reflec-
tors, linear structural strikes (fractures and faults) and
stress-induced micro-fractures. The GPR method is a
fast geophysical technique that can complement other
geophysical methods in assessing the stability of mine
pillars and obtaining information ahead of the mining
face that has an impact on excavation integrity.
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