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ABSTRACT

Innovative geophysical methods were used to study the platinum group element mineralisation
and their associated geological structures at Maseve and Tharisa mines, western Bushveld
Complex. Four case studies are presented in this thesis that incorporate the use of in-mine or
near mine geophysical methods for mineral exploration. The first one being in-mine seismic
data acquired in 2020 at Maseve mine using cost-effective seismic source and sensors, followed
by innovative seismic experiments acquired in 2022 at Maseve mine to evaluate the viability
of using tunnel and surface experiments for mineral exploration in a noisy, logistically difficult
mine environment. Thirdly, the 2021 integrated geophysical surveys conducted at Tharisa mine
to image fractures that act as water pathways into the pit. Finally, integrated geophysical
techniques are used to delineate boulders to enhance future mine planning and designs at
Tharisa mine. The acquired geophysical data were processed using modern processing
algorithms to enhance the target mineralization and complex geological structures in all the

sites.

In-mine reflection seismic datasets acquired in 2020 at Maseve mine proved useful as they
provided optimum imaging of the economic Platinum Group Elements (PGEs) such as the
Merensky Reef and Upper Group 2 chromitite layers (known as reefs). This is one of the few
in-mine seismic experiments to have been conducted in South Africa for mineral exploration.
In 2022, 2D reflection seismic profiles were acquired on surface above the Merensky Reef and
Upper Group 2 chromitite, together with four 2D reflection seismic profiles acquired along the
mine tunnel at ~ 550 m below the surface and tens of meters above known mineralisation:
Merensky Reef and Upper Group 2 chromitite layer. Interpretation of the in-mine and surface
seismic data were complemented by the use of 3D ray tracing numerical simulations to
understand the distribution and out-of-plane reflectivity from the target mineralization. The
2022 Maseve reflection seismic data improved the imaging of geological structures and mineral

deposits.

The geophysical data acquired in 2021 at Tharisa mine demonstrated the importance of using
near-surface integrated geophysical methods (magnetics, seismics, and electrical resistivity)
with other datasets such as borehole logs and physical property measurements to understand
the geophysical response of the mineral deposits. Ground magnetic data delineated a major
dyke that was identified on the aeromagnetic data and geological mapping. Electrical resistivity

tomography, on the other hand, identified linear low resistivity zones that differentiate
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fractured and undisturbed hard rock. Seismic methods were important for depth to bedrock
imaging. Integration of geophysical methods was encouraged by the need to understand
geological structures (e.g., faults, dykes, iron-rich ultramafic pegmatites, boulders) that can
have impact on the efficiency, safety and costs of mining in South Africa. Moreover, this
approach encourages the implementation of innovative geophysical surveys in brownfield sites

for better mine design and planning, and to increase a life of mine (LoM).
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Chapter 1

1. Introduction

1.1.Motivation and objectives

The Bushveld Complex (BC) in north-western South Africa is known for its rich Platinum
Group Element (PGE) deposits (locally termed reefs). The Rustenburg facies represents
(Figure 1) the southernmost part of the western limb of the Bushveld Complex. It is known for
the dominant Pt-Pd sulphides (30%) and four subfacies (rolling reef, chromitite contact reef,
non pegmatoidal wide reef, and potholed thin reef) that have regional variations in the
geological structures of the Merensky Reef (MR) (Viljoen, 1999). The early discovery research
of the PGEs started in the 1906 by William Bettel (e.g., Merensky, 1925; Wagner, 1929;
Lehmann, 1955; Scoon and Mitchell, 2005). The Merensky Reef was first discovered in the
eastern limb, but mining commenced in the western Bushveld Complex. As a result, the
western Bushveld Complex has drawn considerable scientific interest. For example,
geophysical studies have been used extensively to understand the structures and geological
characteristics of the mineralization (e.g., Cawthorn and Webb, 2001; Campbell, 2011; Manzi
et al., 2020; Sehoole, 2020), geological studies for understanding the emplacement and origin
of the mineralization and its host rocks (e.g., Hunter, 1978; Schouwstra et al., 2000; Clarke et
al., 2009; Basson, 2019). As a result, mining and geological research have been active at the
western limb of the Bushveld Complex. The area offers an opportunity to study the surface
exposed geology, mineralization and structures, while underground tunnels provide access to

in-situ conditions (pressure and temperature) of the geological structures and mineralisation.

High-resolution geophysical techniques have been widely used for mineral exploration and
characterisation of deep and shallow deposits. Many of the shallow deposits are nearing
exhaustion, therefore mineral exploration shifted its focus to search for new discoveries at
greater depths. Imaging of geological structures and mineralisation at greater depths is
challenging for conventional geophysical methods (e.g., magnetics, gravity, 2D reflection
seismics, and resistivity), owing to the structural complexity of the orebodies and costs of
extracting the ore in a safe manner. Furthermore, the increase in mining depth increases the
challenges for new mineral exploration. An alternative solution is to look into greenfield
exploration for shallower deposits. However, the need to conduct greenfield exploration has
not seen an increase over the years due to costs and project lengths. Therefore brownfield

exploration has grown in value and many of the brownfields are yet to be fully exploited.
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Brownfield exploration also faces challenges, to state a few: obstructions over mineral deposits

due to infrastructure, and vibrational noise as a result of active mining and roads.

In this research, several geophysical surveys were conducted between 2020 and 2022 across
the Rustenburg Facies section of the western Bushveld Complex, covering two mines: Royal
Bafokeng Maseve and Tharisa mines. The principal objective of this thesis was to utilise in-
mine and near-mine geophysical methods (2D reflection seismics, magnetics and electrical
resistivity tomography) to image geological structures and mineral deposits in environmentally

challenging mine sites.

Figure 1.1: a) Location of the Bushveld Complex within South Africa. b) Geological map of
the Bushveld Complex, South Africa. c¢) Swartklip Facies and Rustenburg Facies, the two
primary facies of the Rustenburg Layered Suite that Wagner (1929) described, are depicted on
the western limb of the Bushveld Complex. The study areas (stars) are found within the
Rustenburg Facies (Modified from Smith et al., 2004).



Chapter 1

Geophysical data acquired in active hard rock mine sites require special attention to processing
due to the amount of anthropogenic, vibrational noise and subsurface complex conditions
encountered compared to the soft rock environments. Interpretation of 2D reflection dataset is
challenging in crystalline hard rock environments that exhibit heterogeneous zones such as
faulting and folding, which may cause diffractions and energy scattering. Faults are usually
observed as offsets along lateral continuous reflections, and this is rare to encounter in
crystalline environments as 2D reflection seismic methods are generally susceptible to
revealing sub-horizontal structures, compared to steeply dipping structures (Lundberg, 2014).
As aresult, the application of multiple geophysical methods (magnetics, electrical tomography
resistivity, ground penetrating radar) were utilised in this research together with numerical
modelling to improve and constrain 2D seismic interpretation. Geophysical surveys acquired
in this research demonstrate that geophysical data can be conducted in unconventional

environments in a cost-effective and efficient manner.

While demonstrating the uses of numerical modelling, integrated physical property analyses,

and geophysical methods, this thesis has the following objectives:

e To demonstrate the applicability of reflection seismic surveys in cost-effective manner to
delineate mineral deposits and their associated geological structures in a noisy mining
environment;

e To provide an integrated interpretation of the subsurface and demonstrate the value of
geophysical technologies for mineral exploration in noisy crystalline hard rock
environments;

e To test seismic response of mineralisation using seismic modelling and physical property
studies, and improve the subsurface interpretation of mineral deposits and geological

structures.

1.2.Thesis structure

This thesis is based on four case studies and it is divided into 13 chapters. Chapter 1 highlights
the introduction and objectives of the study. Chapter 2 provides an integrated geological
background of the two case studies. The western limb of the Bushveld Complex is described
first, along with an overview of its location, tectonic background, and structural layout.
Secondly, an overview of mineral deposits found in the BC is presented in case study one to
four (Paper I - V), together with their origin and mining depths. Chapters 3-4 provide an

overview of the theory and methodology of seismic methods for mineral exploration. Firstly,
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a brief overview of acquisition, processing and interpretation of seismic data in different
mining environments is provided. Secondly, modelling algorithms used in all the papers are
summarised. Thirdly, the methodologies applied during physical property measurements are
presented. Chapter 5 provides a detailed data acquisition methodologies applied during the
study. Chapter 6 presents the summaries of the scientific papers. Chapters 7 — 10 contain
papers that have been published, and under review. Chapter 11 provides a brief discussion of
the research and synthesis of the manuscripts. Chapter 12 provides concluding remarks of the
research and recommendations. Chapter 13 provides the list of references used in Chapters

1-5.

The main findings in Chapters 7 - 10 of the research are divided into two case studies:

Case studies 1 - 2: In-mine or tunnel seismics in hard rock environment

e Comparison between spiked and streamer mounted sensors for imaging Platinum Group
Elements (PGEs) reefs and complex structures in deep underground mining environments
of the Bushveld Complex.

e Testing of conventional (cabled system) seismic equipment inside a mine tunnel.

e Comparison between wireless sensors (1C vertical geophones, 5 Hz), spiked sensors (14
Hz), and streamer mounted sensors (4.5 Hz) in mineral exploration.

The streamer mounted sensors showed considerable advantage over the spiked sensors in mine

tunnel seismic surveys in terms of coupling, costs, and deployment time. Application of cabled

seismic equipment is discussed as a cheap and an easy-to-deploy exploration technique in noisy

mine environment (Paper I). The application of wireless sensors was tested as an exploration

technique on surface, with a combination of 1C spiked and streamer mounted sensors prior to

deployment in underground environments. Paper II reports on the results from both surface

and tunnel seismic experiments at Maseve mine site. The study served as a pilot study to

prepare future work for the simultaneous and time synchronised surface-tunnel data acquisition

using a GPS time transmitter developed under the EU-funded Smart Exploration Project.

Case studies 3-4: Open pit geophysical surveys in hard rock environment

Case study 3 demonstrates how integrated seismic, magnetics and electrical resistivity data,
combined with borehole data and surface mapping dataset, can characterise geological

structures (faults and dykes) and platinum-bearing horizons (reefs) (Paper I1I). Additionally,
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it demonstrates the challenges faced by the geophysical methods to characterize near-surface
fractures and mineralisation in an active mine site with large infrastructure, trucks and electrical
powerlines that cause interfering noise during acquisition. The results from case study 1 are
integrated with case study 3 (Paper IV) that targeted subsurface boulders. Case study 3
demonstrates that integration of geophysical methods can improve mine efficiency and reduce
costs. The results from this study are integrated with hydrological and geochemical studies to

further unravel and determine the source of water that migrates into the pit (Appendix C).

1.3. Contributions

The PhD candidate co-authored several papers during the PhD journey, and also presented at
several local and international conferences. However, this thesis presents only the work that is
directly linked to his PhD thesis and where he took leadership of the project. Some papers are
presented as part of the main chapters, while others listed in the list of appendices. Below is a
summary of the authors’ contributions to each paper. I am the first author of Chapters 1-12;
first author for appendix A, a complementary manuscript to Chapter 7; I am the fourth author
for the paper in appendix B and fifth author to appendix C, which is linked to the study
conducted in Chapters 9 and 10.

Chapter 7: Rapetsoa, M. K., Manzi, M. S. D., Westgate, M., Sihoyiya, M., James, L.,
Onyebueke, E., Kubeka, P., Durrheim, R. J., Kgarume, T., Cost-effective in-mine seismic
experiments to image platinum deposits and associated geological structures at Maseve
platinum  mine, South Africa. Near Surface Geophysics. 2022; 20: 572-589.
https://doi.org/10.1002/nsg. 12216

I planned the in-mine seismic experiments and participated in data acquisition in 2020. I
processed the seismic data with the help of my supervisors, and compiled the initial draft of
the paper and created the majority of the figures. My supervisors helped with the interpretation
of the reflection seismic data. Together with the co-authors the manuscript text was improved

through a number of iterations and discussions.

Chapter 8: Rapetsoa, M. K., Manzi, M. S. D., Sihoyiya, M., James, 1., Durrheim, R.J., Michelle
Pienaar, Innovative seismic imaging of the platinum deposits, Maseve mine — Part I1: Surface

and In-mine.

I was involved in the seismic survey design, acquisition and processing of the data. I prepared

the figures and wrote the first draft of the manuscript. Discussion of the design, analyses, results
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and interpretation of the data is conducted over a number of iterations with the authors to

improve the manuscript.

Chapter 9: Rapetsoa, M. K., Gomo, S., Manzi, M. S. D., James, 1., Dildar, J., Sihoyiya, M.,
Mutshafa, N., Durrheim, R.J., Multi-geophysical methods for characterizing fractures in an

open pit mine, western Bushveld Complex, South Africa, Geophysical prospecting.

I was involved in the design and acquisition of seismic, electrical resistivity and magnetics data
with S. Gomo, N. Mutshafa, M.S.D. Manzi, and prepared the final data with J. Dildar. The
interpretation of the seismic data and electrical resistivity was conducted by myself and was
assisted by S. Gomo. I prepared all the figures and wrote the first draft of the manuscript with
the assistance from M.S.D. Manzi. The quality of the text was improved by involving all co-

authors in discussions.

Chapter 10: Gomo, S., Rapetsoa, M K., Manzi, M.S.D., Onyebueke, E., Dildar, J., Sihoyiya,
M. et al. (2023) Integrated geophysical methods for boulder delineation to improve mining.
Geophysical Prospecting, 00, 1-21. https://doi.org/10.1111/1365-2478.13322.

I'was involved in the design, acquisition and interpretation of seismic data. I wrote some section
of the manuscript, prepared some figures, and was involved in writing the discussion of the

results.

1.4. Supplementary material

Supplementary peer reviewed

Appendix A: Moyagabo K. Rapetsoa, Musa S. D. Manzi, Mpofana Sihoyiya, Michael
Westgate, Phumlani Kubeka, Emmanuel Onyebueke, Raymond J. Durrheim,; Seismic solutions
utilizing existing in-mine infrastructure for mineral exploration: A case study from Maseve
platinum  mine, South Africa. The Leading FEdge 2022; 41 (1): 54-61.
doi: https://doi.org/10.1190/tle41010054.1

I was responsible for the experimental design and data acquisition. I prepared the figures,
completed all the analyses, and wrote the first draft of the paper. Discussions of the design and
analysis of the data, together with the text, were conducted over a number of iterations with the

co-authors.
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Appendix B: Sihoyiya, M., Manzi, M.S.D., James, 1., Rapetsoa, M K., Westgate, M., Nwaila,
G., Linzer, L., Durrheim, R.J. and Staley, P. (2022), Seismic delineation of the gold-bearing
structures in the South Rand goldfield (South Africa): A comparison of pre-stack time and
depth migration approaches on legacy seismic data. Near Surface Geophysics, 20: 697-709.
https://doi.org/10.1002/nsg. 12209

My contribution to this manuscript included interpretation of the seismic data and assisted with

the revisions of the manuscript.
Supplementary manuscripts

Appendix C: Dildar, J., Manzi, M., Abiye, T., Gomo, S., Rapetsoa, M. K., Drennan, G. (2023).
Groundwater Circulation in the Shallow Crystalline Aquifer of 2 Tharisa Mine, South Africa:

Evidence from Environmental 3 Isotopes and Near-Surface Geophysics

I was involved in preparation of images, interpretation and discussion of the seismic data.

Peer reviewed abstracts and reports

I participated and presented peer-reviewed abstracts in several local and international

conferences:

e Berhanu, R., Manzi, M., Westgate, M., Sihoyiya, M., Rapetsoa, M. K. (2022).
Reprocessing of Legacy Seismic Profile for Shale Gas Exploration in the Karoo Basin
(South Africa). Presented at the NSG2022 28" European Meeting of Environmental and
Engineering Geophysics, European Association of Geoscientists & Engineers. 18-22
September 2022.

e Dildar, J., Manzi, M., Abiye, T., Gomo, S., Rapetsoa, M. K., Sihoyiya, M. (2022). An
Integrated Approach to Characterise the Subsurface Using Near Surface Geophysical
Methods. Presented at the NSG2022 4" Conference on Geophysics for Mineral Exploration
and Mining, European Association of Geoscientists & Engineers. 18-22 September 2022.

e Mabele, N., Manzi, M., Sekiba, M., Rapetsoa, M.K., Gomo, S., Mutshafa, N., Onyebueka,
E. (2022). Delineation of the Sinkhole along R21 Highway in Gauteng (South Africa)
Using Integrated Geophysical Methods. Presented at the NSG2022 28™ European Meeting
of Environmental and Engineering Geophysics, European Association of Geoscientists &
Engineers. 18-22 September 2022.

e Manzi, M. S. D., Brodic, B., Rapetsoa, M. K. (2022). Tunnel Seismics for Mineral
Exploration — Is it Worth The Effort? Presented at the NSG2022 4™ Conference on
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Geophysics for Mineral Exploration and Mining, European Association of Geoscientists &
Engineers. 18-22 September 2022.

Matamela, J., Manzi, M. S. D., Rapetsoa, M. K. (2022). Combined Downhole and Surface
Seismic Investigation of the Karoo Basin, South Africa. Presented at the NSG2022 4%
Conference on Geophysics for Mineral Exploration and Mining, European Association of
Geoscientists & Engineers. 18-22 September 2022.

Mayipheli, 1., Manzi, M. S. D., Sihoyiya, M., Rapetsoa, M. K. (2021). Physical property
analysis and de-noising of the legacy seismic data: Implication for CO2 storage site
characterisation, Zululand basin, South Africa. Presented at the 15" Africa Array Scientific
Meeting, Africa Array. 1-3 December 2021.

Mkhomazi, M. N., Rapetsoa, M. K., Manzi, M. S. D., Gomo, S., Sihoyiya, M. (2022).
Delineation of Underground Tunnels Using Seismics and Magnetics at Golden Valley
Mine, South Africa. Presented at the NSG2022 4™ Conference on Geophysics for Mineral
Exploration and Mining, European Association of Geoscientists &amp; Engineers. 18-22
September 2022.

Onyebueke, E., Manzi, M., Rapetsoa, M.K., Westgate, M. (2021). In-mine Underground
Tunnel Seismic Experiment, using High-resolution Reflection Seismic Method at Maseve
Mine, Rustenburg, South Africa. Presented at the 82" EAGE Annual Conference &
Exhibition, European Association of Geoscientists & Engineers. 18-21 October 2021.
Rapetsoa, M. K., Manzi, M. (2021). In-Mine Seismic Method for Platinum Orebody
Exploration in Maseve Platinum Mine, South Africa. Presented at the NSG2021 2nd
Conference on Geophysics for Infrastructure Planning, Monitoring and BIM, European
Association of Geoscientists & Engineers. 29 August — 2 September 2021.

Rapetsoa, M. K., Manzi, M. S. D., Sihoyiya, M., Westgate, M., Kubeka, P., Onyebueka,
E., Durrheim, R. J. (2021). Seismic solutions utilizing existing in-mine infrastructures for
mineral exploration: a case study from Maseve Platinum Mine, South Africa. Presented at
the 15th Africa Array Scientific Meeting, Africa Array. 1-3 December 2021.

Rapetsoa, M. K., Manzi, M., Westgate, M., Gomo, S., Sihoyiya, M., Dildar, J. (2022).
Multi-Geophysical Characterization of Water Conduits in an Open Pit Mine, Bushveld
Complex, South Africa. Presented at the NSG2022 4™ Conference on Geophysics for
Mineral Exploration and Mining, European Association of Geoscientists & Engineers. 18-

22 September 2022.
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Sihoyiya, M., Manzi, M. S. D., Rapetsoa, M. K., Westgate, M. (2021). Re-processing of
the 2D legacy seismic data for improved structural imaging and gold exploration in the
South Rand Goldfield, South Africa. Presented at the 15™ Africa Array Scientific Meeting,
Africa Array. 1-3 December 2021.

Sihoyiya, M., Manzi, M., Westgate, M., Rapetsoa, M.K., James, 1. (2022). Reprocessing
Legacy Seismic Data for Imaging PGE Mineralisation: Case Studies from the Bushveld
Complex, South Africa. Presented at the NSG2022 4" Conference on Geophysics for
Mineral Exploration and Mining, European Association of Geoscientists & Engineers. 18-

22 September 2022.
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2. Study areas

This section provides a brief summary of the geological background of the study areas that are
presented in this thesis. The case studies that form part of this thesis are from two mine sites,
which are located in the western Bushveld Complex, South Africa (Figure 1.1). Papers I — IV
focus on the igneous intrusion of the Bushveld Complex (2.1 Ga), in the northwest South
Africa, near the city of Rustenburg. A more detailed description is given in the papers

(Chapters 7-10).

2.1. Maseve mine

Maseve mine, in the North West Province South Africa, is located in the highly mineralised
Critical Zone of the Bushveld Complex (Figure 1.1). The province is known for its rich
chromite and Platinum Group Element (PGE) deposits that are used in a variety of sectors.
Host rocks of the PGE mineralisation are mafic to ultramafic igneous rocks of the

Palaeproterozoic age (2.06 Ga) (Eales and Cawthorn, 1996; Kinnaird, 2005).

The deposits are spread across the Bushveld Complex, with the two main economic horizons
for PGE deposits being Merensky Reef (MR) and Upper Group 2 (UG2) chromitite. The
economic deposits are found in flat layered horizons and are crosscut by multiple intrusions
such as the diabase and dolerite dykes. Faults, slump structures (e.g., potholes), and iron-rich
ultramafic pegmatites (IRUPs) further disrupt the mineralization. (Lee, 1996; Campbell, 2011;
Cawthorn, 2015).

The study area is located about 10 km south of Pilanesburg Alkaline Intrusive Complex and 38
km northwest of the city of Rustenburg. Figure 1.1 shows the location of the study area in near

Maseve mine and the details about the main geological units are reported in Papers I and II.

2.2.Tharisa mine

Tharisa mine is a chromitite and platinum mine, located in the northwest province of South
Africa. The mine is 35 km east of the city of Rustenburg. The mine operates on surface with
two open pits, and there are plans to develop underground operations in the future to exploit

deeper mineralisations (Lotheringen et al., 2016).

The mine currently exploits the Middle Group (MG) chromitites that are situated in the Critical
Zone of the Bushveld Complex (Figure 2.1) with the UG1 being 165 to 18 m above the MG.
The deposits have a general thickness ranging from few centimeters to 3 m (Lotheringen et al.,

2016). The Bushveld Complex within the study area has been affected by several faults and
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dykes that coincides with areas of weakness that were reactivated during the emplacement of
the Bushveld Complex (Bumby et al., 2012; Hartzenberg and Plessis, 2014). Detailed

geological section is provided in Papers III and IV.
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Figure 2.1: Overview of mineral deposits that are exploited at Tharisa mine together with the

associated geological structures (Dyke: green, Faults: red). Figure adapted from Paper I11.
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3. Methods

This section describes the theoretical background for geophysical methods that are relevant to
the research presented in this thesis. Papers I and II are concerned with reflection and refraction
seismic methods, while Papers III and IV are concerned with seismic, magnetic and electrical
resistivity methods. Hand and borehole rock samples of the target ore deposits and host rocks
were collected from the sites to conduct physical property measurements such as bulk density
and seismic velocities using an ultrasonic system. 2D finite difference modeling was carried
out and a 1D synthetic seismogram was generated to help with the interpretation of the seismic
data and to study the origin of seismic reflectivity (see Paper I). Furthermore, 3D ray tracing

was also conducted to constrain seismic interpretation (Paper II).

3.1. Seismic method

Reflection seismic techniques have been used in hard rock environments for mineral
prospecting, due to the high-resolution imaging they provide (Eaton et al., 1996; Manzi et al.,
2012; Maliwonski et al., 2012; Ahmadi et al., 2013; Malehmir et al., 2013; Bellefleur et al.,
2015; Cheraghi et al., 2015). South Africa has done 2D and 3D high-resolution reflection
seismic surveys over the past 30 years to better understand mineral reserves and increase mine

safety and planning.

3.1.1. Acquisition

Seismic methods require sources (e.g., vibrational, impact and explosives) to inject seismic
energy into the ground. The source can generate three types of seismic waves: P waves
(backward and forward particle motion), S waves (side to side particle motion) and boundary
waves (complex particle motion). Over the years, seismic surveys utilised high velocity P
waves only. However, technological advancement has allowed the use of sources that generate
S-waves, which can be recorded through multicomponent sensors that measure all the seismic

waves (Manzi, 2014; Cox, 2020).

Prior to a reflection seismic data acquisition, one needs to design a survey using certain
acquisition parameters, to state a few, a recording length, sample interval, offset and spread
type. The choice of these parameters is controlled by the objective of the survey. Several
receivers (seismic spread) can be set up for a seismic survey, with the receivers aligned along
a certain direction (Knapp and Steeples, 1986). In this research split spread (Figure 3.1a) and
end-on spread (Figure 3.1b: roll along) source-receiver geometry were employed to acquire the

seismic data. Multiple shots are taken along the profile at specific locations and the energy
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generated is recorded by multiple receivers on surfaces. To improve the signal-to-noise ratio
(SNR), the traces are then sorted into sets of gathers that have a common midpoint (Figure
3.1c: CMP). The source and receiver are moved in a systematic pattern across the survey,
resulting in a coverage area were common midpoint traces are summed up, resulting in a fold
coverage (Bjorlykke and Mondol, 2010). Figure 3.1d demonstrates the concept of fold due to
multiple shots taken along the same trajectory. In Paper II, the effect of seismic spread to fold

coverage is demonstrated. Nominal fold is expressed as:

_ Nag
F=25 (3.1)

where N is the number of channels, Ag is the receiver spacing and As is the source spacing.

Figure 3.1: Geometries of the source and receiver in reflection seismic surveys. a) Split spread.
b) End-on spread. c) Common midpoint (CMP) gather for a horizontal layer. d) Roll along

data acquisition setup showing the increase in fold at the centre of the profile.

Seismic waves are transmitted, reflected and refracted (Figure 3.2) at boundaries that have a
change in physical properties (e.g., velocity, density and young moduli). Receivers
(geophones) detect the waves that have travelled through the media and the time taken to travel

is referred to as two-way travel time (TWT). The waves propagate through the media at
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different velocities and the refracted waves are based on Snell’s law as expressed by
Yilmaz (2001):

sinf; _ V2 (3.2)

sing, v’

where V; and V, are the velocities of the first and second medium, while 8; and 6, are the
angles of incident and refraction, respectively. If the incident angle achieves a critical angle,
then the ray is refracted such that it runs along the boundary creating a head wave that emits
critically refracted waves back to the surface (Figure 3.2). The properties of the different media
can be determined using the travel time and wave-motion velocity for the refracted and

reflected ray.

Figure 3.2: Diagram displaying the seismic wave arrivals from the source (direct, reflection,
and refraction) that are reflected or refracted at lithological boundaries and detected by the

receivers. V,: P-wave velocity, p: density.

The strength of reflections are in general influenced by the impedance contrast (the product of
seismic velocity and density). The impedance contrast between different media can be
influenced by changes in lithology, porosity, diagenesis, to mention a few (Bjorlykke and
Mondol, 2010; Alsadi, 2017). The proportion or ability for seismic energy to produce a strong
reflection is controlled by the reflection coefficient (the ratio of reflected to incident energy),
with a required minimum incident energy of at least 6% needed for the reflection to be detected

(Salisbury et al., 2003). The normal incidence P-wave is expressed by (Salisbury et al., 2003):
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R = z3—217 __ Vp,p2=VpP1 (3.3)

)
Zytz1 Vpyp2+Vp P

where Z = Vp - p, is the impedance, Vp is compressional-wave velocity, and p is the bulk
density of the corresponding medium. Some of the energy is transmitted rather than being

entirely reflected back to the surface, and this energy is crucial for imaging deeper boundaries.
CMP-sorting

Seismic data are recorded with sequential shots fired at different locations. One shot location
has multiple traces that are recorded by active receivers during acquisition. A trace is defined
as a time series of reflections for measurement of one shot at one receiver position. The traces
are sorted with the distance (offset) between the shot location and receiver (Figure 3.3). The
process is repeated for multiple shot locations and stored in the recording instrument. The
seismic data are commonly stored and organised in common-shot gathers for logistical
purposes. However, for processing purposes it is more convenient to sort the data in common-
midpoint (CMP) gathers. Common-midpoint sorting of data involves picking traces that have
one midpoint from a shot record (Figure 3.3), with traces sorted with either an increasing or
decreasing offset. The midpoint here is defined as the midpoint between the source and receiver
position (Yilmaz, 2001, pp93; Dentith and Mudge, 2014). The number of traces that are
collected into a gather are equal to the fold and can be calculated using Equation 3.1.
CMP - sorting is important for normal moveout (NMO) corrections and stacking of seismic

data, which will be discussed later.

Figure 3.3: Diagram illustrating the Common midpoint between sources and receivers

(Adapted from Drijkoningen, 2016).
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Seismic resolution

Mineral deposits in the Bushveld Complex have a thickness ranging between 4 cm and 3 m
(Lee, 1996). Seismic resolution is the ability to distinguish between closely spaced objects so
that they can be seen as two or more rather than one. Geological layers can be very close such
that they are indistinguishable on seismic data. Therefore, when designing a survey, it is
important to consider parameters that provide the best resolution for the acquired data. Seismic
resolution can be divided into two categories: Vertical and horizontal resolution (Chopra et al.,
2006). The ability to distinguish between two arrivals that are the result of the top and bottom
layer is referred to as vertical resolution (Figure 3.4a), whereas the horizontal resolution is
focused on lateral feature distinction on the same interface. Vertical resolution is based on the

Rayleigh limit of resolution, which states that the thickness of a layer must be ' of the
dominant wavelength. Vertical resolution limit is usually taken as S in the presence of noise

(with A = ;, where A is the seismic wavelength, v is the mean velocity and f'is the dominant

frequency). However, it is possible to detect layers down to 312, for data with high SNR (Widess,

1973; Manzi, 2014; Chopra et al., 2006). Unless the layer thickness is greater than a
wavelength, interfaces with close spacing cause seismic arrivals to overlap (Figure 3.4b). Due
to absorption, seismic waves lose high frequencies and velocities with depth, therefore vertical

resolution decreases with depth.

Figure 3.4: a) Model demonstrating thick layer signals. Layers are easily resolved because
their thickness exceeds the dominant wavelength. b) Thin layer model, with layer two having a
thickness less than the dominant wavelength. The signal for top and bottom interfaces overlap.

A: wavelength, Vy: P-wave velocity, p: density.
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Horizontal resolution is based on the Fresnel zone criterion. The Fresnel zone represents an
area (Figure 3.5: A-A*) where seismic energy is returned to the receivers within half the
wavelength of the initial reflected arrivals. The size of the Fresnel zone represents the
horizontal resolution limit, where reflections that are separated by a distance smaller than the
Fresnel zone cannot be separated (Kearey, 2002; Ordonez, 2014). The Fresnel zone width is
dependent on the depth to the reflectors, dominant frequency and the velocity above the

reflector. It is expressed as (Yilmaz, 2001):

— /ZLA_K b
w = 2—2\/;, 3.4)

where I/ is the velocity, t, is the two-way travel time, and f,; is the dominant frequency. It is
important to note the effect of receiver spacing on the horizontal resolution. In order for
reflections from the same layer to be well correlated in complex environments, the distance

between receivers needs to be kept to a minimum.

Figure 3.5: Zy is the distance between the reflector and the surface, 1 is the wave-front's
wavelength, and r is the distance between the first Fresnel zone and the reflection interface O.
Zy is the distance between the reflector and the surface, 1 is the wave-front's wavelength, and
r is the distance between the first Fresnel zone and the reflection interface O. (Adapted from
Bjorlykke and Mondol, 2010).



Chapter 3

3.1.2. Processing

Seismic processing in 2D and 3D datasets aims to provide a clear 2D or 3D subsurface image
while increasing the SNR of seismic data by suppressing the incoherent and coherent noise.
Reflection seismic surveys aim at enhancing and exploiting the reflected waves. The reflections
are observed as hyperbolic features on a seismic shot gather and can provide information about
the geological interfaces. The shot gather is not only populated by reflection features. Ground
rolls, direct waves and refracted waves also manifest as linear features on the shot gather
(Figure 3.6). This section highlights the processing steps that were predominantly applied in
this thesis. Processing parameters are summarized in each paper. It is also important to note
that the processing steps cannot be standardized as they are dependent on 1) the objectives of

the study and 2) costs of the study versus quality of data required.
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Figure 3.6: Shot gather showing the seismic wave events (coloured) that correspond with those

on Figure 3.1. Blue: reflected waves. Orange: direct and refracted waves. Green: Ground roll.
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Processing of seismic data can be grouped into five corrections: time, amplitude, frequency-
phase content, stacking and migration. The above mentioned corrections are important to
improve SNR and corrections for physical processes such as the elevation changes and

weathered layer.
Static corrections

Seismic wave propagation is theoretically assumed to be conducted on a flat surface and layers
of uniform velocity as discussed in velocity analysis section below. However the actual
observations can be conducted in terrains that have high variable elevations, resulting in
varying reflection times of seismic traces (Figure 3.7a). The time variation introduced by
near - surface irregularities can affect the positioning of the reflections and result in the traces
in a CMP gather not stacking properly. Therefore static corrections are important to

compensate for this effect (Yilmaz, 2001; Kearey, 2002).

Figure 3.7: Static corrections. a) The ideal smooth curvilinear moveout (dotted red line) of the
reflections is delayed or distorted by static effects due to elevation changes and the near-
surface low velocity zone (dotted black line). b) Static corrections applied to the same shot
gather, showing good curvilinear alignment of the reflection traces that are equivalent to travel
times from a horizontal datum beneath the low velocity zone. V.. P-wave velocity of weathered

layers, Vi: P-wave velocity of hard rock (Adapted from O Brien, 1974).
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Static corrections are separated into two components: elevation static corrections and
weathering static corrections. The elevation statics are usually applied to correct for surface
heights of the geophones and shot points, while weathering static corrections are applied to
correct for the low seismic wave velocity layers that spans few to tens of meters thick below
the shots and receivers (Kearey, 2002; Cox, 2020). Knowledge of the seismic wave velocity of
the weathered layer is important for application of weathering static. Refraction static analysis
u to determine the variable velocity and thickness of the top layer and thus used in reflection

processing (Opara et al., 2018).
Filtering

Filtering of seismic data can be divided into three components for the purpose of this thesis:
1) Velocity filtering (f-k), 2) frequency filtering to enhance the SNR of the data, and 3) inverse
filtering (deconvolution) to improve vertical resolution. The choice of a filter and its parameters
depends on the targeted events on a seismic shot gather (Yilmaz, 2001; Kearey, 2002). The
first filtering technique to be discussed is the frequency-wave number (f-k) filter that can be
applied to attenuate coherent noise that is introduced during acquisition by the instrument and
ground roll. Different seismic events, due to their characteristic velocities, may appear as
coherent linear features (Figure 3.8a) with a particular dip angle in the f“k plot
(Westgate, 2020). The f~k spectrum is divided into two panels: the negative panel (Figure 3.8b:
red outline) that is characterised by negative wavenumbers and consists of events such as 1)
mechanical noise, 2) back scattered events, and 3) aliased energy. While the positive panel
(Figure 3.8b: blue outline) is characterized by positive wave numbers and consists mainly of
events such as 1) refracted waves, 2) direct waves, 3) reflected waves, and 4) multiple
reflections. However, it is possible for the positive wave number events to exist in the negative
panel. Different events are easily differentiated and removed in the f~k domain compared to the
t-x domain. This is as a result of each event having amplitudes that arise at different sections
of the f~k spectrum. The hyperbolic nature of the reflections result in their amplitudes being
grouped around the frequency axis on both sides of the panels. Since reflections are our primary
target, application of f~k is to create a polygon that preserves the signal amplitudes of the
reflections (Figure 3.8b: fan shaped polygon) or alternatively create a polygon that

discriminates the noise signals that are to be filtered out.
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Figure 3.8: a) f-k plot showing reflection events and different types of noise that can be found
in a seismic shot gather. b) An example of f-k spectrum from a shot gather in Figure 3.6.
Coherent noise from the 50 Hz power line is noted, with ground roll (light green) linear

features noted on the edge of the spectrum and reflection event at the center (grey).

Figure 3.9a—c illustrates an application of the f~k filter to data from Paper II. This shot gather
shows strong contamination by the 50 Hz noise and ground roll in both the #-x (Figure 3.9a)
and f-k domain (Figure 3.9¢). Figure 3.9b depicts a shot gather with attenuated ground roll
following the application of an f-k filter. Traditionally, low frequency and high frequency
random noise would be removed using a band pass filter before the f-k filter was applied.
However, through a trial and error approach, the application of an -k filter was more effective
to the dataset presented in Paper II. Filters are applied in no particular order, as they are unique
to each dataset. For the short seismic profiles from Papers I and III, a band pass filter with
frequencies between 3 and 180 Hz was used. The f~k spectrum shows a distinct horizontal noise
in both panels, and this is the 50 Hz noise from the electrical power cables. This event can
either be removed using a notch filter or it can be removed on the f~k domain (Figure 3.9d).
The ground roll has the largest inclination on the shot gathers and the amplitudes appear closer
to the wavenumber axis on the f-k spectrum, whereas the S-waves have velocities of 1300 m/s

and appear as linear events with a mild inclination on the f~k spectrum.

21



Chapter 3

a. Channel b. Channel
O 20 40 60 80 " 0 20 40 60 80
}gﬁ:h:ﬂq I” WE e m e
2 o LI : . % ﬁ"“:; i
250 ’ i
BT
: 500 < .‘,"’, e
G . e!mnll’wtilf* i
; R
”’gzll};:%;._?;.i N lm; I
R - nﬂm el ][] l
Shot 28 Pre-ﬁltcred Shot 28 Filtered
C. Wavenumber m'* d. Wavenumber m*
-1 0.5 0 05 1
O 1 1 L
20

Frequency (Hz)
Frequency (Hz)
&

1

(=2}
=
L

& T Shot 28kSc - % = Shot 28 kSp
Figure 3.9: Diagram showing the application of f-k on seismic data from Paper III. a) Raw
seismic shot gather. b) Shot gather after application of f-k filter. c) f-k spectrum for raw shot
gather. d) f-k spectrum with the removed ground roll.

Frequency filtering is usually applied to attenuate any coherent or incoherent noise. Multiple
sets of filters exists depending on the type of noise targeted. The filters that were applied for

this thesis are shown in Figure 3.10 and are described below:

e High pass (Figure 3.10a): This filter preserves frequencies above the cut off frequencies
(fc). This filter is usually applied to attenuate low frequency contamination from the

equipment sensitivity.
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e Low pass (Figure 3.10b): This filter is similar to the high pass filter, however it is
inverted and preserves frequencies below the cut off frequency (f:). Low pass filter is
useful for to cut off the high frequency signals that are not desired (e.g., spurious
frequencies).

e Band pass (Figure 3.10¢): This filter preserves frequencies between two boundaries —
lower bound (f;) and upper bound (f,). It is the most commonly used filter in reflection
seismics.

e Band stop (Figure 3.10d): This filter is similar to band pass filter, However it cuts off
frequencies between the lower bound (f7) and upper bound (f2.).

e Notch (Figure 3.10e): This filter targets a specific frequency from the spectrum. It is
useful for removing constant consistent frequency. For example the frequency of the AC
current carried in South African power cables is ~ 50 Hz. Data collected on surface in

Paper II shows evidence of the 50 Hz frequency contaminating the far offset signal.

Figure 3.10: Amplitude spectrum of frequency filters that are usually applied in reflection
seismic processing. a) High pass, b) low pass, c¢) band pass, d) band stop, and e) notch. The
filters are tapered at the edges. f.: Cut off frequency. fi: lower bound frequency. f.: Upper

bound frequency. fn: Notch frequency. Red points show the corner frequencies.

The commonly used filter is the band pass filter for removing the low and high frequencies that
populate seismic data. Figure 11a shows the sinc function with oscillations that result in the

ringing effect (Figure 3.11b) known as the Gibbs phenomenon (Vretblad, 2003). The filters are
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tapered on the ends and the resulting sinc function is smoothed (Figure 3.11c). Different sets
of tapers are applied, but the most commonly used are the Ormsby filter (zero phase) and
Butterworth filter (minimum phase). The Ormsby is characterized by four corner frequencies
as shown in Figure 3.11d. Contrarily, the Butterworth filter uses two cutoff frequencies that

are 3dB below the maximum power.

Figure 3.11: An illustration of the band pass filter with a) sinc function, with its b) time-domain
filter operator. Due to the abrupt cutoff, the amplitude spectrum exhibits severe frequency
domain ripples. c¢) Truncated and smoothed narrower filter operator as a result of the smooth
edges that remove hard transitions. d) The corner frequencies are used to eliminate the Gibbs

effect in the frequency domain.
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The data are inspected for dominant frequencies such that they can be limited within that band,
this can be done by applying a set of frequency panels. By inspecting the data from Paper II,
the amplitude spectrum of the dataset shows that the highest amplitudes are found between 3

and 70 Hz (Figure 3.12a).

Figure 3.12: Amplitude spectrum of seismic data from profile SP3 in paper Il. a) The raw
spectrum without the filter, b) the spectrum with a band pass filter (band pass: 3-13-60-70 Hz).

An example of frequency panel applied to dataset from Paper II is shown in Figure 3.13. The
raw data are shown in Figure 3.13a. The above mentioned filters are applied in the time-
distance domain (z-x). After applying frequency wave number (f-k) filtering, the filters were
more effective. The panels started with a narrow band filter (Figure 3.13b) and transitions
smoothly into a broad filter starting from the lower end of the spectrum. Consider the portion
of the shot gathers and their band pass filters (Figure 3.13). The figures show that the signal of
interest is present in the top 500 ms on the gathers. As the band pass rises the seismic energy
at maximum depth decrease. The lower frequencies show deeper reflected energy (Figure
3.13a-c) while the higher frequencies improve near-surface energy (Figure 3.13d-f). Further
increase in the band pass filter starts to introduce artificial events into the dataset. The 50 Hz
is enhanced on the last panel (Figure 3.13f) of the band pass (50-60-220-230 Hz). This is due

to the band pass rejecting the dominant energy in the data.
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Figure 3.13: Diagram shows the test of band pass filter on shot gather 28 on seismic profile
SP3. The far left pane is a) the input shot gather without filtering. The subsequent panels (b-f)

demonstrate the data after applying various frequency band pass filters.

Inverse filtering (deconvolution), on the contrary, is commonly applied to improve the
resolution of the targeted events. Other seismic events have similar frequency spectrum to the
target reflections, therefore it is difficult to remove them using frequency filters. This makes
inverse filtering the best method to remove noise that have similar characteristics as the target
reflections. An example of a signal that has similar characteristics to target reflections that can
contaminate seismic data are multiple reflections. Multiples are reflections that have undergone
more than one reflection and are observed in seismic data at over double the two way travel
time (TWT), twice the dip and reversed polarity (long-path multiples) can also manifest as tails

to the primary reflections (shot-path multiples).

Deconvolution is the reverse process of convolution. Prior to discussing deconvolution, it is
necessary to describe the convolution Earth model. Different models have been suggested over
the years, e.g., the stationary Convolution model described by Robinson (1985) and Ziolowski
(1984) described the penetrating treatment convolution models, while the initial convolution
model for seismic trace is described by Robinson (1967). The convolution model of seismic

methods suggests that the convolution of reflection coefficients of the boundaries and the
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source wavelet results in recorded seismogram (Dondurur, 2018, 316-318pp). Boundaries that

are closely spaced appear as interference on the seismogram, since the source wavelet had a

time length set by its dominant frequency. As a result, the source wavelet must be removed in

order to obtain the reflectivity series from the recorded seismogram. (Kearey et al., 2002;

Dondurur, 2018). Mathematically, the convolution is expressed as (Kearey et al., 2002):

s(t) = w(t) * e(t) +n(t) (3.5)

Where e(t) is the Earth's reflectivity series, w(t) is the source wavelet, s(t) is the seismogram,

and n(t) is random noise. Equation 3.5 has three unknowns, with the recorded seismogram

being the only known parameter. To solve Equation 3.5 for the Earth’s reflectivity series,

multiple assumptions must be considered.

1.

Simple Earth model: The Earth is made up of horizontal layers with constant lateral
velocities. Furthermore it is assumed that only compressional waves with vertical incidence
are generated based on the zero offset-data acquisition. The assumption fails in complex
geology exhibiting anisotropic nature of seismic velocities. This is because the reflection
coefficient will be altered, thus the reflectivity series. More complex solutions will be

required to deal with this.

Stationary wavelet: The source wavelet does not change over time while propagating
through the Earth. The pressure wave generated by the source loses its amplitudes, while
the high frequencies are absorbed during propagation. Therefore the waveform becomes
different from its initial onset. Attempts to remediate this are done by either splitting the

deconvolution into time-stages or by use of suitable gain recovery application.

Noise component: A much simpler assumption of Equation. 3.5 is to consider the noise
component negligible, therefore the additional term +n(t) can be removed. Recorded
seismic data always include noise that can be generated during acquisition either by the
environment, equipment or pre-processing steps. Whilst the noise cannot be completely
removed. It is important to make a zero noise assumption as deconvolution performs well
under this condition (Russell, 1988).

Source waveform: This theorem assumes that the w(t) term in Equation 3.5 is known,
however in some seismic surveys it is unknown. The applied deconvolution is either

deterministic or statistical.

27



Chapter 3

e Deterministic deconvolution: Source waveform is known and the inverse can be
determined. The field trace deconvolved contain the zero phase wavelet (Figure 3.14a).
e Statistical deconvolution: Most commonly used deconvolution, where the source
waveform is unknown and an assumption is made about both the wavelet and the
reflection coefficient series. A minimum phase assumption is made for the wavelet.
(Figure 3.14b).
Wavelet causality: The seismic wavelet's energy is zero at time zero and it is always in the
minimum phase. Different seismic sources produce different wavelets. Four different types
of wavelets exist: minimum, maximum, mixed, and zero phase. Zero phase wavelets have
energy before time zero, therefore they are non-casual, while the maximum (Figure 3.14c),
minimum and mixed phase (Figure 3.14d) have zero energy at time zero. An example of a
zero phase wavelet is data from a vibroseis, which has to be converted into a minimum
phase wavelet to produce stable results when running deconvolution. Majority of the

impulse sources that are used in this thesis produce minimum phase source signals.

Figure 3.14: Diagram showing the a) zero, b) minimum, ¢) maximum, and d) mixed phase

wavelets together with their phase spectra. (Adapted from Dondurur, 2018, pp321).
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6. Random reflectivity: The reflectivity series is assumed to be random (white spectrum),
which is the most crucial assumption.

e This assumption is important for the statistical extraction of a wavelet. This is an

unrealistic assumption as it is almost impossible for the signal to be free of noise. To

extract the wavelet from the seismic trace and retrieve the Earth reflectivity, the

deterministic deconvolution solves Equation. 3.5:
e(t) =w™(t) *s(b), (3.6)

where w™1(t) is an inverse input wavelet such that the autocorrelation of the source
wavelet [¢p{w(t)}] is approximated to a direct delta [§(t)] in Equation 3.7.This holds
if the reflectivity series is random. Wavelet autocorrelation (autocorrelation of
reflectivity series and source wavelet) is equal to the autocorrelation of the seismogram,

and it is stated as follows:

Pple()} * piw(D)} = p{s(D)}, (3.7)

Since the source wavelet autocorrelation is equal to the Dirac delta, therefore

Equation 3.7 results in:

diw (1)} = Pp{s(®)}, (3.8)

Therefore, if the reflectivity series is random, the seismogram's autocorrelation can be

utilized in place of the source wavelet's autocorrelation.

The wavelet is rarely known, therefore w™1(¢t) is computed using statistical approach instead
of deterministical approach. Supposed the desired output is d;, where i = 1, ..., n and the actual
output is given as a; when convolving w™1(t) and w(t), therefore the coefficients (L) of

w~1(t) can be determined by mean-squared error between the desired output and actual output:

L =7%(d;— a)? (3.9)

This can be minimized by setting the partial derivative with respect to the filter coefficient,

equal to zero and it is expressed as follows:

0
s L=0 (3.10)

Where f; filter coefficient. The least squares error is given by equation 3.9, and Weiner (1949)

provided a generalized matrix form with a filter length n as:
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Where 1; is the autocorrelation of the input wavelet w, and g; is the cross correlation between
the desired output d and the input signal w (Robinson and Treitel, 2000; Dondurur, 2018;
Westgate, 2020). Figure 3.15 shows the design and use of the Weiner filter.

Input signal (w) Desired output (d)
Auto-correlation (r) — | Cross-correlation (g)
| Normal equations |
dio v
Wiener filter (£)

» | %k

l

Actual output

Figure 3.15: Schematic flowchart illustrating the Weiner filter, calculation and application of

deconvolution. * denotes convolution.

Spiking deconvolution

Spiking deconvolution is the compression of the source wavelet into a zero-lag
spike (1,0, 0,---,0). To perform the spiking deconvolution, a filter operator coefficient must
be determined in order to eliminate the source wavelet from the dataset. The method can be
implemented deterministically if the source wavelet is known; otherwise, the method will be

implemented statistically. The latter can be written as Equation. 3.11:
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Weiner spiking deconvolution uses either the least-squares inverse filtering or Wiener filters.
Deconvolution with least-squares inverse filtering is performed with a known source wavelet
(deterministic), where the recorded seismogram is convolved with the inverse filter operator to
produce an estimated series of Earth's reflectivity. (Dondurur, 2018). This is described on
assumption 6. The filter operator obtained from inverse input wavelet (Figure 3.16a) is used to
convert the wavelet into a spike at t = 0. While deconvolution with weiner filter is computed
using the input seismic trace (statistical deconvolution) to determine the autocorrelation matrix

of the normal equations (Yilmaz, 2001) and it is dependent on the least square approximation

(Figure 3.16Db).

Figure 3.16: Diagram showing spiking deconvolution application by the a) least-squares

inverse filtering versus b) Wiener filter. * denotes the convolution.
Predictive deconvolution

Predictive deconvolution is the most commonly used and it is applied by using information of
the primary reflections to predict and suppress systematic noise such as multiples. A time
advanced version of the input wavelet w(t) is predicted when applying prediction convolution,
which is w(t + a), where the prediction lag is a. The resulting equation from Equation 3.11 is

(Peacock and Treitel, 1969):
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Were f; is the prediction filter for predicting the advanced input wavelet as described above.
Predictive deconvolution can be approached in two manner: 1) we can design the prediction
filters similar to Equation. 3.10 and apply it to the input series that yields the predictable
components in the seismic input traces that correspond to multiples. 2) Design a prediction
error filter (difference between the actual output a; and the desired output d;) and convolve it
with the input series. The prediction error filter is expressed as ( 1,0,0, -+, fo, fo, fo,***» fn)
and gives the prediction process error that corresponds to the primary reflections (Peacock and
Treitel, 1969). In order for the convolution of the prediction error filter and the input trace to
be able to suppress the multiples and compress the primary reflections, the operator length and
prediction lag need to be carefully chosen. Predictive deconvolution is a broad technique that
includes spiking deconvolution. (Dondurur, 2018, pp372). In Paper II, predictive
deconvolution is manipulated to create a spiking deconvolution for surface seismic data
collected at Maseve mine. Predictive deconvolution is applied for more complex subsurface
that results in source wavelet varying during acquisition. Different parameters (gap, length and
noise level) are changed to design an inverse operator for predictive deconvolution (Ahmadi,

2015, pp23).
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Figure 3.17: The autocorrelogram’s initial transient zone is not far from the operator length.

The first or second autocorrelation crossing points for resolution improvement are used to

define prediction lag. (Adapted from Dondurur, 2018).

The choice of the deconvolution parameters (operator length and prediction lag) is dependent
on each dataset. The duration of the initial transient zone is the operator length. (Figure 3.17)
in the autocorrelation of the seismic trace (Yilmaz, 2001). The ideal operator length is when it
roughly matches the wavelet's autocorrelation. The suppression of multiple reflections and the
resolution of the autocorrelation are both governed by the prediction lag (Keary et al., 2002).
For the purpose of enhancing resolution, it is chosen as either the first or second zero crossing

points of the autocorrelation (Figure 3.17).

As part of the prestack processing, predictive deconvolution was applied on seismic data
acquired from profiles SP1 and SP3 at Maseve mine site. Figure 3.18 demonstrates the effect
of predictive deconvolution in one of the shot gathers from seismic profile SP3. The
deconvolution parameters (operator length and the prediction lag) where unique for every shot
in the dataset. The filter has recovered and improved the resolution of the dataset when
comparing the raw shot gather before deconvolution (Figure 3.18a) and the shot gather after

deconvolution (Figure 3.18b).
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Figure 3.18: Example of predictive deconvolution applied on a shot gather from Paper II. a)
The shot gather before deconvolution, and b) the shot gather after deconvolution. Green
arrows show areas that had weak signal and are improved after deconvolution. Red arrows

indicate where the wavelets have been compressed and separated.
Velocity analysis and stacking
CMP stacking

Common-midpoint stacking is a crucial step in seismic processing for increasing signal-to-
noise ratio (SNR). The concept of common-midpoint sorting has been discussed in the
acquisition section of the thesis. Stacking refers to a summation of seismic traces into a one
trace that approximates a zero offset (Figure 3.19: Alsadi, 2017, pp269). Prior to stacking the
data, both the static corrections (discussed in previous chapter) and NMO corrections need to
be applied. As previously discussed, reflections appear in a shot gather as hyperbolae
(Figure 3.6: blue shading), as a result of increasing or decreasing offset. The travel time delay
(difference between the slant travel time and the vertical reflection time) is known as the normal

moveout.
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Figure 3.19: a) CMP gather illustrating 6 traces, b) following NMO-correction. (Adapted from
Alsadi, 2017, pp269).

Normal moveout corrections are applied to account for the travel time differences of the traces
that are to be stacked (Figure 3.19a). The traces are time shifted such that the reflected traces
are shifted to as if they were acquired with a zero offset (Figure 3.19b). Application of NMO

requires the stacking velocities for each zero offset.

Let us consider a reflection from a single layer. The following equation represents the travel

time curve of reflections for various source-to-receiver offsets:

x2
t(x) = /toz +5 3.14

Where x represent the distance separating the source and receiver, and v denote the velocity of
the medium above the interface. The NMO correction is expressed as the difference between
the travel time for a receiver located at x away from the source t(x) and the travel time for

zero offset distance ¢,:
At = ty — t(x) 3.15

Substituting 3.13 into 3.14, we get:

2
At =t — /toz + 3.16
Vstack

From Equation 3.16, we note that the NMO correction depends on the offset and the stacking

velocity (also referred as NMO velocity). Therefore, choosing correct velocities for flattening

the reflections is important. Figure 3.20 shows the effect of overcorrected reflections due to

35



Chapter 3

low velocities, while under-corrected reflections are due to high velocities (Yilmaz, 2001,

p282).

a. b. & d.
Uncorrected for NMO Under-corrected for Optimum correction Over-corrected for
-ve NMO +ve NMO
R'l "l. *ld o JLEAJLERILESJCERILER., gL D"'..‘..
R2 Pleld ... "ln.‘l-.. TEYICERICERICEIICKEY AR idh il
Too-high velocity Correct velocity Too-low velocity

Figure 3.20: Normal moveout correction (NMO) of reflections. Common midpoint (CDP)
gathers with reflections before a) NMO corrections; and after NMO corrections with b) high

velocities, c) correct velocities, d) low velocities (Adapted from Yilmaz, 2001, p282).

In the case of a single horizontal reflector, the optimal moveout velocity for correcting
reflection hyperbolae is equal to the velocity of the medium above the reflector. Let us now
examine a medium that consists of several horizontal layers with varying thicknesses and
velocities. Interval velocities exists between the layers (v, vy, -*+, 1), n represents the number
of layers. The travel time equation for a ray path that travels along the shortest path between

the energy source and reflector and receiver can be expressed as (Taner And Koehler, 1969):

2

rms

Where coefficients €y, C,, -, C,, are dependent on the thickness and interval velocity. The
constant velocity of the overlaying medium for one medium is replaced by the root mean square

velocity v, of the layers over the reflector. The v, and ¢, are expressed as:

v2 =é n p2At and ty = B, At 3.18 and 3.19

where At; is the vertical two way travel time through the ith layer. The approximation for the

interfaces below the first layer is made. However, interfaces are more accurate at small offsets
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for horizontal layers. Arbitrary dipping interfaces have similar travel time approximation
(hyperbolic) of multi-layered medium, however the NMO velocity for multiple layers with

arbitrary dips below the first reflector is given by (Yilmaz, 2001, pp287):

2
2 1 n .2 i—1 (cos®ag
v = ——3" viAG [z ( ) 3.20
NMO to cos2 B i=1%i i11k=1 cos? By,

Where a and S are the angles of the dipping layers. For a single layered dipping reflector, the
NMO velocity collapses to the medium velocity divided by the cosine of the dip angle.

Dip moveout

In the above section the focus was on the application of NMO for stacking flat events, however
the Earth comprises of structures with different orientations and geometries. Dipping
reflections result in different reflection points in the CMP gather, thus providing different travel
time curves and incorrect estimated velocities. An increase in reflection time for a given
reflector due to a dipping layer is known as dip moveout (DMO). DMO is a prestack migration
(discussed in the next section) principle. Therefore prior to stacking dipping reflectors, a DMO
should be applied then followed by NMO. In a dipping reflector model, the reflections are
dispersed over the reflection plane, therefore application of DMO moves the dispersed (non-
zero offset) reflection points of each trace to true reflection times and zero-offset locations

(Hale 1991, p4).

During application of NMO corrections, frequency distortions occur for shallow events and
near large offsets in which the dominant frequencies shift to the lower frequencies. The

frequency distortions are expressed as (Dondurur, 2018, p470):

f t(0)

& — fwwmo 321

Where f is the dominant frequency and Af is the change in frequency after NMO. For seismic
data affected by frequency stretching, a stretch mute can be applied and it is quantified in
percentages. In this thesis, majority of the seismic profiles acquired are short, therefore the
effect of stretch mute is not dominant. A 70% stretch mute was used in the data of this thesis

as there was no noticeable effects on the frequencies on the gathers.
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The main objective for velocity estimation is to determine the amount of normal moveout that

should be applied to maximize the stacking of events. The velocity applied for stacking may

differ with the RMS velocity as the stacking velocity returns the best stacking results of the

events, while the root mean square is the actual RMS velocity of the layer. However, for small

offsets and horizontal layers, the stacking velocity is similar to the RMS velocity.

Multiple methods of velocity estimation exist, the most conventional ones are briefly described

below (Yilmaz, 2001; Drijkoningen, 2016; Dondurur, 2018, p427-436):

(& — x%)

Constant velocity scan

Constant velocity stack

(CVS)

The square of the travel times t and offset x are plotted as a linear

function and the gradient of the linear curve is noted to be -~
on Equation 3.16. From this one can extract the stacking velocity.
The method can be reliable for estimating stacking velocities,
however this is dependent on the quality of the data (signal-to-
noise ratio).

This method is based on flattening the reflections using a range
of velocities on each CMP gather after NMO corrections are
applied. The results of the CDP gathers are then plotted in a series
of panels and velocities that flatten a specific reflection at a given
time location are picked. A velocity function for the whole
recording time is then derived from the multiple velocity
functions for specific CDPs. A 2D velocity field of the seismic
profile is obtained by repeating the velocity scan over several
CDPs along the line.

Stack sections consisting of a range of CDPs are stacked at
different constant stacking velocities after the application of
NMO corrections. The stack sections are then displayed in series,
then pick velocities that produce the best stack sections. A

velocity function is obtained from a range of CDP gathers and a

2D velocity field is obtained for the entire seismic profile.
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Velocity spectra This process transforms from the two-way travel (TWT) time
offset domain (t — x) to the zero-offset TWT stacking velocity
domain (ty — v). At a particular velocity, the CMP gather is
corrected and a coherency measure is applied to the dataset. The
process is repeated over several velocities, resulting in a velocity
spectrum. The most common coherency measure used is the
semblance and it is expressed as (Yilmaz, 2001; Dondurur, 2018,
p432):

_anftinl’
RN

where f; is the amplitude at an offset and two-way time after
NMO correction. M is the number of traces in the CDP gather.
The semblance has the value of 1 if the reflection hyperbola is
perfectly aligned with constant amplitude for all offsets. Velocity
spectrum is most desired for data that are contaminated with
multiple reflections as it is able to differentiate between primary

reflections and multiples.

The accuracy and resolution of velocity estimation are affected by multiple factors, to state a
few (Yilmaz 2001, p302): depth of reflectors, spread length, SNR number of traces, dip of the
reflector. The data presented in this research were mainly acquired from short profiles (~ 240 m
in length), therefore constant velocity stack was mainly applied to the data. In Paper II, longer
seismic profiles were acquired, therefore both the constant velocity stack and velocity spectra
(semblance) were tested. An example of CVS method applied to the seismic profile SP3 is

shown in Figure 3.21.

The first pass velocity stack is done using interval P-wave velocities (Figure 3.21a), followed
by CVS. Reflection packages RO, R1, R2, and R3 (Figure 3.21b) are best stacked at P-wave
velocities between 1800 and 2500 m/s (Figure 3.21a), while R4, RS and R6 are best stacked in
velocities 3200 — 4400 m/s. Figure 3.22 shows the application of velocity spectra (Figure 3.22a:
semblance) on the dataset. The velocities are adjusted for the primary events (reflections), this
aid in creating a suitable 2D velocity field (Figure 3.22b). Figure 3.22¢ shows reflections that

are more coherent compared to those stacked using interval velocities.
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Figure 3.21: a) 2D root mean square velocity field obtained from iterative constant velocity

analysis. b) Stack section from the root mean square 2D velocity field. RO-R6: reflections.

Figure 3.22: a) An example of semblance plot from seismic profile SP3 presented in Paper II.
Dashed black line shows the root mean square (RMS) velocities, while black solid line shows
the interval velocity functions picked. b) 2D RMS field obtained from mapping several velocity

functions using semblance analysis along the seismic profile. c) Second pass 2D velocity stack
from semblance analysis. RO-R6: reflections.
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Migration

One of the most important steps in processing seismic data is migration. This process is applied
to seismic data to reposition reflections from their midpoint locations to true subsurface
locations at depth (Yilmaz, 2001). Application of migration process targets the primary
reflections and diffraction events, while other seismic events that are in the data are smeared,
resulting in migration noise. The seismic stack section represents an undistorted subsurface
image, provided that the reflection interfaces are horizontal. However, dipping reflectors and
terminating reflectors cause distortions in the stack section. Therefore migration is applied to
restore the distorted seismic stack section to best represent the subsurface geology (Alsadi,
2017, p272). Dipping reflections are moved to their true positions (Figure 3.23a), while
diffractions caused by geological discontinuities (Figure 3.23b: terminating reflectors) such as
faults are collapsed. Migrated sections are characterized by migration smiles at depths and near

the ends of the seismic sections where there is a low fold and high noise (Telford et al., 1990).

Figure 3.23: a) Distortions caused by a dipping reflector. The reflector is recorded to be
directly below the receivers. Migration shifts and decrease the dip angle and length of the
reflections. b) Distortions caused by terminating reflectors (fault). The reflectors create

diffractions (hyperbolic events).

Migration can be carried out in both time (using RMS velocities) and depth (using interval
velocities), however it is commonly preferred to be shown in time domain for comparison with
the stacked section (Yilmaz, 2001). However, time migration does not produce accurate
subsurface conditions for structurally complex subsurface geology with high lateral velocity

variations. Migration can either be conducted before or after stacking. Sihoyiya et al. (2022)
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demonstrate the difference and advantages of pre-stack time and depth migration, together with
post-stack time and depth migration. The most common migration principles used are
Kirchhoff, finite difference, and f~k migration techniques. In this thesis the data were mainly
migrated using Kirchhoff migration, therefore it is described in detail for this research. A
detailed review of the migration principles are discussed by Sheriff and Geldart (1995), Yilmaz
(2001), Alsadi (2017), and Krebes (2019).

Kirchhoff migration

Kirchhoff migration, also termed diffraction summation migration, is based on Huygens’s
principle where each point on the wave-front is itself a secondary wavelet. The diffraction
points are located at the apex of the diffraction hyperbola (Figure 3.24a) after the summation
of the data values along the diffraction. The closely spaced diffraction points interfere
constructively and result in making up a reflection surface (Figure 3.24b). However for a
terminating reflector such as a fault, the hyperbola at the terminating point does not interfere
with the hyperbolae on the continuous reflector (Figure 3.24¢). Therefore, diffractions appear

superposed on the seismic stack section (Alsadi, 2017).

Figure 3.24: Diffraction summation (adapted from Yilmaz, 1987). a) Diffraction migrates to a
point on the apex of the hyperbola. b) A sequence of diffraction points result in a reflector and
if they are c) closely spaced, only the reflector and diffractions at the terminating points are

superposed.

The method is based on the Kirchhoff-Rayleigh integrals and it is expressed as (Krebes, 2019):

1 cos 6 r cos6 d r
Pout=§fdx{r—2Pi (xin,x=0,t— )-l- Py, (Xin,z=0,t —

Vrms vr 0t Vrms

)} 322
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Where P,,; and P;,, is the output wavefield at a subsurface location and input zero-offset
wavefield at the surface, 7 = [(x;, — x)? + z%]? is the distance between the input and the

output points, and v, is the RMS velocity at the output points. The integrand is split into two

fields: firstly, near field term that is proportional to riz , and the field is negligible at large

distances (7). Secondly, the far field term is proportional to % The Kirchhoff migration has an

advantage over other methods as it incorporates three factors prior to summation: 1) the

obliquity factor (cos 6) that considers the angle dependence of amplitudes. 2) The spherical

divergence or spreading factor (%) that considers the amplitude decay by a factor of the root
distance. 3) The wavelet shaping factor, which considers the distortions of the amplitude and
phase during wavefront propagation, therefor aims at restoring the correct phase to the data.
Over the year Kirchhoff migration has proved to be a migration method preferred for

structurally complex area, as it handles lateral velocity variation that have steep dips of up to

90° (Yilmaz, 2001; Manzi, 2014) .

3.2. Magnetics

Amongst the geophysical methods, magnetic methods are relatively the cheapest, and easy to
use for exploring the Earth’s subsurface, with minimal corrections that need to be applied
(Telford et al., 1990). The method is applied for a wide variety of near to deep surface
geophysical problems such as archaeological and engineering site investigations (i.e., detecting
buried targets or geological structures), exploration for economic deposits (directly detecting
magnetic minerals) and study the tectonic structures and processes of the Earth (determine the
depth to the base of the Earth’s crust) (Everett, 2013; Hinze et al., 2013). Magnetic surveys can
be conducted on surface or on airborne platforms. Historically, surface magnetic methods have
been conducted to image the near-surface with high-resolution and detect local anomalies.
However, in recent times the most widely used magnetic survey technique is airborne. This is
due to the ability to conduct airborne surveys over larger areas and maintain high-resolution
with the use of high precision magnetometers. Airborne magnetic surveys have been conducted
in South Africa for the discovery of the Far West Rand Goldfields gold (e.g., Roux, 1967) and
kimberlite (e.g., Macnae, 1995). In this research we applied surface magnetic techniques and

the procedure is briefly described in the section below.

Prior to discussing the surface magnetic techniques, we briefly discuss the fundamentals of

magnetism and the Earth’s magnetic field. The magnetic method is a passive exploration
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method as it is based on using the natural magnetic force of the Earth. The magnetic field of
the Earth is made up of multiple magnetic components that are generated within and outside

the Earth;

e Main field: The main field accounts to the majority (approximately 90%) of the
geomagnetic field (Dentith and Mudge, 2014). The remnant and induced magnetism of
the rock is as a result of the internal field from the core of the Earth.

e Small field (External field): This originates outside the Earth and it is superimposed
on the main geomagnetic field. The field is diurnal in nature and can reach maximum
and minimum (Figure 3.25) of 60 nT (local noon) at the geomagnetic equator and mid-
latitudes, respectively (Butler, 2005, pp154). The diurnal variations have an effect on
the magnetic data, therefore it is carefully monitored and can be accounted for by
measuring the field using a base station (stationary magnetometer) nearby the survey
area. Rapid variations in small fields are as a result of the solar winds that are emitted
by the Sun. Magnetic surveys cannot be conducted during this period as the amplitudes

of the anomalies created by the crustal rocks are small (Hinze et al., 2013) .

Figure 3.25: Diurnal variations on thein the total magnetic intensity of the geomagnetic field

at mid-latitudes and equatorial regions.

The rocks in the near-surface crust have induced and remanent magnetism as a result of the

main field, thus the near-surface of the Earth’s crust has local magnetic anomalies that result
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in spatial variations of the main field. Magnetic surveys target the spatial changes in the

magnetic field due to crustal anomalies (Telford et al., 1990; Dentith and Mudge, 2014).

3.2.1. Acquisition

Ground magnetic surveys are conducted using a sensor mounted on a pole, at regular intervals

(sampling) along parallel line to cover a designated study area. The sampling interval is an

important field parameter when conducting a magnetic survey, as it is required that at least two

measurements need to be within the target anomaly. The depth to target needs to be estimated
prior to determining the sampling rate.

Another factor that is important in magnetic surveys is signal-to-noise ratio. It is very common

to conduct a magnetic survey in an area that has man-made objects (e.g., steel pipes, wire fence,

power transmission lines) that are magnetic and may introduce noise in the dataset. Unless the
man-made object is the target, magnetic surveys need to be conducted with the sensor elevated
such that the noise signal is attenuated. The field parameters and choice of instrumentation
used is influenced by factors such as the size, location, physical characteristics of the study
area, objective of the survey and noise levels. Different magnetometers have been developed
over the years, with varying advantages. A detailed review of magnetic field instrumentation
is given by Telford et al. (1990) and Hinze et al. (2013). In this research, the magnetic surveys
were conducted using the proton precession magnetometer as a base station and the cesium

vapour magnetometer as a “walking mode”; the rover magnetometer (G859) was carried on a

non-magnetic backpack along the profiles. The two magnetometers used in this research are

resonance magnetometers. A brief overview of the magnetometers is given below:

e Proton precession magnetometer: The magnetometer is based on the Zeeman Effect. The
magnetic field (perpendicular to the Earth’s field) is applied to protons, then the protons
align with the induced magnetic field. The magnetic field is switched off and the protons
precess at the Larmor precession frequency (Telford et al., 1990). The precession frequency
is proportional to the magnetic field and the total magnetic intensity measurement is

obtained from the formula:

|H| = =£. 3.23
Yp

Where |H| is the magnetic field, wp is the precession frequency and yp is the gyromagnetic
ratio. The magnetometer has sensitivity of ~0.1 nT at 0.2 Hz (Nabighian et al., 2005; Butler,
2005).
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e Alkali (cesium) vapour magnetometer: The alkali vapour magnetometer is also known
as optically pumped magnetometer and is based on similar principles as the proton
precession magnetometer. However the magnetometer is based on electrons instead of
protons (Nabighian et al., 2005). It is more rapid, with cycle rates of 10 Hz and has high
sensitivity (0.01 nT).

Accurate Global Position System (GPS) positions need to be acquired using a differential GPS,

however magnetic readings are measured rapidly, therefore, survey points need to be marked

such that the GPS locations can be obtained with accuracy. The development of newer
magnetometers has however allowed the capability to acquire magnetic data continuously with
an integrated GPS logging system with an accuracy of 5 cm (Butler, 2005, pp159). As
discussed in the previous section, an external magnetic field needs to be corrected by deploying
a magnetic base station to monitor the variation. The station is placed in a hidden location such

that it cannot be disturbed.

3.2.2. Processing

Prior to interpretation of the data, standard processing steps are taken to remove spatial and
temporal variations in the magnetic field measurements. The objectives of processing ground
magnetic data can be separated into two sets: 1) Isolate the magnetic signature of the geological
source of interest by removing extraneous spatial and temporal magnetic measurements.
2) Enhancement of the magnetic anomaly of interest by applying a variety of filters in the
spatial domain or wavenumber domain (Hinze et al., 2013). This section briefly describes some
of the processing steps applied to the data acquired for this study such as the effects of the time-
varying external field, diurnal variations, removal of the International Geomagnetic Reference

Field (IGRF), deculturing, gridding and filtering.
Spatial and Temporal variations

Spatial magnetic variations of the magnetic field include, but not limited to regional variation
in the magnetic field, elevation effects, terrain effects, and surface and near-surface effects
(Dentith and Mudge, 2014). The magnetic data collected for this thesis was conducted over a
small region, therefore spatial magnetic variations such as the difference in observational
elevations and magnetic terrain effects were negligible. However, global magnetic variation

and the surface and near-surface effects of natural and cultural sources were considered.
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e Global field models

Once the positioning errors are removed, the next step is to remove the global field. The
magnetic field due to the Earth outer core is much larger than the crustal magnetic field,
therefore, it is important to remove the global field in order to improve the resolution of the
geological magnetic targets (Hinze et al., 2013). For surveys that cover a large area, the
geomagnetic field can be removed by determining the IGRF for the time and location of each
measurement (Nabighian et al., 2005). For smaller surveys, variations in the geomagnetic field
are not rapid, therefore can be removed together with regional responses (Dentith and Mudge,
2014). The first global field model was released in 1969, with the model being updated every
5 years. This model is important for the removal of the geomagnetic field (Nabighian et al.,

2005).
e Surface and Near-surface effects

Ground magnetic surveys are conducted with the sensor being close to the ground, therefore
surface and near-surface sources are mapped and can distort the target anomaly. The data for
this research were collected in an active mine environment, therefore the presence of cultural
noise effect was expected. Cultural noise appears in the data as high frequency and high
intensity components, therefore spike filters (e.g., Naudy filter) can be used to remove the
noise. However, the filter can also remove the high frequency content of the target anomalies
(Naudy and Dreyer, 1968; Nabighian et al., 2005). An alternative method to filter out the noise
is to manually inspect the dataset and remove features that are obviously related to cultural
objects. Over the years a number of automated methods have been developed to identify
cultural magnetic anomalies and their characteristics (e.g., Muszala et al., 2001; Hassan and
Pierce, 2005; Salem et al., 2010). Natural magnetic effects arise a result of magnetic mineral
content in rocks. Therefore an understanding of the surrounding geological rock is important
when conducting magnetic surveys. The effects of natural magnetism can be minimized by
avoiding local magnetic material. However, this requires multiple observations to be conducted
over time at the site to identify field derived from the anticipated sources (Hinze, 1963). The
expected anomaly of interest in this research is located within magnetic rocks of the Bushveld

Complex, South Africa. Their magnetic effects were expected on the acquired data.

When isolating the magnetic effect of the geological target, short-term changes in the magnetic

field (temporal changes) need to be considered. The changes vary in duration (from a second
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to a day). Diurnal variations are an example of temporal variations, and can interfere with the
magnetic data. The variations must be removed prior to subsurface geological interpretations.
Multiple methods have been utilized to remove the variation, with the most precise method for
surface surveys being monitoring the continuous variation using a base magnetometer (Dentith
and Mudge, 2014). The measurements from the base magnetometer are then subtracted from
the station measurements. This correction is effective provided that the base station is located
within the survey area, and has a precision of 1 nT or less with an interval of 1 sec to 1 min.
The data can also be manually inspected for noise spikes and shot-period variations, which can

be edited (Hinze et al., 2013; Dentith and Mudge, 2014).
Filtering

Application of filters for magnetic data processing vary, depending on the data quality. The
filters aim to enhance the anomaly of interest. Many filters have been developed over the years,
with increased modern computing power as a result of an ever increase in digital data associated

with modern magnetic survey techniques.
e Reduction to pole (RTP)

The shape of the magnetic source, the orientation of the magnetic body with respect to the
magnetic north, the variation in inclination and declination of the magnetization in the source,
and the local Earth’s magnetic field influence the shape of the magnetic anomaly. Due to the
above mentioned parameters, the magnetic anomaly can be asymmetric, making it difficult to
interpret (Baranov, 1957). Therefore a method to overcome this effect was developed, such
that any observed anomaly can be transformed (Figure 3.26) into an anomaly that would have
been measured at the magnetic pole (vertical magnetization and ambient field). This process is

called the reduction-to-pole (Baranov, and Naudy, 1964; Ravat, 2007).
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Figure 3.26: a) Asymmetric magnetic anomaly due to uniform arbitrarily magnetized body
below the Earth’s surface, with an inclined Earth magnetic field and b) its reduced to pole

anomaly in the vertical magnetization and vertical field.

o Tilt derivative

Over the years, a number of algorithms to enhance features on magnetic data have been
developed. The methods are based on first-order derivatives of potential fields to enhance edges
and centers of the magnetic source (Dentith and Mudge, 2014). However, this thesis only
provides an overview of one of the simplest image enhancement technique applied on magnetic
data. The tilt derivative (TD) at a location (x, y, z) is a normalised geometric function of the

vertical derivative and horizontal derivative, and it is given by (Miller and Singh, 1994):

dF
TD = tan™ (J((aF/ax)gi(aF/ay>2)> 324

where F is the magnetic field. The TD acts as a type of an automatic gain control (AGC) as it
is good for enhancing local anomalies at both low and high amplitude. The non-directional tilt
derivative (Equation. 3.24) technique is useful as it highlights anomalies with all geometries
and orientations. The tilt derivative can be modified to account for specific trending magnetic
lineaments that need to be enhanced. The directional tilt derivative (DTD) is given by (Stewart

and Miller, 2018):

oF
DTD = tan_1< 9z ) 3.25

. oF oF
|sm 6—+cos 9—|
ox ay
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where 0 is the direction of calculation.

3.3. Resistivity

Over the years electrical resistivity method has become one of the widely used geophysical
methods for engineering, environmental, hydrological and mining investigations (Loke, 2020).
The method is based on the principle of determining the subsurface resistivity distribution by
inducing electrical current into the Earth and generates an electromagnetic signal that is
monitored on the ground surface (Aizebeokhai, 2010). The resistivity in the ground is related
to geological conditions such as water saturation, porosity, mineral and fluid content. Multiple
electrical methods with varying setups and configurations have been developed, such as DC
resistivity, induced polarization (IP), self-potential (SP), electromagnetic (EM), and
magnetotelluric (MT) methods. In this thesis, only the DC resistivity method is used and
described (Georgsson and Karlsdottir, 2010).

Resistivity methods employ the principles of Ohm’s Law that governs the current in the
subsurface. Loke (1999) describes and derives the relationship between the current density and

current (Dey and Morrison, 1979) given by:

V)= -V 000y, DV y.2] = ()80 - x)8(p - y)8(z —2) 3.6

Where o is the conductivity of the medium, J is the current density, AV elemental volume
surrounding the current source 7, and position(xg, ys, ;). The relationship gives the distribution
of potential in the subsurface due to a point source. Equation 3.26 is solved by conducting

forward modelling to determine the potential that would be observed at a certain point

(Loke, 1999).

Resistivity measurements are conducted by injecting current into the ground using a pair of
current electrodes (Ci and Cz) and measuring the potential using another pair of potential
electrodes (P1 and P2). The current injected in a homogenous half-space flows radially from
the current electrodes (Figure 3.27) and the potential over a homogenous half space at a

distance r; and r, (distance from first and second electrodes, respectively) from the electrodes

is given by:
_pr(1_ 1
V= 2m (Tc1 rcz) 3.27

The measured potential difference on surface between the two electrodes over a homogenous

half space is given by:
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AV=”—’(1—1—1—1) 3.28

21 \Tc1p1 Te2p1 Tcip2 Te2p2
However, field surveys are conducted in a heterogeneous Earth where the subsurface resistivity
is anisotropic (Herman, 2001). The apparent resistivity can be calculated using the current and

voltage values:

AV
Pa = _kgeom 3.29

I

Where kgeom is the geometric correction factor and it is the quotient of cross-sectional area
and length of a specimen. The geometric correction factor for a general configuration of
electrodes for measurements of resistivity depends on the arrangements of the electrodes and

is given as (Aizebeokhai, 2010):

kgeom:( T 1 27-[1 1 ) 3.30

C1Py C1Py C2P1 C3P;

Figure 3.27: Potential distribution for two point sources of current in a homogenous half-
space. L: length of current dipole, r,:distance to first electrode, 11 : distance to second electrode

(adapted from Telford et al., 1990).

3.3.1. Acquisition and inversion

Over the years, a number of resistivity arrays have been developed (Dahlin and Zhou, 2004;
Szalai and Szarka, 2008; Martorana et al., 2017). Figure 3.28 shows the array configurations
of some of the commonly used arrays together with their geometric factors.

Resistivity surveys were first conducted by the Schlumberger brothers in the 1920s, with the
methods divided into two survey techniques: sounding and profiling. Sounding surveys were
the first to be used, with four electrodes deployed, the center of the electrodes fixed at one

position and the outer electrode spacing being increased to obtain information of the deeper
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subsurface (e.g., Figure 3.28a: Schlumberger array). Profiling surveys are conducted with the
distance between the electrodes fixed and the electrodes are shifted along the profile (e.g.,
Figure 3.28b). The survey technique is mostly useful for mineral exploration (Telford et al.,

1990).

Two-dimensional resistivity imaging surveys are the most commonly used tool for mapping
complex geological environments. The imaging technique involves integration of electrical
sounding and profiling (Griffiths et al., 1993). The surveys are carried out using multiple
electrodes connected to multi-core cables. Apparent resistivity measurements are conducted
using a range of different electrode configurations and separation. The most commonly used
electrode configurations are Schlumberger, Wenner (alpha), dipole-dipole, pole-pole and pole-
dipole arrays. The choice of the array type depends on the type of structure to be mapped as
the apparent resistivity observed over the same structure can be different (Loke, 1999;
Aizebeokhai, 2010). The Schlumberger, Wenner and dipole-dipole are commonly used for
their high vertical resolution and adequate depth of investigation. A description of the array

types that are used in this thesis is given below:

e Schlumberger (Figure 3.28a) — The Schlumberger array involves four electrodes, with the
potential electrodes planted at the center of the array and the current electrodes moved
outward for each measurement. Schlumberger is commonly used for vertical electrical
sounding (Alfouzan, 2008). The array is sensitive to vertical variations in the subsurface
and has a better resolution and depth of penetration to Wenner array (Herman, 2001).

e Wenner (alpha) (Figure 3.28b) — The electrodes in this array are equally spaced along the
profile, with the array having three different sets of configurations as Wenner-alpha,
Wenner-beta and Wenner-gamma. The most commonly used arrangement being the
Wenner-alpha (Carpenter and Habberjam, 1956). The Wenner array is sensitive to vertical
changes in the subsurface and has a moderate depth of penetration and high signal strength
compare to the Schlumberger and dipole-dipole arrays. The high signal strength is
important for conducting surveys in areas of high background noise. An increase in
electrode spacing results in poor horizontal coverage (Loke 1999; Aizebeokhai, 2009).

e Dipole-Dipole (Figure 3.28c) — The array is widely used because of its high sensitivity to
resistivity variations, 3D structures, and horizontal changes (Loke 1999). The array is
mostly used for imaging vertical structures such as dykes, cavities and fault zones.

However, it has poor sensitivity to image horizontal structures (e.g., sills and sedimentary
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horizontal layers). The signal strength decreases with increasing distance from the dipole

pair (Aizebeokhai, 2009).

——a

——m

| o+ ]

|

Configuration
8 Schlumberger
L P P, C
! ! . !
i — .
4+ 2L L4
b.
Wenner (alpha)
L P P, C
! ! !
| | % | |
| | | |
c.
Dipole-Dipole
C, C, B P
! ! !
| | na | |
| | | |

k

geom

Geometric factor

_ zl?
kgeom_ 21
k = 2ma
geom
= 2nn(n+1)(nt2)a

Figure 3.28: Commonly used resistivity arrays (or configurations) and their geometric

factors. C; and C> are current electrodes while P; and P> are the potential difference

electrodes (adapted from Aizebeokhai, 2010).

improved the efficiency for acquiring the data.

Acquisition of resistivity measurements is relatively cost-effective compared to other
geophysical methods. Modern resistivity measurements do not require four electrodes to be
moved after every measurement, however, multiple electrodes are planted into the ground and
the resistivity system automatically acquire the data in arbitrary four electrode configuration

(Aizebeokhai, 2010). The development of the automated resistivity systems has greatly

The measured apparent resistivity is normally plotted as a pseudo-section contour map, which
provides an approximate picture of the resistivity distribution in the subsurface. The subsurface

picture is distorted as the shape depends on the array type and the true subsurface resistivity
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(Dentith and Mudge, 2014). Figure 3.29 shows the Schlumberger pseudo-section contouring
of a resistivity profile collected as part of this research. The pseudo-section provides the initial

picture for qualitative interpretation.

Figure 3.29: Pseudosection for a Schlumberger array, showing 17-data levels with 41

electrodes. The colour bar shows the apparent resistivity of the median measurement.

A number of programs have been developed for inversion of apparent resistivity measurements.
The quality of data influences the variations in the apparent resistivities on a pseudosection.
Poor quality data will have unusual high or low apparent resistivity values. These high and low
spots can be identified and picked out as bad apparent resistivity measurements. Numerical
methods (finite difference or finite element) are used to calculate the apparent resistivity of the
subsurface and produce a desired 2D model (Alfouzan, 2008). The apparent resistivity data are
inverted using the modelling software ResIPy. The inverted data are used to produce 2D

resistivity sections that can be used to characterise the subsurface geology.

3.4. Ground penetrating radar

Compared to other geophysical methods, Ground Penetrating Radar (GPR) is a relatively a
young method. The method was first applied in the 1960s for echo sounding and later expanded
into a large number of applications (e.g. geological and environmental studies, mining,
geotechnical investigations, archaeological surveys and groundwater exploration) than any
other geophysical method (Bailey et al., 1964; Beres Jr. and Haeni, 1991; Neal and Roberts,
2000; Francke and Yelf, 2003; Annan, 2002; Annan, 2005; Venkateswarlu and Tewari, 2014).
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GPR surveys are conducted by moving the transducer antenna and the receiver antenna along
the surface (Figure 3.30a). The ability to image targets in the subsurface is due to the different
electromagnetic properties (i.e. dielectric permittivity, magnetic permeability, and electric
conductivity) between subsurface layers or objects. In particular, the propagating wave's velocity
and attenuation are significantly influenced by dielectric permittivity (¢) and electric conductivity (o),
respectively (Everett, 2013; Catapano et al., 2019). The transducer (Tx) generates high
frequency electromagnetic waves (50—-500 MHz), some of which are reflected or backscattered
and are recorded by the antenna (Rx). The GPR system measures the travel time through the
subsurface of the emitted waves and an analysis of the travel time can be used to estimate the
depth of the reflecting interface. Figure 3.30b illustrated the A-scan (left) and B-scan (right)
images produced when the EM waves are reflected back to the antennas. GPR image (B-scan)
is a collection of several A- scans (traces) for each measurements point. The B-scan in Figure
3.30b illustrates a strong, consistent signal that is indicative of both the reflected signal from
the air-soil interface and the direct coupling between the transducer and receiver antenna. The
signal is regarded as noise that needs to be filtered because of its comparatively large
amplitudes (See A-scan in Figure 3.30b) in relation to the target response (diffraction
hyperbola), as will be discussed in the following section. In theory, Maxwell's equations, which

are discussed in chapter 3.1, govern the physics of GPR (EM waves). The two way travel time

is given by:
T= ZC—R\/E_ 3.31
0

Where R is the distance from antenna to the target, &, is the relative permittivity, and c; is the

speed of light in a vacuum. Due to the nature (high frequency) of the emitted EM waves, GPR
has a much rather higher resolution compared to other geophysical methods. However, it falls
short in terms of depth of penetration (Bechtel et al., 2007). The penetration depth and
resolution of the GPR system is dependent of multiple factors (not limited to) such as: central

frequency, electrical properties, size of the antennas, interference and backround noise.
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Figure 3.30: @) a transmitter (Tx) and receiver (Rx) are moved in the x-direction and record
traces for each discrete x-position. b) Shows the resultant A-scan (single trace) and B-scan

(multiple traces) space-time image, where the backscattered field from the target creating a

hyperbolic shape.
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Data Processing

Figure 3.30 shows a simplified version of GPR data. For various reasons, GPR raw data is
typically difficult to interpret. The basic processing steps required to enhance the GPR image
are described in the section that follows. Depending on the survey scenario, these steps may be
fully or partially necessary. It is important to keep in mind that the processing steps listed below

may not be all that are necessary for GPR; additional processing steps may be required.

e Time- Zero correction: The process of time-zero correction involves removing the
initial strong, flat signal originating from the interface between the air and the medium,
such as soil. This step is important for comparing the depth and reflection times of
targets that are positioned at different locations along the profile. Most of the time, it is
challenging to define the precise zero-time cut. However, the first zero following the
maximum is the most often selected option (Catapano et al., 2019).

e Backround removal: This process involves the removal of horizontal interfaces that
are present in the data. Depending on the objective of the study, this processing step
might prove to be useful or might not be necessary. Background removal is ineffective,
for instance, if the objective is to image the thickness of interfaces. On the contrary,
background removal is required if the goal is to image changes in the subsurface.
Finally, the process should be used with caution because it has the potential to introduce
artifacts into the data (Benedetto et al., 2017).

e Dewow filtering: Majority of GPR systems record "wow" data (Figure 3.31a) as part
of their raw data recording process. These are the very low-frequency noises that are
introduced into the data due to the large amplitudes that overwhelm the electronic
instrument. For zeroing (Figure 3.31b) the data, the dewow filter is applied. In essence,
the filter is a high pass filter that only allows high frequency component of the data
(Maruddani and Sandi, 2019).

57



Chapter 3

Figure 3.31: Concept of a dewow filter, with a) the DC bias displayed before and b)
after the dewow filter application (adapted from Maruddani and Sandi, 2019).

Velocity corrections: This process is essential for converting travel time into depth.
Moreover velocity analysis is important for migration algorithm application. The most
common method to apply velocity analysis is by measuring the velocity of the
hyperbolas that are associated with subsurface targets. The other methods is based on
survey methodology, where a common midpoint data collection is applied (Reynolds,
2011).Velocity analysis is obtained from the CMP gathered data similar to reflection
seismics (Neal and Roberts, 2000).

Gain adjustments: During data acquisition, part of the energy is reflected and some is
attenuated, therefore resulting in weak signal recorded for targets that are at greater

depths. A gain function is applied to the dataset to improve the signal after it has been
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attenuated (Annan, 2005). Different gain controls can be applied to the dataset, with
each having its advantages and drawbacks (Benedetto et al., 2017). Below are examples
of gain adjustments that can be applied (not limited to):

- Constant scale: A multiplier is applied equally over each trace

- Normalization: Applied of trace by trace. The data is scaled to its maximum value.
- Automatic gain control: Amplitudes distributed equally within a time window

- Linear gain: A time varying gain filter that increases linearly with depth.
Filtering: In this step, 1D and 2D filters are used to improve the signal-to-noise ratio
and, as a result, the quality of the GPR image. There are many types of filters, just like
any other, such as low pass, high pass, band pass, deconvolution, and 2D Fast Fourier
transform (FFT) (Szymczyk and Szymczyk, 2013; Maruddani and Sandi, 2019) .
Migration: The primary goal of migration in GPR processing is to collapse subsurface
object diffractions into a single point, similar to reflection seismic processing.
(Catapano et al., 2019). Detailed GPR migration techniques are described in
(Economou et al., 2015).
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4. Modelling and physical property measurements

4.1. Seismic modelling

To fully understand the subsurface geology, the final seismic section should be interpreted,
integrated with geological maps and borehole information. However, in complex surface and
subsurface geology, reflections can be misinterpreted or interpreted with less confidence.
Seismic forward modelling can be utilised as a tool to verify and evaluate structural and
stratigraphic interpretations. Synthetic seismic sections produced from modelling can be
compared to final stacked section for a desired correlation between the modelled results and
actual data (e.g., Cheraghi et al., 2011; Bellefleur et al., 2012; Malinowski et al., 2012; Squelch
et al., 2013). Moreover, seismic modelling can be utilised for survey design and understanding
seismic response of a known geological structure from different sources and receiver setups.
In this thesis we apply 1D and 2D synthetic models. 1D Synthetic models are mainly used for
testing the reflectivity of the target horizons. The method employs basic one dimensional earth
model with specific velocities, thickness and density. The Ormsby, Morlet, Ricker, and
minimum phase wavelets are a few examples of the various source wavelets that depict distinct
seismic sources (Ryan, 1997). The most common method for computing synthetic
seismograms is the 1-D reflectivity method. This method was first developed in the early 1970
by Fuchs and Muller (1971). A more detailed description of the reflectivity method is given by
Sen (2011). For 2D synthetic modelling, multiple techniques have been developed to model
seismic wave propagation. In this research, finite-difference and ray tracing methods were

tested and used.

4.1.1. Finite difference modelling

Finite difference methods (FDM) are the most widely used numerical simulation methods for
seismic ground motion. The method is dominant due to its applicability in complex models,
relative accuracy and computational efficiency (Moczo et al., 2004). It is a good approximation
to the solution of the wave equations. Over the years there have been a number of publications
and/or reports on the use of finite difference methods for full waveform inversions (e.g., Dessa
et al., 2004; Bleibinhaus et al., 2007), modelling different hard rock environments (e.g., Bohlen
et al, 2003; Cheraghi et al., 2011; Ahmadi et al., 2013), wave propagation through random
media (e.g., Frankel and Clayton, 1984, 1986; Moczo,1998), and approximating earthquakes

as a point source and its associated wave propagation (Moczo et al., 2007).
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The wave equation exhibits two modes: acoustic wave and elastic wave equations. Subsurface
wave propagation simulations are preferably carried out using elastic or visco-elastic wave
equations, due to the nature of acoustic wave equations (e.g., it is only valid in fluid medium)
(Robertsson et al., 1994; Saenger and Bohlen, 2004). Acoustic wave equations have an
advantage over the elastic wave equations as they are computationally less demanding
(Fitchner, 2011). Multiple authors (e.g., Jastram et al., 1992; Wang et al., 2016) have used
acoustic wave mode in active source modelling experiments, provided that the S-wave energy
is minimal. Most of the modelling work has been conducted for 2D models, however, 3D
applications have been considered in geologically complex environment (e.g., Dong and
McMechan, 1991; Igel et al., 1991). In this research, 2D and 3D acoustic FD methods are used.
The 2D acoustic wave equation in a homogenous media can be expressed as (Zakaria, 2000):

2 2 2
&2 {6_p+6_r’}:0 4.1)

o x> ot

Where p is the acoustic pressure, c is the velocity of the acoustic wave, (x, z) are positions in
space and t is time. The first expression on the wave equation (Equation 4.1) can be

approximated using the second order finite difference approximation as:
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then we have:

p{ffl =2(1- ZYZ)Pfj - pllfj_l + yz(plk+1,j + plk—l,j + P{fj+1 + P{fj—1) (4.3)

The wave equation is approximated in rectangular coordinate system by the second order
. A . e o .
difference, where y = CA—ht, and h = Ax = Az is the grid size in x and y directions and At is the

time step (Alford et al., 1974; Zakaria et al., 2000).

For the numerical modelling experiments to be stable, certain boundary conditions have to be
satisfied; (1) y = %, (2) the grid spacing has to be chosen correctly to avoid dispersions in the

model and it is expressed as (Amini, 2014):

Amin
h < g 4.4)
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where A,,;, represents the minimum wavelength and n depends on the order and length of the
finite difference operator. (3) Time stepping should fulfil the following condition (Fitchner,
2011):

At < const Zmin (4.5)

Cmax

The wave propagation problems are conventionally applied to infinite medium. However, the
limitation is the finite number of cores of computers available for the model, therefore it is
necessary to have boundaries in order to have a finite model. The boundaries can however
produce reflections that interfere with the reflections from the interfaces. One way to attenuate
this is by introducing boundary conditions. Reynolds (1978) illustrated the usefulness of
transparent boundary conditions compared to dirichlet boundary conditions. An example of a

transparent boundary condition can be represented as:

Right side boundary:
pﬁi%] p1’:+1,j + pn] pn] + Clj Ax (pnj plr§+1,j ( pn] )) (46)

Surface side boundary:

pift =k + o — it + o (ol — Pk - 5T -l D) 4.7)

Instead of padding the grid at the edges, transparent boundary conditions replace the wave
equation with a one-way wave equation. However, the effectiveness of this boundary condition
reduces for waves that strike the boundary at shallow angle (Cerjan et al., 1985). Another
boundary condition technique was developed by Cerjan et al. (1985). The non-reflecting
boundary condition is applied by multiplying the pressure P"(i,j) amplitudes outside the
boundary lines by the factor (Cerjan et al., 1985):

G = exp —[0.0015(20 — )]?, (4.8)
where: 1 < i < 20.

4.1.2. Ray tracing

Numerical techniques such as finite difference methods have been used for wave propagation
solutions, however such techniques are computationally demanding. Therefore high-frequency
approximation methods that allow fast numerical models of complex laterally varying layered

structures have been developed (Cerveny et al., 1988; Gjoystdal et al., 2002; Cerveny et al.,
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2007). Asymptotic ray tracing methods have been widely used as high-frequency
approximations interpretational tool in numerical modelling of seismic waves (Farra, 1993).

The high frequency time-harmonic solution for an acoustic wave propagating (elastic wave

2
equation: V2 = CLZZTCZD ) through an inhomogeneous media can be represented as (Rawlison et
al., 2007):
® = Ae T+ (4.9)

where © represents the pressure field, A is amplitude, o is angular frequency, and T is a surface
of constant phase. Taking the Laplacian and second derivative of Equation 4.9 and substituting

in the wave equation yields:

Aw?
cz '’

VZA — w?A|VT|? — i[2wVA - VT + wAV?T] = — (4.10)

considering the real part only, dividing through by Aw? and applying the high frequency

approximation (w — ), we arrive at the Eikonal equation:

VT2 = . @.11)
Taking the imaginary part of Equation 4.10 and divide by ®, we arrive at the transport equation:
2VA - VT + AV2T = 0, (4.12)

which is used to compute the amplitude of the propagating wave. The Eikonal and transport

equations can be expanded for more complex media (e.g., anisotropic media).

Figure 4.1 shows a simple geological model that is crosscut by a near vertical fault with a
source located on surface at distance 490 m. Seismic ray traces are overlaid over the model
showing the impact the fault plane has on seismic ray traces. Application of ray tracing
techniques has been widely used around the world (e.g., Cerveny, 1985; Vlastislav and De
Castro, 1993; Gjoystdal et al., 2002; Cerveny et al., 2007), with an expansion into elastic,

complex, heterogeneous and three dimensional models.
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Figure 4.1: Ray tracing through a simple geological model with a near vertical fault plane. A
seismic source is located at 490 m distance on surface (red triangle). 2D ray tracing was

conducted using Tesseral pro software.

4.2. Physical properties

This section provides a brief outline of the techniques used to conduct physical property
measurements for the rock samples used in the thesis. Some physical property data used in the
thesis were extracted from studies conducted by Sepato (2015) and Nkosi (2017) and from the
Council for Geoscience (CGS) database (https://shorturl.at/nGPUYV).

To conduct seismic modelling using FD methods and ray tracing, a set of physical property
(velocity and density) measurements for the host and target mineralisation needed to be
defined. Physical properties can be obtained from a wide range of methods such as downhole
logging, surface seismics, or laboratory measurements. The above mentioned methods have
their advantages and disadvantages, with the downhole logging giving the best representation
of seismic velocities in-situ conditions of the rock formation. However it is not always possible
to conduct downhole logging in deep crystalline boreholes (Adams et al., 1997). In situations
where borehole data are not available, theoretical estimations can be made based on elastic
constants of mineral velocities or by measuring the rock velocities using laboratory techniques.
The data used in this thesis were collected using laboratory techniques and to do this, rock

samples from the area of interest were collected.

4.2.1. P-wave velocity
Seismic velocities can be measured using ultrasonic instruments (Salisbury et al., 2003;

Malehmir et al., 2013; Nkosi et al., 2017). Ultrasonic equipment is made up of a receiver and
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a source transducer that are connected to a waveform generator as shown in Figure 4.2a. A
high frequency signal is produced by the transducers and passes through the rock sample. The
signal is observed through the oscilloscope and the waveform is recorded by the computer.
Prior to the measurements, the samples need to be prepared by cutting each side to make a flat
surface. Borehole core samples are mostly used as they are easy to cut on each side of the core.
However irregular shaped samples can be collected and be prepared into a cubic shape. The P-
wave velocity measurements for the Bushveld Complex rocks were conducted using a
handheld Ultra sonic tester (Figure 4.2b: UK1401 SURFER) at atmospheric conditions. The
tester was taken inside the tunnel to measure the P-wave velocity of in-situ rocks (Figure 4.2¢).
The ultra-sonic tester utilises the same concept as the ultrasonic equipment described above,
however it does not have separate components for inducing the signal, and recording the
waveform. The samples for using an ultrasonic tester need not to be prepared compared to

using the cabled ultrasonic equipment.

Figure 4.2: P-wave velocity measurements using ultrasonic equipment. a) Schematic diagram
of the ultrasonic equipment. b) UK1401 ultrasonic tester with a calibration sample. c) UK1401

tester used in underground condition on hangingwall.

4.2.2. Bulk density

Another geophysical property that is important for seismic modelling is bulk density. Density
measurements for rock samples that are irregular are tedious as it is difficult to accurately
measure the volume of the sample. There are multiple methods for determining the density

values of irregular samples such as the suspension, level and overflow methods that are all
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based on Archimedes principles (Hughes, 2005). As shown in Figure 4.3, the suspension
technique involves the immersion of a sample into a container with water and the sample
suspended on an electronic scale. According to Archimedes principle, a buoyant force exerted
on a body that is submerged in a fluid is equal to the weight of the fluid that the body displaces
(Halliday et al., 2000).

Figure 4.3: Rock sample hanging on an electronic scale and immersed in a water-filled

container. The sample is suspended in the water such that it does not touch the bottom.

The density measurements reported in this thesis were immersed in pure water, therefore the
volume of the sample can be expressed as change in weight divided by the density of the fluid

(water with density of 1 kg/m?3):

VzAﬂﬁ”zszum—mM (4.13)
PGE

Where V is the volume, w,, is the weight of the dry sample and w,, is the weight of the sample

submerged. The density of a body is given by the equation:
p== (4.14)

m = w, is the mass of the dry sample measured using an electronic scale. The density is then

expressed as:
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Wq

b= (4.15)

Wa—Wy

4.2.3. Magnetic susceptibility

The magnetic susceptibility logs were measured using a magnetic susceptibility sonde. The
sonde is a casing for the emitter and receiver coils that create an oscillating magnetic field
which then induces alternating current. The alternating current induces a secondary magnetic
field that will spread throughout the surrounding rock and it is then detected by the receiver
coil. Using the sonde allows collection of magnetic susceptibility in both water and air-filled
boreholes. Sepato (2015) conducted density and magnetic susceptibility measurements of rocks
from the Bushveld Complex using downhole logging techniques. In this thesis, the laboratory
magnetic susceptibility measurements were conducted using a handheld magnetic
susceptibility meter. The SM-30 uses an 8 kHz LC oscillator as an emitter and a pick-up coil
(~50 mm in diameter) as a sensor. To make measurements, the coil is placed on the surface of
the sample, followed by removing the SM-30 coil away from the sample and a measurement
is recorded manually into a sheet. The SM-30 has a sensitivity of 1 X 10~7 SI units, while the
downhole magnetic susceptibility logging instrumentation can reach sensitivity of the order

1 X 107° SI units.
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5. In-mine and surface seismic surveys

Cost-effective in-mine and surface seismic surveys were conducted between 2021 and 2022 at
Maseve mine as part of the Advanced Orebody Knowledge (AOK) programme. The in-mine
seismic surveys were designed to image geological structures and delineate economic Platinum
Group Elements (PGEs). The surface seismic surveys were particularly included to compliment

and constrain in-mine seismic experiments.

5.1. In-mine seismic data acquisition

The in-mine seismic surveys comprised of 11 profiles that were designed along the
development and entry tunnels. Due to the limited lengths of the tunnels, two orthogonal
profiles (Figure 5.1), namely, TP2 (235 m) and TP3 (235 m) had significant spread to be
analysed for imaging geological structures and delineate mineralisation. TP2 was conducted
with a fixed spread, using 48 1C cabled spike receivers positioned at every 5 m; while TP3 was
conducted in two phases, with the first phase (Paper I) consisting of three segments (115 m
each) that are collinear using 24 1C spiked geophones (Figure 5.2a: drilled into the tunnel
surface) and the second phase (Paper II) consisting of three segments of 48 1C land streamer
geophones (Figure 5.2b) that extend from the first phase of seismic profiles. The choice to
acquire TP3 in segments was influenced by the length of the cabled system (48 channel, 5 m

interval cables) that was available to us.
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Figure 5.1: Aerial photo projected on a digital elevation model (DEM) showing the position
of the surface (SP1-SP3) and tunnel (TP2 and TP3) relative to the Merensky Reef (purple) and
UG?2 (orange). The sky blue colour represents nodal receivers on surface. The navy blue and

red colour represent the cabled receivers on surface and inside the tunnel, respectively.

Source points were 2 m apart with four stacks recorded at every shot point to improve the SNR.
A 6.3 kg sledgehammer was used as a seismic source over the 24 kg vertically accelerated
weight drop (AWD) due to mine restrictions (e.g., low hanging wall and logistically intensive
to transport a heavy source to the mine tunnels). Seismic acquisition parameters for both phase

one and two surface data are described in detail in Papers I and II.
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Figure 5.2: a) Field photo showing the deployment of the spiked geophones by drilling into the
hard rock in underground mine tunnel. Green arrow shows spiked geophone cabled system
next to the land streamer. b) Photo of the seismic land streamer used to collect seismic data in

the tunnel. Red arrows show the 1C 4.5 Hz geophones.

Maseve mine is placed under care and maintenance, therefore the tunnels are free from mining
activities. However, the tunnels are equipped with water pumps (Figure 5.3a) and ventilation
(Figure 5.3b) to exchange the air and water intakes for the mining levels. The strength of the
noise in the tunnel is rather strong (Figure 5.3c), however the seismic shot gathers (Figure 5.3d)

show relatively good SNR.
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Figure 5.3: Examples of the sources of noise in underground mining environments include but
not limited to a) water pump and b) ventilation and flowing water. c) An example of background
noise recorded in mine tunnels. d) Raw shot gather showing the contamination of the data at

far offset (green arrow) by background noise.
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5.2.Surface seismic data acquisition

Figure 5.4: Surface profiles (SP1, SP2 and SP3) and the two long tunnel seismic profiles (TP2
and TP3) collected inside the tunnel, few meters above the Merensky Reef and UG2 deposits

(white outline).

For the surface seismic acquisition, three seismic profiles were distributed parallel to each other
along the conveyor belt (Figure 5.4: SP1, SP2 and SP3) approximately 590 m above the
Merensky Reef and UG2 deposits. The surface seismic data collection were collected using a
combination of nodal receivers (Figure 5.5a) connected to 1C vertical component (5 Hz)
geophones and 14 Hz 1C spiked geophones. SP1 (Figure 5.5a) and SP2 (Figure 5.5b) where
acquired using the nodal stations spaced at every 10 m. While acquisition along SP3 involved
the use 0of 96 1C cabled geophones (Figure 5.5b) collocated along SP2. A 500 kg drop-hammer
(Figure 5.5c: drop-hammer) was deployed as a seismic source, with the impact shot made at
every 10 m for all the seismic profiles. The accurate GPS receiver coordinates where collected
using a differential GPS for all the seismic profiles. An event recorder (Figure 5.5¢) was

mounted on the bobcat to GPS time stamp each shot.
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Figure 5.5: a) Nodal stations connected to 5 Hz 1C geophones spaced at every 10 m for surface
seismic data acquisition. b) 1C wireless nodes collocated with the cabled geode system for
surface seismic data acquisition of SP2 and SP3. c) 500 kg drop-hammer mounded on a skid

steer bobcat used as a seismic source on surfaced. d) Accurate GPS locations of receivers are

surveyed using the differential GPS.

73



Chapter 5

The data acquired on surface are characterized by ambient noise due to the surface
infrastructure such as 50 Hz electrical power cables (Figure 5.6a), roads and processing plant
(Figure 5.6b). This infrastructure produces coherent noise that is noticeable on active seismic
data (Figure 5.6¢, d). Surface data were collected to understand the acquisition challenges and
innovation aspects required to acquire seismic data in a highly noisy and logistically
challenging mine environments. The results were further used to validate the in-mine seismic

experiments.
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Figure 5.6: a) Field conditions showing electrical power cables above the survey area and b)
processing plant near the seismic profiles. c) Raw shot gather showing the strong coherent

noise caused by the 50 Hz frequency from the electrical power cables.
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6. Summary of papers

Paper I: Cost-effective in-mine seismic experiments to image platinum deposits and associated

geological structures at Maseve platinum mine, South Africa
Summary

The delineation 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. Seismic experiments were conducted at Maseve mine tunnels in
2020. The experiments are likely the first in-mine seismic experiments to be conducted in a
deep South African platinum mine. The surveys were designed to image geological structures
and delineate economic Platinum Group Elements (PGEs) bearing Merensky Reef and Upper

Group 2 chromitite layers (known as reefs).

The in-mine seismic surveys consisted of seven 2D reflection seismic profiles in the
development tunnels, which were located ~550 m below ground surface and a few tens of
metres above known mineralisations: the Upper Group 2 and Merensky Reef. Only the results
obtained from active in-mine seismic profiles (P5—P7) are presented. The in-mine seismic
experiments involved the use of cost-effective seismic equipment such as the 4.5 Hz land
streamer and 6.3 kg sledgehammer, which were easily accessible for surveys. The seismic data
were processed using today’s standard processing approaches. Despite the fact that the seismic
data were acquired in a closed mine, ventilation and dewatering pumps were active and
amongst the sources of noise inside the tunnel. An attempt was made during data processing
stage to attenuate the noise and enhance the reflections. An f-k filter was important in

eliminating the airwaves and boosting the amplitudes of the reflections.

The seismic data from the three profiles were stacked and migrated. An improvement in the
SNR was observed, therefore the reflections are observed in the final stacked section. In order
to constrain the interpretation of the reflections and investigate the source of seismic
reflectivity, a 2D acoustic finite difference model was conducted using the geometry of the
orebody. The model was based on the borehole data and mine plan provided by the Maseve
mine. Rock samples from the orebody and host rocks were collected from the underground
workings. Ultrasonic physical property measurements of the rocks were conducted at room

temperature. The densities (2700 - 3000 kg/m?®) and velocities (5400 — 5950 m/s) of the rocks
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are within a narrow range, except for the chromitite (density: 4392 kg/m?, P-wave velocity:

6118 m/s) sample that is much denser than the host rocks.

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 and UG2, although disrupted by
faults and folds, are prominent and reliable indicators of mineralisations throughout the seismic
profiles. In general, the geometry of the MR and UG2 orebodies was well defined by seismics.
Good correlation between seismics and mine orebodies (derived from boreholes) is mainly
observed from the centre of the profile. In terms of structural interpretation, our results confirm

the existence of previously known faults and dykes and further constrain their 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 considered 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 infrastructure limitations, environmental and permitting issues) using
more expensive and heavier geophysical equipment (such as vibroseis trucks and 100s of

receivers on surface).
Conclusion

2D in-mine seismic profiles were acquired at Maseve mine to image the platinum deposits,
host rocks, and geological structures. The data were processed with today’s standard processing
techniques to attenuate mine-generated noise and enhance the target reflections in the dataset.
Despite the challenges faced in the design and processing of the data, the Merensky Reef and
Upper Group 2 orebodies were imaged successfully at approximately 55 m and 124 m below
the tunnel floor, respectively. Furthermore, faults and dykes crosscutting the mineralisation
were imaged, highlighting the importance of cost-effective seismic methods for mineral
exploration. The study forms a pilot concept for the mining industry to utilise 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

mobilisation.
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Paper II: Innovative seismic imaging of the platinum deposits, Maseve mine — Part II: Surface

and in-mine (in preparation)
Summary

Paper II focuses on the data acquired on surface and in-mine (SP1, SP3, TP3 and TP4) as part
of the Advanced Orebody Knowledge (AOK) programme. With successful experiments
conducted as part of phase 2 (Paper I), a pioneer study was conducted in 2022 at Maseve mine
to test the feasibility of applying tunnel-surface experiments in a noisy and logistically
challenging mine environment. The survey took into account the limitations expected at an
operational mine such as limited time, site accessibility and day-to-day operations at Maseve
mine. The study forms a pilot study for the experiments that were conducted in the late 2022,

under the EU funded ERAMIN-FUTURE project.

The objectives of this paper are as follows:

e To substantiate the use of small scale seismic surveys in highly noisy and logistically
challenging mine environments.

e To image the extension of the deep mineralisation and associated geological structures.

e Tounderstand the acquisition challenges and innovation aspects required to acquire seismic
data.

Although the dataset was collected in a noisy mine environment, the raw shot gathers generally

exhibit high SNR with some minor contamination from mine infrastructural noise. The noise

generated by the mine infrasture (e.g., mine pumps, ventilation and flow of water), only

overshadows reflections at shot locations that are in the close proximity of the noise sources.

Traditional processing techniques were adopted to remove the coherent noise. Through the
application of conventional pre-stack processing techniques, in particular, unmigrated stack
sections from profiles TP3 and TP4 were produced. A set of reflections can be observed in all
the profiles. A strong seismic reflection is attributed to the Upper Group 2 chromitite (UG2).
A 3D constant velocity ray tracing was used to validate the results of the unmigrated profiles.
Two migration algorithms such as Kirchhoff and Phase shift migration were tested on the
dataset, and both resulted in an introduction of artefacts in the dataset; hence interpretation of

the data is conducted using unmigrated depth sections.
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The geometry of the seismic reflection attributed to UG2 mineralisation is similar to that of the
mine’s UG2 orebody model, which is derived from the borehole information and underground
mapping. As part of testing the feasibility to conduct tunnel-surface experiments in a noisy and
logistically challenging mine, surface seismic profiles were designed to image the ~540 m deep
mineralisation. Three surface seismic profiles were collected using a combination of nodal
arrays and seismic land streamer. Raw seismic shot gathers show some good reflections
associated with mineralisations, but also exhibit noise from the mine infrastructure such as

processing plant and electrical power cables.

The secondary objective of this survey was to image the extension of the deep mineralisation
and associated geological structures. The surface seismic profiles were processed using
conventional processing techniques. Although there is coherent noise in the raw seismic data,
the processing steps focused on enhancing the SNR of the pre-stack gathers and enhancing the
reflections with the focus on the top 300 ms. Depth-converted migrated sections were produced
showing the continuity of the orebody-generated reflections at depths below the mine tunnels
(~ 500 m depth). Finally, the mine-modelled structures and surface boreholes, as well as the
depth-converted seismic sections, were imported into the 3D visualisation software for final
geological interpretation. In general, the shallow reflections were observed on the seismic
sections corresponding to the bedrocks, followed by two more disturbed reflections at depth

originating from the Merensky Reef and UG2 mineral deposits.
Conclusions

The in-mine surface seismic survey experiments acquired at Maseve mine were processed
using today’s standard processing techniques. These techniques managed to enhance near-
surface reflections associated with the bedrocks. The tunnel seismic experiments demonstrated
the application of seismic methods using in-mine infrastructure to image platinum deposits and
geological structures. Careful data processing approach proved to be important to enhance high
quality reflections and suppress coherent noise generated by mine infrastructure. The simple
surface experiments not only proved to be efficient, but illustrated the capability of small scale
seismic surveys to image the subsurface geology at an active mine site. The use of small scale

seismic surveys can add value in active mining environments for exploration purposes.
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Paper I11: Multi-geophysical methods for characterising fractures in an open pit mine, western

Bushveld Complex, South Africa
Summary

Paper III presents part of a broad study that was conducted at Tharisa mine in the Bushveld
Complex. Open pit mines are faced with multiple challenges (e.g., bench slope stability,
migration of water and near-surface boulders). The need to delineate the fractures and
understand the migration of water into the mine pit has led to the development of multi-
geophysical and hydrological acquisition setups for gathering data in the noisy mine
environments. In this study, multi-geophysical surveys (seismic, magnetics, and electrical
resistivity) were conducted to delineate fractures that act as conduits for water migration into
an open pit mine. The study demonstrates the challenges faced by the geophysical methods to

characterise near-surface fractures and mineralisation in an active mining environment.

Three seismic profiles were collected in an active open pit mine environment to image deeper
discontinuities and mineralisation contacts. Cabled geode system was deployed with a
combination of 4.5 Hz spiked geophones and 14 Hz 1C land streamer. The choice to use the
two set of sensors is influenced by the ground condition in the mine. The land streamer was
used in an area with compact hard rock and high fracturing, while the spike geophones were
deployed in areas where they could be planted on to the ground. Three magnetic data grids
were collected in the pit targeting a known major dyke that crosscuts the pit. The grids covered
a total area of 16 km? using the proton precession and cesium vapour magnetometers. Regional
aeromagnetic data covering the western Bushveld Complex were used to identify major
geological structures around the mine. A section of the dyke was surveyed in great detail with
nine parallel N-E ground magnetic lines of 70 m in length, with a line spacing of 10 m. The
last geophysical method deployed in the pit was the electrical resistivity, with three profiles
cross cutting the mapped dyke and known faults. Forty-one fixed electrodes were used for each
of the three profiles, with a spacing of 2 m for RP1 and RP2, while RP3 had an electrode

spacing of 6 m.

Processing of the seismic data involved the suppression of the noise from the mine workings
to enhance the P-wave reflections that are caused by lithological boundaries. Conventional
seismic processing techniques were deployed, targeting near-surface reflections. The f-k filter
was effective in attenuating coherent noise introduced into the dataset by secondary energy

sources (dump trucks and drilling). The phase shift and Kirchhoff migration techniques were
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tested to check their capabilities in mapping the fractures systems. In the end, the Kirchhoff
migration method with a constant velocity of 3000 m/s produced the best image for final
structural interpretation. Longer and wider seismic and magnetic grids are likely the best
approach to this type of geology and challenges. However, this will be difficult as a result of

the active mining and infrastructures.

The magnetic data were gridded and a total magnetic intensity (TMI) map was produced. Basic
magnetic data processing steps were taken to enhance the anomalies. The vertical tilt angle
derivative enhanced the edges of the dyke contacts. The resistivity data were inspected for bad
data points using an inversion program (ResIPy). The bad data points were eliminated and a
tomographic inversion was carried out using a weighted least square function. The topographic
effect was not taken into account because the elevation difference was less than 1 m along the
profiles. Complex lateral and vertical variations of resistivities were observed on the resistivity
models. The Schlumberger and dipole-dipole models were considered for this study due to their
sensitivity to horizontal (high resistivity zones: white arrows) and vertical (low resistivity: blue

arrows) changes in resistivity, respectively.

The electrical resistivity and P-wave seismic velocity models show inhomogeneous horizons,
with sudden resistivity and velocity changes that are attributed to fractures. Integration of the
dipole-dipole resistivity and reflection seismic sections revealed that the lithology within the
pit is disturbed. The fractured norites exhibit resistivities of < 89 — 213 (). m and P-wave
velocities of < 500 — 1300 m/s. The highly fractured norites are attributed to blasting in the
pit.

The data collected at Tharisa mine illustrated that good quality geophysical data can be used to
establish regional structural fracture system in an area of interest. This is likely the first multi-
geophysical study to be conducted in an open-pit for imaging fractures in the Bushveld

Complex. The data were collected without any interruption to mining activity, illustrating the

cost and time effectiveness of the surveys inside the pit.
Conclusions

The data show a set of low P-wave velocity zones, low magnetic signatures and high conductive
zones that are associated with a fracture system within the pit. Moreover, a set of reflections is
imaged that is associated with deeper mineralisation. This is important as the mine is

undergoing plans to move underground and mine deeper ore deposits. The importance of such
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studies is to highlight the benefit of geophysical and geological data integration to image depth
to the bedrock, fractures within the host rock and dyke in a complex mining environment. This
is critical for future mine planning and designs. The combination of three or more geophysical
methods has more advantage in subsurface imaging. The geophysical data were integrated with
borehole data and physical property measurements to further constrain the final geological

interpretation
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Paper IV: Integrated geophysical methods for boulder delineation to improve mining
Summary

Boulders in mining operations pose challenges, affecting productivity, costs, and risks,
potentially escalating engineering risks and increased costs. Therefore, locating boulders
beforehand is crucial for proper mine planning and minimizing negative impacts on mining
and engineering operations. Boulders are rock fragments with a diameter greater than 256 mm,
forming from chemical or mechanical processes like spheroidal weathering or blasting
respectively. They can be shaped like corestones, concentric shells, or embedded in saprolite
(Udden, 1914; Dan et al., 2016; Shao et al., 2020). The boulders are typically separated by
fractures and soft cemented materials with lower densities, compaction, and competence. These
boulders in the Bushveld Complex of South Africa are exposed by mining operations, and
consist of anorthosite to norite boulders embedded in weathered rock. These boulders are more
competent and have higher magnetic susceptibility, making them more resistive, dense, and

magnetic compared to their surrounding rocks.

This paper presents the results of integrated geophysical surveys conducted at the Tharisa mine
in the Bushveld Complex. The primary goal was to delineate and characterize subsurface
boulders in saprolite clays. The surveys targeted boulders larger than 4 meters, as smaller ones
can be easily disposed of by mining operations. The secondary aim was to map geological
features impacting mining operations for effective mine planning and better resource

allocation.

Physical properties, such as P-wave velocity and magnetic susceptibility, were measured to
assess feasibility and investigate any significant contrast between boulders and host rock. Three
portable magnetometers were used to collect the magnetic data: two G856 proton precession
magnetometers and one G895 caesium vapour magnetometer with a built-in GPS receiver.
Both G856 proton precession magnetometers were employed as base station magnetometers
and were positioned in quiet, isolated locations. The G856 and G895 magnetometers had their
data collection intervals set to 15 seconds and 30 seconds, respectively. The Caesium vapour
magnetometer was utilized as rover magnetometer. The heights of the magnetic sensor and
GPS reception antennas on the rover magnetometer (G859) were around 2-3 m and 1.7-2 m
from the surface, respectively. The magnetic data were obtained in a walking mode with a
sampling rate of 1 s, line spacing of 2 m, across an area of 150 100 m in order to get high-

resolution data and prevent spatial aliasing.
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Five resistivity survey lines (RL1 to RL4) were conducted using an automated ABEM 1200
system, with an electrode spacing of 1 m and 2 m. A high-resolution resistivity line RL3.1 was
collected over profile RL3 due to observations of hard rock boulders on surface. Two seismic
profiles were acquired along the resistivity profiles, with 14 Hz vertical geophones. The data
were collected using a 2 m geophone and shot spacing for high-resolution near-surface
mapping. The survey was conducted using low cost seismic sources (5 kg sledgehammer and
24 kg accelerated weight drop), with 4 shots taken at every position to improve the signal-to-
noise ratio. Data were carefully monitored during recording to prevent noise from mining
activities like drilling, blasting, and moving vehicles. A ground penetrating radar (GPR) data
grid was collected using the GSSI-SIR 4000 GPR system, with a line spacing of 1 m. Additional
2D profiles (GL1 and GL3) were conducted along the seismic and resistivity profiles for

integration purpose.

Fast Fourier Transform frequency domain approach was used to process the magnetic data,
eliminating diurnal changes, de-spiking, and micro-levelling in order to minimize directional
effects and eliminate long wavelength signals. Additionally, the data were corrected and
enhanced using magnetic enhancement methods in order to better highlight certain magnetic
source features. For ERT to generate the inverted models, the acquired ERT data were
manually de-spiked and inverted. The inversion was carried out using a weighted least-squares
objective function and linear filtering. While for seismic, first breaks were manually picked to
produce P-wave velocity models. Basic GPR processing techniques were applied to the
acquisition delay time, attenuate unwanted frequency components and enhance sub-vertical
reflectors. The resistivity and seismic inversion results align with borehole BH1 data. A dark
to light blue near-surface zone with resistivities below 40 QQ m and P-wave velocities below
1400 m/s is interpreted as the saprolite clay-regolith zone. As depth increases, resistivity and
P-wave seismic velocity increase in subsurface rocks. The linear features on the GPR GL1

radargram are structural responses, correlating with resistivity and seismic tomogram.
Conclusion

This study demonstrates the integration of magnetic, electrical resistivity, refraction seismic,
and ground penetrating radar methods to improve understanding of subsurface rocks,
increasing efficiency in mining and enabling sound engineering decisions. It proposes using
integrated geophysical techniques for mining and engineering site characterization to identify

geological features like boulders, fractures, and horizons. Successful geological feature
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identification may be achieved by focusing on weathering, structural, and magnetization
impacts in subsurface rocks in magnetic settings. The study successfully maps boulders,
fractures, undulating lithological horizons, and remanent igneous features, demonstrating that
the integration of various geophysical techniques can improve mine blasting programs, lessen

boulder formation brought on by blasting, and help with cost-effective decision-making.
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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.

Key words: Seismic, Imaging, Tunnel, Integration, Near-surface.

INTRODUCTION

The Bushveld Complex, located in the northern parts of South

*E-mail: musa.manzi@wits.ac.za

Africa, is the world’s largest layered igneous intrusion with
an estimated area of 64,000 km?2. 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

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

© 2022 The Authors. Near Surface Geophysics published by John Wiley & Sons Ltd on behalf of European Association of Geoscientists and
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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 ef 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 e 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 km?. 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 two major economic horizons for PGE
deposits. The thickness of the MR 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—1.2 m (Lee,
1996; Nex et al., 1998; Kinnaird, 2005). The MR 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 the MR 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 and Manzi, 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 N'W 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) p (kg/m?3)
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 p = 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 by Nkosi et al. (2017). The main 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 e# al., 2013; Nkosi
etal.,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-

Cost-effective in-mine seismic experiments S

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/m? to
4392 kg/m?. 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 a NW=-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 the MR 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 ef 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) x 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).
The main 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, ). The comparison between the
synthetic and real data is discussed later.

SEISMIC DATA ACQUISITION

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 (P35,
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). PS5, 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 PS5 (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 4.5 Hz 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-

© 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

92



Chapter 7

Table 2 In-mine seismic acquisition parameters at the Maseve mine

Cost-effective in-mine seismic experiments 9

Line P1 P2 P3 P4 PS 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 Sm 2m Sm Sm Sm Sm Sm

Source type
Receiver spacing Sm 2m 1m

Geophone frequency 4.5 Hz 4.5 Hz

4.5&14 Hz

5 kg Sledgehammer
2m Sm Sm Sm
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.

SEISMIC DATA PROCESSING

Figure 5 shows the comparisons between the synthetic (Fig. 5a,
d), raw (Fig. 5b, e) and processed (Fig. 5S¢, 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. Sb, 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
Create SPS files
Processing

Data input + reformat

Parameters

Geometry assignment + CDP bin
Trace editing

First break picking

Floating datum statics correction
Refraction static correction
Trace muting

Bandpass filtering

Automatic gain control

Balance

F-k filtering

Velocity analysis

NMO corrections

Residual statics

DMO

Stack

Bandpass filtering

Post-stack time migration
Time-to-depth conversion

500 ms

Normal

2D Kirchhoff

LAN AN

Kill noisy traces

Linear and spline interpolation
Merge the coordinates of P5-P7

From SEGD to SEGY
Sources and receivers assigned to each trace + CDP size 2.5 m

Automatic, manual picking

Fixed datum elevation: 602 m (below surface). Replacement velocity: 4000 m/s
Two-layer model based on the first break picking. Root-mean-square error 1.45-2 ms
Top mute using first breaks

50-60-160-170 Hz

Window: 50 ms

Surgical muting, dip = 1.2 m/s per trace
Constant velocity stack

5500-6500 m/s, stretch mute: 70%
Repeat NMO corrections twice
Kirchhoff common offset

80-90-150-160 Hz

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

4000 m/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 ¢) 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 with mine-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. Sc,
f) by applying filters (mainly /~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. Se, 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, €). R3 is interpreted to originate from the
UG1, which is a chromitite mineralization that is well known
in other mines within the Bushveld Complex. UGT1 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 targeted MR and UG2 (Fig. 2¢). 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
6500 m/s. These velocities show a good match with the known
velocities from (norite and pyroxenite; Manzi ef 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
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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.

DISCUSSION

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 (1) 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 A/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 () 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 (p = 2744 kg/m?; v = 5950 m/s) and
the surrounding rocks (norite: p = 2951 kg/m?; v = 5667 m/s;
anorthosite: p = 2947 kg/m?; 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: p = 2851 kg/m?®; v = 3088 m/s) and the
footwall (norite: p = 2951 kg/m?; 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 (p = 4392
kg/m?; v = 6118 m/s) and the footwall (p = 2700 kg/m?; 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 the MR and UG2 at 515 m and 570 m, 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., f{1-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 60-90° WSW. The
faults (Fig. 9; 1, f4, £5 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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ABSTRACT

Maseve mine is located in the western limb of the Bushveld Complex, the largest layered
igneous intrusion in the world. In this study we present results from phase 2 of the advanced
orebody knowledge (AOK) program. We show results from surface (SP1, SP2, and SP3) and
tunnel (T3a, T3b, and T4b) reflections seismic profiles with a total distance of 4150 m across
the profiles. Tunnel seismic data were acquired using a combination of seismic land streamer
and spiked geophones, with a 5 m receiver and shot spacing. Due to space constrains and safety,
the shots were acquired using a sledgehammer. The profiles were located 10-50 m above
mineral deposits and designed to cross major geological structures. Surface seismic profiles
were acquired using both cabled system and wireless recorders with a 5 m and 10 m receiver
spacing, respectively. Surface shots were acquired using a 500 kg G-PEG drop-hammer, with
a shot spacing of 10 m across the profiles. Although a high noise level due to mine
infrastructure and electrical power cables was present, target reflections were enhanced through
a careful processing workflow. Interpretation of the data is constrained using borehole data,
geological models provided by the mine, and 2D/3D seismic modelling. The geology of the
study area is complex, however the processed seismic data exhibit gently dipping reflections
that are associated with geological structures in the area such as faults and dykes. The data
were able to image the target mineralization (Merensky Reef and Upper Group 2) and provide
insight on possible vertical and lateral extension of the mineralization. The tunnel seismic
experiments demonstrated the application of seismic methods using in-mine infrastructure to
image platinum deposits and geological structures. While the surface experiments not only
proved to be efficient, but illustrated the capability of small scale seismic surveys to image the
subsurface geology for mining purposes. The use of a small scale seismic survey can add value

in active mining environments for exploration purposes.
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INTRODUCTION

The South African mineral and mining industry is challenged to provide a high quality and
high-resolution deep targeting solution in a cost effective and environmentally effective
manner. However, the mineral exploration industry is slow at employing new technologies in
comparison to the oil and gas industry, where nearly all up-to-date technologies (e.g., Méndez-
Hernandez, 2003; Liszicasz et al., 2013; Suotang et al., 2020) are tested and employed. The
conservative nature of the mineral exploration industry has resulted in a decline of exploration
in geologically complex environments. A number of mineral discoveries have been discovered
due to the combination of field geology, geochemistry, drilling and different geophysical
methods. However, there is still a great need for innovation and improvement to current
exploration methods. Therefore, this has led to an increase in demand to providing the mining
industry in South Africa with accurate geological information and knowledge that will
contribute to optimal ore extraction and mine safety (i.e., achieving ‘zero harm objectives’).
Innovative solutions are also needed to help extend the life of mines but also to provide
exploration targets in new places, securing new resources and creating jobs and establishing
secure and sustainable access to minerals.

Geophysical methods such as reflection seismics are the most direct and effective way of
imaging mineral deposits at depth (Juhlin, Lindgren, and Collini 1991; Eaton, Milkereit, and
Salisbury 2003; Ahmadi et al., 2013; Malehmir et al., 2020; Manzi et al., 2020). Furthermore,
reflection seismics can provide information about geological structures that host mineral
deposits. Surface seismic methods maintain good vertical resolution with depth and, therefore,
have been used more routinely for localizing mineral deposits and mine planning in the last
decades. However seismic methods, like most exploration technologies, have their own
challenges. For example, seismic data collected in brownfield areas can suffer from
anthropogenic noise. In some cases, mines can no longer acquire seismic data on surface due
to a lack of access to the mining site because of mine infrastructure and environmental issues.
In such cases, in-mine seismic surveys are considered a solution. However, further
complications and restrictions are introduced if underground spaces (e.g., developmental
tunnels, mining stopes, exploration holes, etc.) are used for seismic or other exploration
purposes. The nature of these spaces imposes numerous limitations, resulting in conventional
active-source seismic imaging being challenging and size limited (small scale). Logistical

challenges related to active mining operations, strong vibrational noise, combined with GPS-
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denied nature of underground spaces preventing accurate time synchronization, are just some
factors that have restricted in-mine exploration primarily to drilling and downhole geophysics.

In response to the deep South African mining challenges, the Advanced Orebody Project
programme (AOK) was launched. The AOK project is aimed at developing technologies that
can be used to obtain information ahead of the mine face. As part of the project, in-mine and
surface seismic surveys were acquired in 2020 and 2022 at Maseve mine, which hosts two of
the most economic platinum group element deposits in South Africa. The main objectives of
this study are to: (1) substantiate the use of small scale seismic surveys in highly noisy and
logistically challenging mine environments, (2) image the extension of the deep mineralization
and associated geological structures, and (3) understand the acquisition challenges and
innovation aspects required to acquire seismic data in active mine sites. Apart from the
innovative survey design and processing, our experiments utilized 3D reflection modelling to
assist with the interpretation of the seismic sections. The study links the deep reflections
imaged on surface with the observed near-surface (below tunnel) in-mine seismic reflections.
We show how combined in-mine and surface seismic data can provide key information on
mineralization and their associated geological structures such as faults, dykes, potholes, and

Iron Rich Ultramafic Pegmatites (IRUPs).

GEOLOGICAL BACKGROUND

Maseve mine is located 38 km NW of Rustenburg town in the largest layered igneous
intrusion in the world. The region is well known for hosting the richest platinum group
elements (PGEs) (Scheiber-Enslin and Manzi, 2018). A detailed geology of the mine is
described in the first phase of this project (Rapetsoa et al., 2022) and it is not repeated here. In
summary, Maseve mine exploits two major economic horizons (locally termed reefs) for PGE
deposits, namely the Merensky Reef (MR) and Upper Group 2 (UG2). The two reefs are mined
at depths greater than 500 m below surface, with the UG2 occurring between 15 and 400 m
below the MR in the Bushveld Complex (Manzi et al., 2020; Sehoole, 2020).
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Figure 1: a) generalized seismic stratigraphy column of the critical zone, highlighting the
chromitite layers that are at Maseve and common geological structures such as potholes and
Iron Rich Ultramafic Pegmatites (IRUPs) encountered. b) Geological map of the Bushveld

Complex, showing the location of Maseve mine and major geological structures.

Several stages of dyke intrusions of different ages and composition have affected the rocks
of the region, with diabase and dolerite dykes being dominant in the area. Underground
mapping and drilling is used to confirm the geological structures (faults and dykes) in the area.
The dykes in the region are often associated with fault zones (Ledwaba, Scheepers, and
Durrheim 2012; Scheiber-Enslin and Manzi, 2018). Other structures that are encountered in
the Bushveld Complex include slump structures (Figure 1a: locally termed potholes) and Iron
Rich Ultramafic Pegmatites (IRUPs) that can halt mining activities. Regional structural
interpretation is described by Basson (2019) and suggests that the dominant structure in the

region is the east-northeast — west-southwest Chaneng fault zone.
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DATA ACQUISITION

In-mine seismics

Seismic, ground penetrating radar (GPR), and electrical resistivity tomography (ERT)
surveys conducted in 2020 (Rapetsoa et al., 2022) assisted us in designing seismic surveys for
phase two. The locations of phase two (2022) seismic profiles extended and overlapped with

the phase one profiles.

Six seismic profiles, consisting of 4.5 Hz (land streamer) and 14 Hz (planted) geophones,
were set up in the mine tunnels with a combined total length of 1.36 km over known geological
structures and orebodies (Figure 2). The 2D seismc profiles were acquired using a 6.3 kg
sledgehammer and the signal penetration was good for near-surface (~ < 100 m) imaging in the

noisy mining environment.
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Figure 2: Underground mine plan, showing the location of the seismic profiles (orange) and
geological structures such as fault (blue) and dolerite dyke (green and cyan).TP: Tunnel
profile, IRUP: Iron rich ultramafic pegmatites.

To investigate the effect of the mine noise on the data, the data from the planted geophones
and land streamer were compared (Figure 3) to decide on the most suitable sensing technology
for acquiring data in the noisy environment. We checked the quality of the data, cost-
effictiveness, effect of the tilt and mine infrastructure noise. It was found that the land streamer
(Figure 3a) recorded less noise than the planted geophones (Figure 3b). The sources of noise
investigated included ventilation, water pumps, and flow of water. The land streamer provided

much better results and was used in all the surveys in phase 2.
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Figure 3: Shot gathers examples (shots 45 and 73) with frequency spectrum from planted and
land streamer receivers. a) the land streamer shot gather, and b) the planted geophone shot

gather. Red arrows show first breaks, and black arrows show reflections.

As the main objective of the phase two surveys was to cover the areas that were not covered
in phase one, due to a limited number of receivers and time, a 5 m receiver spacing was used
for all the seismic profiles except for profile T1 that had a 2 m receiver spacing. The survey

parameters are summarized in Table 1.
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Table 1: Maseve mine data acquisition parameters for the three 2D seismic profiles (T1,

T3a-b and T4b) collected in 2022.

Profiles TP3a TP3b TP4b
Survey parameters
Acquisition type Fixed straight line Fixed straight line Fixed crooked line

Acquisition system

Geometric Geode

Geometrics Geode

Geometric Geode

Receiver frequency 4.5 Hz 14 Hz 4.5 Hz
No. of receivers 48 48 48
Receiver spacing S5m S5m 5m
Source 6.3 kg 6.3 kg sledgechammer 6.3 kg
sledgehammer sledgehammer
No. of source 50 50 50
positions
Source spacing 2m 2m 2m
Profile length 235 m 235 m 235 m
Recording length 500 ms 500 ms 500 ms
Sampling interval 1 ms 1 ms 1 ms

A detailed description of phase one seismic profiles can be found in Rapetsoa et al. (2022).
The current work differs from phase one by including a comparison between planted geophones
and land streamer data, the meausrement of P-wave velocities (Figure 4a, b) on the footwall
and sidewall (weakzones and dykes) inside the mine tunnel, and lastly the knowledge (location)
of the geological structures and orebodies. The seismic profiles were shot every 2 m, with an
excepion of T1 having a shot spacing of 1 m. Analysis and testing of different sampling rates
in phase one led to choosing a sampling rate of 1 ms, as the source was imparting energy from
50 Hz - 120 Hz. While 6 seismic profiles were collected (namely T1,T3a, b, ¢ and T4a, b), this
study focuses on the data collectd from T3a, b and T4b due to coverage over the geological
structures of interest and comparison of the land streamer and planted geophone dataset. T3a
and T3b (west-southwest — east-northeast) profiles were collected adjacent to each other with

a total spread of 235 m, using a land streamer and planted geophones, respectively (Figure 4c,

d.

110



Chapter 8

Figure 4: Measurements of the seismic velocities underground using ultrasonic pulse meter
over a) a weak zone and b) a dyke. The set-up inside the tunnel of the seismic survey using the

seismic land streamer (red arrows) and planned geophone (green arrows) is shown in c) and

d)
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The aim of these two seismic profiles was to image the dipping orebodies and geological
structures (faults and folds) below the mine tunnel, extend the P5-P7 seismic profiles acquired
in phase one (Rapetsoa et al., 2022) and lastly compare the planted geophones and land
streamer in mine tunnels. The T4b profile trends southeast — northwest, with a spread of 235
m. A fixed crooked spread with 48 (4.5 Hz) land streamer channels formed this seismic profile
with a 5 m receiver spacing. The aim of this profile was to extend P1 from phase one seismic

surveys and improve the quality of the data, and to image UG2 below the mine tunnels.

GPS signal is not available in underground mine tunnels, therefore the receiver positions
were marked relative to the mine pegs. The elevations of the receivers relative to the tunnel
roof were obtained from the LiDAR survey that was conducted concurrently with the seismic

surveys.
Surface seismics

In August 2022, high-resolution 2D surface seismic survey was designed and acquired
over the Merensky Reef and UG2 deposits. The area is surrounded by mine infrastructure (e.g.,
tailings, offices, and processing plants), therefore the profiles followed accessible tracks in the
area, resulting in a fixed straight line geometry (Figure 5). The entrance to the mine is located
on the west side of the profile, while the tailing storage facility (TSF) is on the eastern side of
the profiles. Roads on the mine site had frequent heavy traffic generating high levels of
background noise during acquisition. The data were acquired using a 500 kg impulse source
(Figure 6a: drop-hammer). Aproximatley 400 receiver positions (5-10 m apart) and 330 source
positions were deployed and surveyed, using different geophones (Figure 6b-c), with similar
recording parameters. As the main objective of the study was to image to a depth of 600 m
below surface, a 10 m receiver spacing was used for all the seismic profiles, except seismic
profile SP3 that had a 5 m spacing due to the limitation of the cabled system. For SP3, one-
component 14 Hz geophones were deployed, while SP1 and SP2 profiles used lower natural
frequency (4.5 Hz) geophones. At each source position four shots were recorded and later

stacked to improve the signal-to-noise ratio (S/N).
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Figure 5: Surface lines (SP1, SP2 and SP3) and the two underground seismic profiles (TP2
and TP3) collected inside the tunnel, few meters above the Merensky Reef and UG2 deposits

(white outline).

Table 2 lists the main acquisition parameters for the surface seismic survey. The geode

cabled system has no form of acquiring GPS locations, therefore accurate GPS receiver

coordinates were collected using a differential GPS for all the seismic profiles. An event

recorder was mounted on the AWD to record a GPS time stamp that will later be used to harvest

the raw shot gathers from the wireless nodes.

Table 2: Summary of the seismic data acquisition parameters of surface seismic profiles

(August 2022).
Profiles SP1 SP2 SP3
Survey parameters
Acquisition type Fixed straight line Fixed straight line ~ Fixed crooked line
Acquisition system Sercel UNITE Sercel UNITE Geometrics Geode
Receiver frequency 4.5 Hz 4.5 Hz 14 Hz
No. of receivers 198 101 96
Receiver spacing 10 m 10 S5m
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Source 500 kg G-PEG drop hammer

No. of source 198 101 35

position

Source spacing 10 m 10 m 10 m

Profile length 1970 m 1000 m 475

Recording length 500 ms 500 ms 500 ms

Sampling interval 2 ms 2 ms 2 ms
DATA PROCESSING

In-mine seismics

Although the four seismic profiles were colleted separately, a similar processing workflow
was applied. The processing steps are summarized in Table 3. The data were of good quality,
with clear P-wave first breaks and reflections in raw shot gathers. The noise generated by mine
pumps, ventilation and water flow proved challenging, overwhelming the signal and

obfuscating reflectivity.

Table 3: Processing steps for the reflection seismic datasets of T1, T3a-b and T4b at Maseve

mine.

2D processing flow

l. Read SEG-Y data

Edit traces, geometry setup

T1: Crooked CDP 1 m bin size

T3a-b: Crooked CDP 2.5 m bin size

T4b: Crooked CDP 2.5 m bin size

Pick first breaks

SNAWT: Surface Noise Attenuation

5. Refraction and elevation corrections

T1: Datum of 537 m below msl, replacement velocity of 5000 m/s
T3a-b: Datum of 635 m below msl, replacement velocity of 5200
m/s

T4b: Datum of 537 m below msl, replacement velocity of 5000 m/s
Band pass filtering: 16 - 80 - 250 - 300 Hz

Deconvolution: 60 ms filter length, 1 ms gap

Remove first arrivals

NMO corrections: 70% stretch mute, 20 ms taper

[~k filter: surgical muting

(8]

b
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Velocity analysis
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12. Stack

T1: constant velocity of 6000 m/s

T3a-b: constant velocity of 6500 m/s

T4b: constant velocity of 6000 m/s

13. Post stack coherency enhancement

Spectral weighting: 50 100 150 200 250 Hz
Semblance-smoothing

14. Time to depth conversion using Vp of 6000 m/s and 6500 m/s

Figure 7a-c shows the raw shot gathers, while Figure 7d-e shows shot gathers after pre-
stack processing (trace editing, refraction statics, band pass) for signal enhancement. T1
(Figure 7a) shows potential imaging of near-surface reflections with multiple reflections
identifiable within the first 25 ms. T3a (Figure 7b) has the potential of imaging the deeper
reflections below the mine tunnel with the reflections observed at 50-75 ms. Profile T3b
exhibits few noisy traces (Figure 2) probably due to the flow of water against the geophone

spikes, therefore careful processing was required for T3b.
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Figure 6: Seismic source and receivers used during the Maseve surface seismic acquisition

(August 2022). a) Photo of the G-PEG 500 drop hammer, and b) Sercel UNITE wireless 1C
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recorders, with a Geometrics Geode cabled system. c) Wireless receivers and 14 Hz cabled

system collocated and spaced at 5-10 m from each other along seismic profile SP2 and SP3.

The first processing step was to edit the bad traces, add the geometry that was created from
the mine pegs and add CDPs (common depth points) to the traces. The second step was to pick
first breaks to assist in refraction static corrections. A total of ~5760 first arrivals were picked
manually on each profile to generate a two layered P-wave velocity model. The corrections
were estimated using stepwise iterations and changes were made to the geometry and velocity
of the first and second layers. Solutions with RMS-misfit lower than 4 were more stable,
therefore were used across the different seismic profiles. In general, P-wave velocities obtained
from the first break tomograms exhibit a fractured top layer (~ 10 m thick) exhibiting velocities
between 1000 m/s and 4000 m/s and the hard rock of variable thickness (10-40 m) with
velocities between 4000 m/s and 6500 m/s.

a. Receiver No. b. Receiver No. C. Receiver No.

100

Time (ms)
o
=

- 200
g g-:s 2: I
% 25045 £ ' \
? 40 Fal e
‘ uFl’f‘lﬁggf)' (“?3) 300 <-60Freqtf:|:cy(.‘l‘l)3) i Freq:g:cy (ﬁ’zo)
d. Receiver No. €. Receiver No. f. Receiver No.
" | 12 24 1 12 24 36 48 | 12 24 36 48
50 45
/_\100
€
S 150
E
= 200
g 1 <10 g
250 4% 4 5.
e £
300 B T TR : 200 400 B T TR

Frequency (Hz) Frequency (Hz) Frequency (Hz)

Figure 7: Three shot gather examples from T1, T3a and T4b, with the corresponding frequency
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spectrum. (a-c) Raw and (d-e) processed shot gathers, with reflections highlighted by the black

arrows.

The refraction static corrections improved the quality of the first arrivals and coherency of
the identified reflections. The seismic profiles T1 and T4b were collected at the bottom of the
incline tunnel, therefore the data were shifted to a reference datum of 537 m below mean sea
level (msl), with a replacement velocity of 5000 m/s. While T3a and b where collected along
the incline tunnel and the data were shifted to a reference datum of 635 m below msl and a
replacement velocity of 5200 m/s. We designed a broad band filter (16 - 300 Hz) to preserve
wave energy in that range. The filter reduced low-frequency coherent noise generated by mine
infrastructre. The band pass filter and deconvolution were applied, whitening the spectrum and
reducing the low-frequency shear wave energy. The last pre-stack process was the removal (top
mute) of the direct and refracted arrivals, such that they do not affect the final stack section. A
series of constant velocities were tested ranging from 4500 to 8000 m/s with 250 m/s intervals.
Through visual inspection, an estimated NMO velocity of 6000 m/s was used for T1 and T4b,
while T3a, b used NMO velocity of 6500 m/s for stacking. Spectral weighting was applied to
improve the images, together with a semblance based coherency filter to improve the data.
Finally the unmigrated stacked data were depth converted with velocities of between 6000 m/s

and 6500 m/s.

Surface seismics

Surface seismic profiles were collected to cover and place the known mineral deposit at
the centre of the profile. The profiles were located on existing tracks resulting in the seismic
profiles being located close to mine infrastructure including electrical power lines (Figure 8a)
and mine processing plants (Figure 8b). Identifying reflections on the seismic raw shot gathers
was difficult due to electrical noise (Figure 8c) from the power lines. Figure 8d also shows an
example of a raw shot gather contaminated by coherent noise from the processing plant along
seismic profiles SP2 and SP3. In general, the data along SP2 and SP3 are of good quality with
high signal to ratio (S/N), while SP1 is severely contaminated by electrical noise at the far
offsets, with 143 of 198 receiver positions having a low signal-to-noise ratio due to the
proximity of the power lines. Data processing was difficult for profile SP1, therefore reflection

processing focuses on SP2 and SP3.
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Figure 8: a) Field conditions showing electrical power cables above the survey area and b)
processing plant near the seismic profiles. c) Raw shot gather affected by 50 Hz electrical noise

and d) strong coherent noise caused by the processing plant.

The processing flow is summarized in Table 4. Processing started with building the
geometry of the seismic profile, add the shot, receiver and CDP information to the traces. Due
to the proximity to the power lines, the first step was to apply a notch filter to remove the 50
Hz harmonic noise. Approximately 23 000 first breaks were manually picked for input to
refraction statics. Surface seismic tomography models exhibit velocity ranges between 1000
m/s and 4000 m/s for the top weathered layer, followed by 4000 m/s to 6500 m/s for bedrock.
These static corrections improved the continuity of the first breaks and enhanced reflections.
Further improvements were made by applying a surface wave attenuation filter. A broad band-

pass filter was applied on the dataset to preserve frequencies between 10 and 150 Hz. We then
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removed the first arrivals using the first break picks, such that they do not appear on the final
stack section. Figure 9 shows the comparison of the raw shot gather and pre-stack processing

steps (notch filter, refraction statics, and surface wave attenuation) applied.

Table 4: Processing steps for the surface reflection data along SP1, SP2 and SP3 at Maseve

mine.

2D processing flow

1. Prepare SEG-Y

2. Geometry setup

SP1: Crooked CDP 5 m bin size

SP2: Crooked CDP 5 m bin size

SP3: Crooked CDP 2.5 m bin size

Remove 50 Hz Noise: Adaptive notch filter at 50 Hz
3. Pick first breaks

4. Refraction and elevation corrections

SP1: Datum of 1091 m above msl , replacement velocity of 4500
m/s

SP2: Datum of 1084 m above msl, replacement velocity of 4500
m/s

SP3: Datum of 1090 m above msl, replacement velocity of 4500
m/s

SNAWT: Surface Noise Attenuation

Band pass filtering: 10 - 20 - 100 - 150 Hz

Surface wave attenuation

Deconvolution: Spiking, 60 ms filter length

Y| o @

Remove first arrivals energy

10. NMO corrections: 70% stretch mute, 20 ms taper

11. [~k filter: surgical muting

12. Velocity analysis
13. Stack

T1: constant velocity of 6000 m/s
T3a-b: constant velocity of 6500 m/s
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T4b: constant velocity of 6000 m/s

14. Post-stack coherency enhancement
Fx-deconvolution
Semblance-smoothing

[k filtering

15. Time-to-depth conversion:

Normal moveout corrections were conducted using velocity ranges between
3000 — 6000 m/s for the three seismic profiles, with a stretch mute between 70 — 80 %. The
continuity of the reflections were further improved through the application of FX-
deconvolution and semblance based coherency filtering to attenuate random noise. This was
followed by f-k filtering to remove steeply dipping events in the stack section due to source-
generated noise. Finally, migration algorithms were tested and proved to be unsuccessful,
therefore unmigrated stack sections were used for interpretation. We then applied time-to-depth

conversion using a 1D velocity model that honours the NMO stacking velocities.

Figure 9: Shot gather example from SP2, showing a) Raw shot gather and b) processed shot
gather with their corresponding frequency spectrum normalized to one and shown for 0 — 250
Hz.Change in frequency content can be observed between channels 1-48 and 49-96 due to the

different geophones used (4.5 Hz and 14 Hz). Red arrows indicate observed reflections.
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2D/3D MODELLING AND BOREHOLE DATA

Physical properties and geological information from the mine were used to conduct 2D
numerical simulations to investigate seismic reflectivity in the subsurface rocks and to design
the seismic acquisition to best illuminate geological structures. Rapetsoa et al. (2022) reports
numerical modelling for in-mine seismics.

Two dimensional modelling was conducted using Tesseral Pro™ software. Figure 10a
shows the geological models built from borehole data and mine information. A synthetic 2D
seismic survey was designed to generate synthetic shot gathers using acoustic modelling. These
shot gathers were processed fully to produce a pre-stack time migrated section, which was
converted to depth using the velocity model. The main objective of numerical modeling was to
simulate the seismic response of the targets (MR and UG2) and geological structures (faults,
potholes, dykes and IRUPS). Figure 10b shows an example for the synthetic seismic section
produced from the synthetic model. The section shows that the seismic survey is able to detect

UG?2 and MR as strong reflections, as well image IRUPS, faults and potholes.
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Figure 10: a) Finite difference model for the Maseve mine. The model shows the two-target
mineralisations (MR and UG2) and geological structures (fault, potholes, and IRUP). The
velocity and density of the rocks are noted b) Post-stack time migrated section (depth
converted) derived from synthetic data showing the imaging of the Merensky Reef, UG2, fault,
and IRUP.
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To further constrain the seismic interpretation, we used the densities and velocities measured
in phase one to calculate the acoustic impedance contrast and calculate the reflection time series

that we further convolved with a 100 Hz Ricker wavelet to generate a synthetic trace (Figure

).

Figure 11: Borehole data from (see Figure2) a) BH048, b) BH469, and ¢) BH453 at Maseve
mine. Reflection depth series was calculated using the velocity and density. We then produced
a synthetic trace by convolving the reflection time series with the Ricker wavelet of 100 Hz. As
shown, the Merensky Reef, UG2 and UGI should be reflective by their hanging wall and
footwall due to the sharp acoustic impedance contrasts. MR: Merensky Reef; UG2: Upper
Group 2; UGI: Upper Group 1. IRUP: Iron rich ultramafic pegmatite.
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Multiple boreholes were provided by the mine, with this study focusing on the boreholes
situated proximal to profile T3. The boreholes (BH048 and BH469) cross the two target
deposits (Merensky Reefs and UG2) and the UGI. As stated by Rapetsoa et al. (2022), average
velocities down to 500 m are around 5600 m/s and average densities are 3100 kg/m>. The
standout feature is the increase in velocity at 420 m due to interlayered pyroxenite (Merensky
Reef), and norite (hangingwall and footwall). This increase causes a change in the acoustic
impedance, therefore a point of reflectivity. A more prominent contrast is seen at depths of 480
m and 495 m due to the highly dense chromitite layers of the UG2 and UG1 generating acoustic
impedance contrasts, hence noticeable reflections on the synthetic traces. BH453 (Figure 11c¢)
shows evidence of other geological structures (e.g., IRUPs, dolerite dykes and sills) that are

expected in the study area.

RESULTS AND INTERPRETATION

Seismic data acquired in phase 2 generated improved results in terms of structural imaging
when compared to phase 1. The primary improvement was achieved by altering the seismic
designs, with a better set-up of the land streamer, small sampling rate (1 ms), and better
understanding of the geology of the area. In general, the seismic data quality is good, and the
seismic sections exhibit well-defined reflections (some associated with orebodies) and distinct
fault compartmentalization. Numerous faults of many orientations affecting the orebody were
clearly mapped below the tunnel floor.

Figures 12a-c show the examples of seismic sections from phase 2. Identifying the
geological cause of the reflections seen in seismic sections was challenging as there was no
borehole control to constrain the interpretation, especially in the western portion of the study
area along the incline tunnel. The side tunnels along the incline and development tunnels where
the seismic receivers were located influenced the recorded seismic wave-field. The
geologically complex rocks hosting the tunnels may have also resulted in energy contributions
coming from the sides and above the mining level where the tunnel profiles are located.

Figure 12a shows the seismic section from profile T3a. The section is dominated by normal
and reverse faults with various dips, throws and orientations. The most dominant feature in the
section is the north-south trending fold, which is overprinted by steeply dipping (> 60°), north-
northwest and north-northeast trending faults. Folding and faulting is interpreted to affect UG2

(indicated by green arrows) and the underlying strata, which is critical for future mining in the
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area. The seismic section suggests that the throw has displacement less than 20 m, down to 2
m.

Figure 12b is the seismic section from T3b, which was acquired using the planted
geophones along.the incline tunnel. The seismic section is less structurally complex than T3a,
indicating that the use of planted geophones undersampled a number of structures present in
the region. However, the seismic data show good imaging of a major fault (> 150 m throw),
which is north-northwest trending. The seismic section shows that the fault is normal and listric
in form; crosscutting and offseting the UG2 (green arrows) and underlying horizons, thus

constraining the relative age of the fault displacement to post-UG2 deposition.

Figure 12: Depth converted seismic profile a) TP3a acquired using a land streamer, b) TP3b
profile acquired using spiked geophones and, c) TP4b profile acquired using a land streamer
showing the imaging of the UG2 (green arrows) and geological structures such as faults and

dykes (red arrows).
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Figure 12c shows the depth converted seismic section of T4b which has been filtered post-
stack to enhance the quality of the data. The seismic section images steeply dipping major (>
10 m throw) and minor (< 10 m) faults cross-cutting and displacing the stratigraphy and
orebodies (mainly UG2). The green arrow in Figure 12¢ indicates the imaging of the UG2
horizon. The dotted and solid lines indicate faults and dykes, respectively. The dykes are
interpreted in the data as diffractions or as highly attenuated seismic events that crosscut the
strata. Faults, on the other hand, are associated with discontinuities in the data. Dykes are also
observed in the fault zones as attenuated high-amplitude events.

Figure 13a, b shows the migrated stack sections of surface profiles (SP2 and SP3)
correlated with the downhole logs. RO correlates with the sharp changes in velocity and density
due to contact between the overburden and depth to bedrock. According to BH048 log data,
two distinct acoustic impedance contrast regions at 425 and 480 m depth (see Figure 11)
correlate with reflections R1 and R2 on the migrated section of SP2 (Figure 13a). The
reflections R1 and R2 show a gentle dip northwest of SP2 and are observed at depths between
400 and 450 m. The reflections have an out-of-plane nature as a result of the ~50 m offset of
boreholes and seismic profiles. The reflections seen on the synthetic traces and seismic sections
are correlated to be of the same origin but are seen at different depth due to the variability of
the reflector geometry across the survey area. The mineralisation is visible as a high amplitude
reflector in the seismic data. The strong impedance contrasts are associated with the Merensky

Reef and UG2.
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Figure 13: Depth-converted migrated stack section of a) SP2, with projected synthetic traces

from the BH048, showing a depth discrepancy of ~25 m which is as a result of the borehole
being ~50 m away from the seismic profile. b) Depth-converted migrated stack section of SP3
showing clear reflections in the first 200 m. Green arrows mark different reflections detailed
in the text.

Figure 14 shows integrated interpretation of in-mine and surface P-wave tomograms and
seismic sections. The velocities from the in-mine and surface tomograms (Figure 14a.b) show
a good match with the published velocities(e.g., norite and pyroxenite; Manzi et al., 2020),
borehole stratigraphy, and complement P-wave reflectivity observed on the final stacked
sections (Figure 14c¢). Figure 14c shows a migrated stack section of surface profile SP2, with
the P-wave velocity model imposed. The depth to the bedrock reflection corresponds with the
high velocity region (4000 — 6500 m/s) on the P-wave model. In general, the data suggest that
the top layer contains low velocities due to fracturing, which is imaged by reflection seismics
(Figure 14b). Based on the integrated refraction tomograms, existing boreholes (see Figure 2),
geological models (see Figure 10a) and tunnel observations (i.e., outcropping MR and UG2),

the stratigraphy exhibits variable dips due to folding and faulting.
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Figure 14: a) P-wave velocity model for surface and underground seismic experiments. b) P-
wave velocity model superimposed on a migrated seismic section and geological model of the
Merensky Reef (vellow surface). c¢) Overlay of P-wave velocity model on top of the migrated

seismic section from SP2.

DISCUSSION

Mineral exploration

The study demonstrated the use of seismic methods to delineate mineralisation and the
associated geological structures. The study area is structurally complex with geological
features such as faults, dykes, sills, and IRUPs that crosscut the mineralisation. Figure 15 shows
3D views of the seismic sections of surface (SP3) and underground profiles (P5-P7) (Figure
15a) integrated with borehole data (Figure 15b).. The data exhibit strong reflections and
geological structures at depths down to 590 m from the surface. The borehole data show the
intersections of the Merensky Reef and UG2 at depths of 515 m and 570 m, respectively. It is
clear from Figure 15b that the reflections R1 and R2 are generated by the mineralisation, and

show possible extensions to the east and west of the study area. This study is encouraging and
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opens possibilities for reflection seismic to be used for mineral exploration in noisy mining

environments.

Figure 15: a) 3D views of the migrated stack section of underground seismic profiles (P5-P7,
T3a, and T4b) and surface profile SP2. Insert shows the perspective view of the 3D models. b)
3D views with borehole data and Merensky Reef (vellow surface) and UG2 (blue surface).

129



Chapter 8

Sensors and seismic source

The use of a seismic land streamer with 4.5 Hz 1C geophones generated clear results,
however some traces were still dominated by mine infrastructure generated noise (see Figure
3a). The next step is to use sensors on the land streamer that are less sensitive to electrical
noise. One option will be to use a three-component (3C) micro-electromechanical system
MEMS-based seismic land streamer (Brodic et al., 2017) . This has three advantages over our
land streamer: (1) it records three component data; (2) it provides improved coupling with the
tunnel floor; (3) it is MEMS-based, and less sensitive to electrical noise in the noisy
environment.

The use of underground mine infrastructure for active-source seismic surveys implies
working in restricted spaces, inevitably imposing limitations on the selection of the seismic
source. From one perspective, the seismic source selected must be versatile, easy to transport,
operate and move in different mine tunnels and drifts at the desired depth. This poses
considerable restrictions to the sources that can be used inside the mine, given the need to
comply with established mine safety protocols. For example, sources such as vibroseis trucks
and those that use gasoline engines, like some accelerated weight drop sources, cannot be used
inside the mine. In this study, a sledgehammer hammer was used with success, however the
hammer is an impulsive source, and it does not generate broadband frequencies. It also has a
limited depth of penetration. For example, the sledgehammer allowed for imaging of structures

to depths down to 200 m.

CONCLUSION

The in-mine surface seismic survey acquired at Maseve mine was processed using careful
processing approaches to eliminate mine-generated noise. These techniques enhanced near-
surface reflections and boosted the signal of the dataset. The tunnel seismic experiments proved
that the application of seismic methods using proper designs and adequate seismic equipment
can be useful in imaging platinum deposits and geological structures in deep mines. Precise
data processing techniques were critical in enhancing the reflections and suppress coherent
noise generated by infrastructure. The simple surface experiments not only proved to be
efficient but illustrated the capability of small-scale seismic surveys to directly image the
subsurface. The use of a small-scale seismic survey can add value in active mining

environments for exploration purposes.

130



Chapter 8

In general, the seismic data show the mapping of a large number of faults and dykes with
a wide variety of orientations, dips (55° - 88°), and throws (1 - 25 m). These structures crosscut
the UG2 and MR horizons, indicating that these structures were active post MR deposition.
Comparing the mine geological structures (produced from borehole) with seismically defined
geological structures showed that the in-mine seismic data are delineating more structures than
the borehole data, suggesting that the borehole data undersampled a number of faults and
structures present at the mine site. This implies that taking only a borehole defined model, or
mapping model, as a true geological model may be detrimental to mine planning and designs.
However, it should be noted that borehole information is critical in confirming the positional
accuracy of the MR and UG2. Thus, these two datasets (reflection seismic and geology) should

always be integrated for reliable interpretation.
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ABSTRACT

In the Bushveld Complex (BC), South Africa, open pit mines are faced with a challenge of
rock slope stability due to geological structures (fractures, faults and dykes) that
compartmentalise the rock mass. Geophysical surveys (seismics, magnetics and electrical
methods) were conducted in a 0.2 km? area at Tharisa mine, with the goal to delineate fractures
that may be potential conduits for water migration into the pit. Special processing techniques
were applied to the dataset to obtain good quality seismic, magnetic and resistivity models. The
P-wave velocity models show distinct low velocities in the center of the seismic profile,
indicating the presence of weak zones associated with faulting or fracturing. Reflection seismic
method was used to image the deeper discontinuities and mineralization contacts. Near-surface
reflections are observed throughout the profiles and are correlated with the contact between the
chromitite and host rock. Ground magnetic surveys were conducted to delineate dykes and
fractures. De-trending and de-culturing techniques were applied on the magnetic data for
correcting regional and temporal variations. The low magnetic regions indicate the presence of
fracture systems in the subsurface, while the high magnetic region is correlated with the dolerite
dyke that crosscuts the pit. The electrical resistivity tomography exhibits linear low resistivity
contrast zones that differentiates between the fractured and undisturbed hard rock at an
estimated depth of 4 — 10 m. Resistivity shows discontinuities that suggests the presence of
fracturing and dyke-host rock contacts. Correlation between magnetics, P-wave velocity
models, resistivity section and seismic data is evident when overlaying the different datasets,
implying that the low magnetic regions are highly weathered and prone to fracturing. The
integration of geophysical data is encouraging, because it was able to image the depth to the

bedrock, fractures within the host rock and dyke in a complex mining environment.

Keywords: Fractures, Water migration, Open-pit mine, Groundwater, Imaging
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Data availability statement

The data presented in this study are available upon request from the corresponding authors.
The data are not publicly available due to privacy restrictions. Petro-physical data can be found
on  the website of  The Council of  Geoscience South  Africa

(https://maps.geoscience.org.za/portal/apps/sites/#/council-for-geoscience-interactive-web-

map-1).

INTRODUCTION

Tharisa mine is an open pit (Figure 1a) mine located in the North-west province of South
Africa, 35 km east of Rustenburg. The mine is located in a hard rock environment within the
Bushveld Complex (BC). The BC exhibits joints of tectonic origin, with varying orientation
(planar and non-planar) and intensity across the BC. Joints are often coupled with other
geological structures such as dykes, veins and faults (Figure 1b). Systematic joints (planar) are
a set of parallel joints spaced evenly apart (Perritt & Roberts, 2007; Roberts & Clark-Mostert,
2010). Majority of the joints in the study area are sub-vertical and can be divided into two sets
(Figure 1c), parallel sets (cyan, green and blue) and perpendicular sets (pink, yellow, and red)
to a fault zones that crosscut the pit and parallel to a dyke (Figure 1b). Non-systematic joints
occur randomly in the study area due to mine blast stress regime. The sub-vertical joints

intersect the sub-horizontal interlayering planes of the Middle Group chromitites.

Most open pit mines are faced with a challenge of rock slope stability due to geological
structures that cause discontinuities of the rock mass. The fractures introduce mining,
engineering and hydrogeological challenges. The development of the mine promotes the
increase in fractures through blasting and excavation of the bedrock. Fractures may act as
conduits for migration of groundwater (e.g., water from rivers, and aquifers) into the pit, which

floods the pit and causes delays in production (Titus et al., 2009; Ofterdinger et al., 2019).
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Near-surface geophysical methods have grown widely in addressing mining, engineering and
environmental problems, e.g., mineral exploration, detection of buried pipes, sinkholes, and
fracture mapping. (Dahlin, 1996; Van Schoor, 2002; Amoush & Mashagbeh, 2009; Kerrigan,
2013; Pazzi et al., 2018). The need to delineate the fractures and understand the migration of
water into the mine pit has led to the development of multi-geophysical and hydrological
acquisition setups for gathering data in the noisy mine environments. The main objectives of
this study are: (1) to use geophysical methods to locate and characterize fractures in an open
pit mine, (2) to understand the ground water migration into the pit and associate it with the
geological structures around the pit, (3) To delineate the depth of the mineralization and its
associated geological structures beyond the mined out areas, (4) to address challenges
encountered in geological complex and mine noisy environment when acquiring geophysical

data.

W
[] Survey area #+ov Fault ~~— Mineralization #~— Sterkstroom river i Dyke Fractures
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Figure 1: (a) Aerial photo of Tharisa mine east pit. (b) Major dyke (green) and faults (red)
cross-cutting the west pit at Tharisa mine. Sterkstroom River (blue) divides the mine into a
west pit and an east pit. The mineralization (black: UGI and MG1) runs parallel to the ends
of the east pit (c) Mapped fractures (red, blue, green, pink, yellow, and cyan) at the Tharisa
mine with varying orientations. (d) Sidewall, showing inter-bedding and cross-cutting joints.

Dark areas are areas where water is seeping into the pit.

The use of multi-geophysical methods (seismics refraction (SRT) and reflection, magnetics
and electrical resistivity tomography (ERT)) to image structures depends on multiple factors
such as the survey design (receiver and source positions), physical properties of the host rock,
geometry (e.g., size and depth), structural characteristics of the target, and the mine noise
levels. In this study we also demonstrate the challenges faced by the geophysical methods (i.e.
magnetics, SRT and ERT) to characterize near-surface fractures and mineralization in a mining
area with large infrastructure, trucks and electrical powerlines that cause interfering noise
during acquisition. This study forms part two of the three part integrated geophysical,
hydrogeology and geochemical studies to further unravel and determine the source of water
that migrates into the pit. Gomo et al. (2023), presents an integrated geophysical approach to
delineate boulders in an active open pit mine as part I. Part III of the study (Dildar et al., 2022)
focused on integration of the hydrogeology and geochemical data with near-surface

geophysical methods.
GEOLOGICAL SETTING AND THARISA MINE

The Bushveld Complex (BC) covers an area of about 65 000 km? (Figure 2), typified by a
shape of a broad oval, with a long extension of 375 km east-west and 300 km wide to the north-
south. The BC is the largest mafic-ultramafic layered igneous intrusion, divided into five limbs

that are emplaced on the Transvaal Supergroup at 2058.9 + 0.8 Ma, with a thickness of 9 km.
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The geology and stratigraphy of the Bushveld Complex (Figure 2a,b) is well documented by
several authors (e.g., Eales & Cawthorn, 1996; Kinnaird, 2005; Wilson, 2005; Cawthorn, 2015;

Basson, 2019).

Figure 2: (a) Stratigraphic column of the critical zone, highlighting the chromitite layers that
are exploited at the Tharisa mine. (b) General geological map of the Bushveld Complex
showing major faults, economical horizons, and the location of the study area. (c) Simplified
geology of the Tharisa mine, with an insert showing the location of the far end mineralizations
(white: MG1 and UGI) that are being exploited at the mine, together with geological structures

and a river that crosscut the east pit.
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The mineralization at Tharisa mine is situated in the critical zone (CZ) of the Bushveld
Complex. The mine is split into two pits (east pit and west pit) by the Sterkstroom River
(Figure 1b) and exploits the Middle Group (MG) chromitites (Figure 2c: MG4, MG3, MG2
and MG1). With the UGI being 165 to 18 m above the MG. Mining of UG1 happened in the
past, with the shallow MG1 being mined underground. The mine plans on having underground
operations in the future to exploit the deeper MG2 and MG4 mineralizations. The CZ is made
up of pyroxenites, anorthosites, norites and stringers of chromitite. The general dip of the
mineralization is between 9° and 15° to the north, with the thickness of the MGs and UG1
ranging from few centimetres to 3 m. The geological structures of the Tharisa mine region have
been interpreted using aeromagnetic, drilling data and open pit observations (Lotheringen et
al., 2016). An approximately 15 m thick, NE-SW trending and near-vertical dyke that crosscuts
the west pit is the most dominant feature mapped by the aeromagnetic data (Figure 1b).
Multiple faults are mapped within the pit and crosscut the pit with a predominant strike of
NNW-SSE, which coincides with the planes of weaknesses that reactivated during the
emplacement of the Bushveld Complex. The fractures in the Bushveld Complex are known to
be associated with dykes and faults (Bumby et al., 2012; Hartzenberg & Plessis, 2014). The
fracturing is observed on the northern part of the pit and our study focuses on characterizing

the fractures on the southern part of the pit.

GEOPHYSICAL DATA

In this section we summarize the physical properties, acquisition and processing of the seismic,

magnetics and resistivity data that were collected at Tharisa mine.
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Data acquisition

Prior to data acquisition, appropriate acquisition parameters need to be assessed, together with
the expected response of the target through forward modelling. Forward modelling can also
assist in validating the interpretation of the dataset and provide information for mineral
exploration and risk assessment (Malehmir et al., 2013; Manzi et al., 2017; Maries et al., 2020;

Rapetsoa et al., 2022).

Physical properties

To complement the geophysical data, rock samples and borehole data were collected from the
Tharisa mine. To the best of our knowledge the borehole data only include the geological
logging. There is no downhole petro-physical data available for the study site. To complement
the borehole data, we have gathered more petro-physical data from the Council of Geosciences
database and measurements from Sepato (2015). The data used from the above mentioned
database were filtered to boreholes that are closer to Tharisa mine. The laboratory
measurements in this study were P-wave velocity, bulk density and magnetic susceptibility
measurements, while resistivity measurements where sourced from the literature (Mare, 2022).
The samples were norites, anorthosites, chromitite and pyroxenites, and the resistivity
measurements for pyroxenite were not found in the literature. The collected samples were
prepared for bulk density, P-wave velocity and magnetic susceptibility measurements at room
temperature and pressure using ultrasonic frequencies. The ideal conditions to measure the
samples is under elevated stress (~ 20-60 MPa) to mimic the in-situ environments, but due to
a lack of equipment in our laboratory, the measurements were not done at elevated temperature
and stress. A high frequency signal is produced by the transducers and passes through the rock
sample. The signal is observed through the oscilloscope and the waveform is recorded by the

computer. P-wave velocities are estimated from the measured travel times of the high
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frequency acoustic pulses through the samples. Bulk densities were collected using the
immersion techniques, were sampled were suspended in pure water and the density of the

sample was estimated by the use of Archimedes principle.
Seismics

The seismic data for this study were collected in October 2021. Two seismic profiles were
collected with a total length of 150 m: one of the seismic profiles (SP1 96 m long) was inside
the pit, while SP2 (46 m) was collected at the edge of the pit. As the study area is inside the

pit, where certain areas are hard rock, a combination of different geophone setup was used.

Electrodes

>

Figure 3: (a and b) Field photo showing the acquisition setup for seismic and resistivity
profiles inside the pit using a seismic land streamer. (c) Field conditions during data

acquisition at Tharisa mine, with mining activity near seismic profile.

A land streamer (4.5 Hz) and spiked geophones (14 Hz) were used along SP1 (Figure 3a and
b), with a receiver spacing of 2 m. For SP2, 14 Hz 1C spiked geophones were used, with a

receiver spacing of 1 m (Table 1). The seismic profiles (Figure 4a) were setup to be

142



Chapter 9

perpendicular to the faults and fractures systems observed on the aeromagnetic data in and
around the pit, with the main dyke being parallel to the lines (Figure 4a). For safety reasons,
source and receiver positions were limited by the active mine roads, therefore the length of
some of the seismic profiles were shorter than desired. Although multiple profiles were
collected (named SP1-SP8), this study focuses on the data obtained from SP1 and SP2 due to

their location and essential for studying the fracture system of the east pit.

Table 1: Main reflection seismic data acquisition parameters

Profiles SP1 | SP2
Survey parameters
Acquisition type Fixed straight line Fixed straight line

Acquisition system

Geometric Geode

Geometric Geode

Receiver frequency

4.5 Hz and 14 Hz

14 Hz

Type of base land streamer and 7 cm spike 7 cm spike

No. of receivers 48 48

Receiver spacing 2 I m

Source 6.3 kg sledgehammer 6.3 kg sledgehammer
Source spacing 2m I m

Profile length 96 m 50 m

Recording length 1000 ms 500 ms

Sampling interval 1 ms 0.25 ms

Prior to collecting the data, we first performed a test to compare the seismic sources (6.3 kg
sledgehammer and a 24 kg accelerated weight drop (AWD)). From the test, it was evident that
the sledgehammer was suitable for this study, as it preserved the near-offset traces, while the
AWD over drives the near-offset geophones by having powerful source impulse. The
sledgehammer was also chosen for its applicability in uneven terrains. Noise conditions were
different from profile to profile. When acquiring the data in the open pit, there was drilling,
dump trucks and loader (Figure 3¢) working near the profile. We did not have permission to
acquire seismic data during night time, therefore all our seismic profiles were collected during
working hours (08:00 and 17:00) where the mining activity and traffic from the main road were

high. The receiver and shot positions (eastings, northings and elevation) were surveyed using
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a real time Differential Global Positioning System (DGPS) device. The shots were recorded at
every 2 m for SP1 and 1 m for SP2, four shot records were acquired at every shot position using
the sledge hammer and vertically stacked to increase the signal-to-noise ratio (SNR). We
analysed and tested different sampling rates, with SP2 being recorded first with a sampling rate
of 0.25 ms, while SP1 was recorded with a sampling rate of 1 ms. A sampling rate of 1 ms was
chosen for the rest of the seismic profiles, as it provided better results with respect to the high
frequencies and spurious frequencies. A total of 96 shots and 4608 traces were generated after

vertically stacking the repeated shots.
Magnetics

A three phased five-day field survey in 2021 was conducted to collect total magnetic field data
at Tharisa mine. The survey started with an assessment of the pit to locate mine benches that
have seepage of water and a dyke, which are a guide to the location of fractures (Figure 1d).
The magnetic survey covered a total area of 16300 m? using two G856 proton precession
magnetometers and a G859 cesium vapour magnetometer. The G856 magnetometers were used
as base stations and placed at two different locations (with no cultural noise), mounted on a
2.5 m vertical aluminium pole. The magnetometers (G856) were set to record stationary
readings at every 30 seconds interval, the data were then inspected and compared for spikes in
the diurnal curve. The G895 magnetometer was used as a rover for acquisition of the magnetic
profiles. The GPS antenna was vertically mounted ~ 3 m and the magnetic sensor was mounted
~ 2 m. The three grids (Figure 4b) were surveyed in a fast “walking mode”, with the rover
magnetometer (G859) carried on a non-magnetic backpack along the profiles. The operator
was walking at an approximate speed of 1 m/s on open land, with a sampling rate of 1 s. While
certain sections in the pit required a reduction of speed due to deep excavations. The walking

mode GPS positioning error is =1 m. A section of the dyke (Figure 4b: MS1) was surveyed in
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great detail with nine parallel N-E ground magnetic lines of 70 m in length, with a line spacing
of 10 m. Grid 2 and 3 had magnetic lines of over an area 0of 20 - 70 m x 10— 70 m and 40 x 70 m.
Regional aeromagnetic data (Figure 4c) were used to identify major structures such as dykes

and faults. The dyke crosses the pit (Figure 1b) and covers a full length of 2.91 km and have

thickness between 10-15 m.

«« v e s Seismic profile «o... Resistivity profile [ Magnetics site [_] Survey arca == == == Fault @p Mapped dyke Body of water
Y Borehole location

Figure 4: Aerial photos showing the location of two major geological structures (fault and
dyke) and (a) seismic profiles (two seismic profiles inside the pit, with a combination of
different sensors), (b) magnetic grids (over the geological structures), (c) Regional
aeromagnetic data over the edge of the western Bushveld Complex, showing major geological
structures and site location and, (d) resistivity profiles. SP: Seismic profile; RP: Resistivity

profile, MS: Magnetic site.
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Resistivity

The electrical resistivity surveys were conducted in two phases. The first phase was for testing
the method for imaging and characterizing the chromitite orebody prior to drilling. The second
phase was the application of resistivity to locate geological structures (faults, fractures and

dykes) that may act as conduit for water migration into the pit.

The first phase involved one profile (Figure 4d: RP1) that was located in the pit over known
mineralization, with a strike of E-W. The profile was surveyed using the ABEM Terrameter
SAS 1200, with 41 fixed electrodes that are spaced 2 m apart in a Schlumberger, wenner and
dipole-dipole array (Reynolds, 2011). All the electrodes (Figure 3a and b) were hammered at
least 20 cm into the ground to ensure good coupling. The input current was set to 10 mA and
the contact resistance was of the order 200-3000 Q. The system automatically reports any
anomalous contact resistance (negative resistivity readings) and a solution to this was re-
planting the electrode or watering the electrode point. The second phase comprised of two
resistivity profiles (Figure 4d) with length of 80 m for RP2 and 240 m for RP3. The first profile
(RP2), striking S-N, was conducted at the edge of the pit with the aim of imaging the structures
that cause seepage (Figure 1d) into the pit. The survey was conducted over an area with
fractured rock and a little topographic variation (<1 m). Forty-one fixed electrodes were used
for each of the two profiles, with a spacing of 2 m for RP2 and 6 m for RP3. RP2 was
perpendicular to the strike of the mineralization and the length was limited by trenches. RP3,
on the other hand, had a strike of SE-NW and was designed to delineate water conduits that
might be transporting water from the river to the west of the pit. The profile was acquired over
an area covered with loose sandy soil, located parallel to the road in the west of the east pit

(Figure 4d).
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Data processing

Seismics imaging

The collected seismic profiles were designed to cover the east pit of Tharisa mine, particularly
the edge of the pit, where the mapped fractures (Figure 1c) are dominant and there is evidence
of water flow on the benches (Figure 1d). The profiles were collected on clear tracks and inside
the pit for effective shot positions. This resulted in the introduction of noise due to the
proximity of the roads and mine workings. Figure 5 shows raw shot gathers and processed shot
gathers. The raw shot gathers (Figure 5a and b) were noisy on the far offsets due to, for
example, vibrations generated by drilling (Figure 5a: marked with green arrow) and some shots
exhibit events that come in later that are due to secondary sources (e.g., dump trucks and
loaders). However majority of the shots have good SNR (e.g., SP2) and show strong shallow
P-wave reflections. Processing of the seismic data involved the suppression of the noise to
further enhance the P-wave reflections that are caused by lithological boundaries. Reflections
are observed in the shallow subsurface between 0 and 100 ms (Figure 5c¢ and d). Data
processing flow (Figure 6) started with fixing and adding the geometry for all the seismic
profiles, and assigning the common depth points (CDP) spacing of 1 m for SP1 and 0.5 for
SP2. Approximately 2358 first breaks were carefully picked (manual) on each profile for
refraction statics and to generate a two layered P-wave velocity model. The refraction statics
improved the continuity of the first arrivals and enhanced the reflections. A constant
replacement velocity of 5000 m/s was chosen together with a matching datum of 1109 m, and
1142 m for SP1, and SP2, respectively. Spectral analysis of the seismic profiles show that the
data have frequency range of 0-500 Hz for SP1, while SP2 has a frequency range of 0-2000 Hz
due to the sampling rate during acquisition. The source energy frequency of the seismic data

were in the range of 35 - 125 Hz, therefore we applied band pass filter of 30-45-180-200 Hz.
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Figure 5: (a and b) An example of a raw shot gathers from the two seismic profiles (SP1 and
SP2), showing the quality of the data inside the open pit, with clear first breaks (blue arrow)
on SP2. The green arrow shows noise generated by mine workings. Inserts show amplitude
spectra; (c and d) processed shot gathers. The yellow arrows show some reflections recorded

in the shot gather, while the grey arrow indicates the surface and guided waves.
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The filter was designed to attenuate the high frequency noise (>300 Hz) introduced during
acquisition and also to reduce the low-frequency noise from the ground roll and random noise
generated by mine workings. We applied f-« filter on the data to remove the steeply dipping air
waves and guided waves. The effect of f-« filter is clearly demonstrated on SP2 by attenuating
the steeply dipping secondary source energy (Figure 5b). A gapped deconvolution with a gap
length of 6 ms was applied to broaden the frequency spectrum and reduce source signal. The
pre-stack processing flow enhanced the subsurface reflections as shown in Figure 5c and d.
Prior to normal moveout (NMO) corrections (60% stretch mute), we applied first break mutes
to kill the high amplitude first breaks, such that they do not affect the final stack section and
enhance near-surface reflections. A series of constant velocities were tested ranging from 1500
to 5000 m/s with 250 m/s intervals. Through visual inspection, an estimate NMO velocity of
3000 m/s was used for SP1 and 2500 m/s for SP2 for stacking. Post-stack filtering involved fx-
deconvolution, spectral weighting and semblance to enhance the continuity of the reflections
and improve the final image. We compared the phase shift and kirchoff migration methods,
and the kirchhoff migration with constant velocity of 3000 m/s produced the best image. The

seismic data were depth converted using 3000 m/s for final interpretation.

2D Travel time tomography

The target fractures within the subsurface can be imaged using seismic tomography. First break
picking was conducted with an average of 2358 picks on each profile. A quality check was
conducted and bad quality picks were removed prior to the inversion. Following picking of the
data, an initial model was created. A non-linear, first-arrival travel time tomographic inversion
with Tikhonov regularisation (Zhang & Toksoz, 1998) was run until convergence was
achieved. This processes the ray trace synthetic travel times for each shot such that the

difference between the input and synthetic first break picks are minimised. Initial analysis of
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the model was conducted, checking the model misfit on a shot-by-shot and receiver-by-receiver
basis. Where a significant misfit was present, the first break picks were checked for
consistency. Subsequently the data quality was checked, and, provided there was an acceptable
convergence, the tomograms were exported and integrated in the interpretation (James et al.,

2019).

Figure 6: Processing flow for the reflection seismic datasets of SP1 and SP2, at Tharisa mine.

The final models for SP1 and SP2 had RMS of about 4 ms and 2 ms after 5 and 10 iterations,
respectively. The quality of picks was reasonable considering the noisy environment. The

velocities ranging from 500 m/s (loose rocks) to 6500 m/s (bedrock) were considered
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reasonable for the final model of the two profiles. Refracted arrivals are noticeable in both SP1
and SP2 when inspecting the first arrival vs offset (Figure 7a and b) used for the tomography.
Travel time residuals are shown in Figure 7c and d as a function of offset for both profiles. As

a result of the near-surface velocity region and maximum offsets between 50 — 100 m, a

maximum ray penetration of 16 - 24 m is observed in the velocity models.
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Figure 7: Quality check of the first breaks and the inverted tomographic models. (a and b)
Example of the first break picks for travel time tomogram as a function of offset for SP1 and
SP2 respectively. (c and d) Travel time residuals as a function of offset for the same lines after
the last iteration of the tomogram, with an RMS value of 3.9 ms and 2.1 ms obtained for the

profiles. n: number of points within a range.
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Magnetics

The magnetic data were dumped and corrected for diurnal (temporal) variations. The
processing of the data involved the removal of the regional magnetic field (de-trending),
manual de-culturing of the original data and interpolating the removed (bad) data points using
the minimum curvature technique, which is a favourable gridding technique for gridding
potential field data due to its smooth surface approximations (Nabighian et al., 2005; Guo et
al., 2012). The Reduction to pole techniques was then applied to reduce the effects of deep
magnetization and correct for the positions of the magnetic sources responsible for the observed
magnetic signatures. The vertical tilt angle was then applied to enhance the edges of both the
shallow and deeper magnetic sources in the data, which in turn enhances the lineaments in the

data (Miller & Singh, 1994).

Resistivity

The first step in processing the electrical resistivity data is to edit (eliminate) bad points caused
by current deficit at large offsets or bad contact with the ground. The tomographic inversion
was carried out using ResiPy with a regularized (weighted least square function) inversion with
linear filtering. Prior to the inversion, a triangular finite element mesh was constructed to
account for any complex model geometry (Binley & Kemna, 2005; Blanchy et al., 2020). The
maximum length, electrodes and data points for the resistivity data is 400 m, 123 and 2110
respectively, therefore the overall calculation time was 114.24 seconds for all the profiles and
arrays. The forward modelled apparent resistivity was calculated until the RMS error between
the apparent resistivity and modelled resistivity are below 1.5. Table 2 shows the data
acquisition and processing parameters. The topographic effect was not taken into account

because the elevation difference was less than 1 m along the profiles.
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Table 2: Resistivity acquisition and processing parameters

Profiles RP1 | RP2 | RP3

Acquisition

Array type Schlumberger, Dipole-Dipole, Wenner array

Acquisition system ABEM Terrameter SAS 1000

No. of electrodes 41 41 81

Electrode spacing 2m 2m 6 m

Strike E-W

Profile length 80 m 80 m 240 m

Inversion

Inversion method Weighted least square function

Iterations Schlumberger: 4 Schlumberger: 3 Schlumberger: 2
Dipole-Dipole: 7 Dipole-Dipole: 3 Dipole-Dipole: 1

RMS Schlumberger: 0.92 | Schlumberger: 0.97 Schlumberger: 1.2
Dipole-Dipole: 1.07 | Dipole-Dipole: 1.25 | Dipole-Dipole: 1.03

Results

The P-wave velocity, density, resistivity and magnetic susceptibility measurements showed a
narrow range of values within the same samples, with a larger variation observed on P-wave
velocities compared to density, resistivity and magnetic susceptibility. Physical properties
measurements show that anorthosites (5087.5 m/s) have the lowest P-wave velocities and
norites (5670 m/s) have intermediate values, while pyroxenites (5950 m/s) and chromitites
(6117.5 m/s) have the highest velocities. We paid more attention to the contrast over the actual
velocities and density, as the aim of the physical property measurements was to test if we can
seismically distinguish the different rock types within the study area. To present the physical
property measurements, we used the lithological data and the physical property measurements
to recreate downhole-logging results (Figure 8). To better understand the seismic response of
the different rock units, we conducted 1D-synthetic seismogram using a MATLAB script
(Westgate, 2020) by calculating the reflection coefficient and convolving it with a 130 Hz
ricker wavelet. Pyroxenites show the highest magnetic susceptibility (0.014224524 SI) and the

lowest density (2744.5 kg/m®) (Figure 8). They are known to contain > 20% magnesium oxide
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as reported by (Sepato, 2015). Although the resistivity measurements of pyroxenites are not
available, it is expected to have high resistivity, due to the presence of oxide minerals

(Parkhomenko, 1982).

Figure 8: Downhole logging and core-logging data that was reconstructed from borehole 1
(BH1) of Tharisa mine. The data shows the contact between the mineralization and the host
rock (norites, anorthosites and pyroxenites). Chromitites show a significant density and
velocity contrast, making them recognizable from the host rocks. The resistivity log shows less
variations in resistivity values across the rocks, with no resistivity data available for
pyroxenites. Reflection coefficients were convolved with a 130 Hz ricker wavelet to generate a

synthetic seismogram. The colours used for the rock types are consistent throughout the paper.
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Reflection seismic processing focused on cleaning the top 100 ms from ambient and coherent
noise in order to enhance target reflections. Although the data were collected in a noisy mine
environment, good quality first breaks are observed in all the profiles. Examples of shot gathers
from SP1 and SP2 are shown in Figure 5. Note the different noise levels in the profiles. The
first profile (SP1) shows evidence of coherent noise (green arrows) on the far offset from
drilling. Due to these noise levels in the shot gathers, a significant amount of time was spent
on reflection processing with different approaches. The shot gather showed reflections,
although it was not convincing. Figure 7 shows the first breaks that were used in the
tomography for the profiles in the study area. The plots (Figure 7a and b) show the presence of
refracted arrivals on all the seismic profiles, with a root mean square (RMS) between 2 and
4 ms. Given that the seismic data were collected in a noisy area of the mine, the RMS is quite
good. Comparing the raw shot gathers and processed shot gathers (Figure 5), the observed
noise in the raw gathers has been attenuated and the reflections have been enhanced. A series
of reflections are observed in the processed shot gathers at ~55 ms and 100 ms for SP1.
Figure 9a, b show 2D velocity models of SP1 and SP2. Note that the seismic tomograms show
the presence of three distinct P-wave velocity zones across the two seismic profiles. The near-
surface P-wave velocities (dark blue zone) exhibit velocities between ~500 and 1300 m/s at
varying depths of ~ 0 - 8 m across the profiles. The dark blue zone is underlain by a thin light
blue P-wave velocity zone of relatively higher velocities (~1300 — 2100 m/s). The thickness
of this zone varies across the profiles. The third P-wave velocity zone (light yellow to brown)
is characterized by velocities between ~ 2100 and 6500 m/s, with variable depth from

surface.
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Figure 9: 2D travel time tomography results, with low velocity depressions marked with white
arrows. (a) Seismic profile SP1 and (b) profile SP2. Results show ray coverage of

approximately 25 m depth.

The velocity zone consists of abrupt low velocity depression within it, possibly caused by
fracturing (Figure 9b: white arrows). However, this is inconclusive as we observe poor ray
coverage on SP2. We observe a maximum ray penetration of 20 - 25 m in the velocity models,
due to maximum offsets of 98 m. The length of the second profile (SP2) was approximately

half the length of the first profile (SP1), thus the depth of penetration for SP2 is lower (~16 m).
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Figure 10: (a and c) Total magnetic intensity (TMI) map of Tharisa mine after de-culturing,
micro-levelling, and residual de-trending. (b and d) Vertical tilt angle derivative of the TMI

maps. The black and blue arrows highlight zones of magnetic highs and lows respectively.

The total magnetic intensity (TMI) map of the study area is presented in Figures 10a and c.
Magnetic data processing focused on enhancing linear features within the open pit.
Figures 10b and d are the vertical tilt angles. Features on the TMI are pronounced after the
removal of the regional magnetic field and reduction to pole (RTP). The pattern of magnetic
anomalies indicates the geological structures of the study area. The positive magnetic anomaly

(Figure 10b: black arrow) trending east-west on the southern section of G1. This anomaly is
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correlated with the dyke (Figure 4b) that crosses the open pit. The negative magnetic anomalies
(Figure 10b: blue arrows) are attributed to fracture zones, where a reduction in magnetic
susceptibility of the rocks occurs due to the reduction in magnetite grains and alteration of
magnetite into hematite (a mineral with less magnetic susceptibility) by water occurs
(Lapointe et al., 1986; Harding et al., 1988). The vertical tilt angle was applied to enhance
linear features observed on the TMI. The edges of the strong positive magnetic anomaly, due
to the mapped dyke, is enhanced together with the negative magnetic signatures that are linked
to fracturing. The same process was applied to G2 and G3, with the negative magnetic
signatures (Figure 10d: blue arrows) enhanced and attributed to fracturing. The positive

magnetic signature (Figure 11) continues into G3 and follows the trend of the mapped dyke.
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Figure 11: (@) Total magnetic intensity (TMI) map of Tharisa mine after de-culturing, micro-
levelling, and residual de-trending. (b) Vertical tilt angle derivative of the TMI maps. The black

arrows highlight zones of magnetic highs.

Inversion of the electrical resistivity data provided us with possible resistivity models. Complex
lateral and vertical variations of resistivities are observed on the resistivity models. The

Schlumberger (Figure 12) and dipole-dipole (Figure 13) models are considered for this study
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due to their sensitivity to horizontal (high resistivity zones: white arrows) and vertical (low

resistivity: blue arrows) changes in resistivity respectively.

Figure 12: Schlumberger electrical resistivity inverse sections for profile (a) RP1, (b) RP2,
and (c) RP3. The white arrows indicate areas with high resistivity, while the blue indicates low

resistivity areas.

RP1 and RP2 were collected inside the pit, with the top layer of the ground dominated by highly
fractured rock (Figure 14a), then followed by fractured bedrock (Figure 14b). This is visible
on the resistivity model as a low resistivity zone (blue zone: ~89 — ~213 Q.m), followed by an
intermediate resistivity zone (light green to yellow: ~213 — ~3274 Q.m). The intermediate
resistivity zone is underlain by a zone of much higher resistivities (~3274 — ~20000 Q.m),

coloured as light orange to red zone (Figure 14c: Fresh bedrock). RP3 has the greatest highly
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conductive layer that has thicknesses ranging between 8 - 20 m towards south-eastern side of
the profile. These are attributed to the loose sandy-clay soil (Figure 14c) that is close to the
river. The Schlumberger models show conductive layers (low resistivity, blue coloured zone)

thickness between 2.5 — 14 m across the profiles.

Figure 13: Dipole-dipole electrical resistivity inverse sections for profile (a) RP1, (b) RP2,
and (c) RP3. The white arrows indicate areas with high resistivity, while the blue indicates low

resistivity areas.
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Interpretations

Figure 15 compares and correlates the resistivity models, seismic tomograms and seismic
reflection data across SP1 and RP1, together with the lithological data from borehole 1
(Figure 4). Both the resistivity model and seismic velocity model results correlate with the

borehole (BH1) data.

Fractured bedrock

Fresh bedrock Sand-Clay soil _

=

Figure 14: Field ground conditions. Resistivity and seismic profiles were collected in an active
mine. Diagrams show a) highly fracture rock, b) fractured rock and c) fresh bed rock (red
arrow) inside an open pit. d) Sandy-clay weathered topsoil outside the pit. Green arrow
indicates the resistivity electrodes, while the blue arrows show the land streamer used to collect

seismic data
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The top 6 m on the borehole (Figure 15a, b) corresponds with the light blue and dark blue
zones, that represent the low resistivity and seismic velocity zones, respectively. The dark blue
to light green zones on the resistivity model is characterized by resistivities of < 89 —
213 Q. m and P-wave velocities of < 500 — 1300 m/s. This zone is interpreted to be the top
highly fractured norites, due to blasting in the pit. An increase in resistivity and P-wave velocity
of the subsurface rocks is observed with increasing depth. The transition between the highly
fractured and fresh bedrock at depths of 6 — 8 m is characterized by the higher resistivities and

P-wave velocities of 213 — 3274 Q.m and 1300 — 2100 m/s.

(@ W Distance (m) E
0 20 30 50 60 70 80 Q.um
0 ~ - 508
. 20+ 43570
E 4.0 F4.0 =
= 0.0 P35 8
B B0 302
& 10.0 1 252
12.0 70 K.
14.0 : : =
ITE=7.RMS =107 RP 1 - Dipole-Dipole Array L A\
([0" “f"‘u
¥
\ :
(b) Distance (m) : U ot
0 10 20 30 40 50 60 70 / “ e D i
0
- el 6500
E 10 'n'l""" e . . t N" """“.' .»"2 5500
=20 —Praprnr ”»., »nnn»F 4 n;”' @ eon
= )PPIALEL 4 LR 27
= i by, “,,“. 3500
§30 1] ..,,..[,”,.' Loenh! Nb”w m»)w"m»»mllthn’,” " L
40 »blln. ») '”' i e ' * i "“t 1500
LA P TN N -lb). o b
50 |I'"”.»":"““ 'l ""”»»»»“»H’“...l::n”nn ! lll' Lo a1 ! ' ”'; B 500
100 110 120 130 140 150 160 170 180 190 M)
CDP
m—— [ntepreted faults == == Mapped fault =**++«+ Reflector ***+++ Res boundary === Seismic profile === Water body
HE Chromitite X\ Fractured Norite Norite Anorthosite Pyroxenite

Figure 15: Integrated and interpreted results of resistivity and seismic refraction and
reflection stack. (a) Resistivity tomogram (RP1). (b) Seismic tomogram overlaid on migrated
depth stack section for input seismic profile (SP1). The dotted lines show the lithological

boundaries between the top weathered rock and fresh bedrock. The solid black lines represent
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the interpreted joints and fractures. Insert shows the location of the resistivity and the seismic

profile with the cross-cutting fault pointed with a white arrow.

The layers situated beneath the transition zone, starting with the fresh norite at depths of about
8 m and extending to greater depths, are characterized by higher resistivities of
~3274 — 20000 Q. m and P-wave velocities of ~ 2100 — 6500 m/s. This layer is interpreted
to be the fresh bedrock made up of the norite, anorthosite and chromitite rocks that have not
been affected by blasting (Figure 15a, b). The electrical resistivity and seismic velocity models
show inhomogeneous horizons, with sudden resistivity changes that are attributed to fractures.
However, the P-wave velocity model (Figure 9a) show less lateral velocity changes, therefore
no interpretation of lateral P-wave velocity changes can be made. The dipole-dipole resistivity
and reflection seismic sections reveal that the lithology within the pit is disturbed. The
inversion model (Figure 16a) shows a depression at the center of the profile which can be
attributed to the highly fractured bedrock. However, the interpretation of the fracture systems
along the bench of the pit is inconclusive as the ray coverage on SP2 is poor. The seismic
profiles need to be expanded and improve the ray penetration and coverage before any
interpretation can be made. A series of reflections (Figure 16b) observed in SP2 are interpreted
to be contacts between highly fractured, fractured bedrock and fresh bedrock. Reflection
seismics was mainly used to image the deeper discontinuities and the mineralization contacts.
On SP1, a near-surface reflection is observed (Figure 15b). The reflection (R1) is generally flat
throughout the seismic profile and can be correlated with the subsurface mineral contact
between the chromitites and its host rock at depth (Figure 15b). The origin of the reflections
are further confirmed by the sidewall mapping (shown in Figure 1d) of the chromitite layers.
The continuity of the reflection is disturbed at 30 —40 m on the migrated stack section, and this

correlates with the resistivity discontinuity observed in Figure 15a (dashed line). This
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discontinuity is associated with the mapped fault (F1) within the pit (shown on insert of Figure

15).

A similar package of reflections (R2) are observed at 30 m depth, and this can be attributed to
the lower mineralization (MG2), however the interpretation of this is inconclusive as there is
no borehole information that can constrain the depth of the MG2 mineralization. The two
identified reflections are not clear at the edges of the seismic sections and exhibits multiple
discontinuities, due to low fold coverage. SP2 was conducted perpendicular to RP2, with the
first section of the resistivity profile covering the dyke, while the seismic profile is entirely
within the dyke. The dyke is covered by highly fractured rock from the mine workings. This is
evident on SP2, as it shows low velocity regions towards the south-western side of the profile

at varying depths (Figure 16a).
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Figure 16: (a) Tomography results and (b) migrated depth reflection section of SP2 showing
reflections dipping to the south west, interpreted as a series of anorthosites and norite
succession (grey arrows), that are markers for chromitite mineralization. Low velocity zones
are indicated with red arrows and correspond with interpreted faults on the stack section.

Insert shows the location of the seismic profile with the cross-cutting dyke (brown) and fault

(black dashed line).

The migrated depth sections (Figure 16b) shows continuous reflections (R3) that can be
followed to the surface towards the north-eastern side of the profile. The top reflection (R3:
starting from ~ 8 m in the north east to ~ 25 m in the south west) is associated with the contact
between the highly fractured and the weathered dyke, the following reflection (R4: starting
from ~ 15 m in the east to ~ 40 m in the west) is associated with the contact between the
weathered dyke zone and a fresh rock dyke. The low velocity depression (Figure 16a) at the
centre of the profile corresponds to the syncline nature of the reflections in Figure 16b between
10 and 40 m. Resistivity values over the dyke range from 3 000 to > 10 000 €. m. Significant
differential weathering of the host rock is observed at the contacts with the host rock. Such
areas are potential for hosting ground water, therefor exhibit low resistivity zones (Figure 13b:
beginning of the profile and between 30 — 40 m). The tomographic results are presented in a
series of 3D views (Figure 17 and 18) to present them in their real location, together with other
geophysical data (resistivity and magnetics) and geological data from the mine. Figure 17b
shows the low P-wave velocity depression together with the faults (white lines) that were
interpreted from regional aeromagnetic data (Figure 4c). The low depressions are thick on the
far ends of the profiles and correlate with the projected faults. Further interpretation of the
tomography velocity zones resulted in an addition of more fault planes (Figure 17c¢) that can
be associated with fracture systems (Figure 1c) that are mapped in the pit. The interpreted

fracture system is evident on the magnetic data (Figure 17d) as low magnetic depressions and

165



Chapter 9

correlates well. A high magnetic signatures (Figure 18a) is observed on the southern part of the
magnetic data and the seismic profiles. The signatures is in relation to the dolerite dyke that
intruded through the center of the pit (Figure 18b). The low magnetic regions are correlated

with weathered host rock at the contacts.
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Figure 17: A4 series of 3D views showing seismic tomography results with the location of the
seismic lines, interpreted major faults from (Figure 3a) aeromagnetic data. (a) Position of
seismic profiles, relative to the open pit, (b) tomographic results, with low velocity zones
indicated along SP1 and SP2, (c) shows the relationship between the interpreted low velocity
zones with the fault structures that where mapped within the pit, (d) Top view: relationship
between the tilt angle derivative magnetic map and the interpreted fault structures. White

arrows indicate areas of low magnetics. White line indicated mapped faults within the pit.
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Discussion

The geophysical data collected at Tharisa mine illustrate that good-quality geophysical dataset
can be used to establish regional structural fracture system in an area of interest. This is likely
the first multi-geophysical study to be conducted in an open-pit for imaging fractures in the
Bushveld Complex. The data were collected without any interruption to mining activity,
illustrating the cost and time effectiveness. The most notable reflection, low magnetic and low
resistivity zones originate from the fractures within the open pit. This reflection, magnetic and
resistivity zone suggests multiple factors that contributed to the fracture system: (1)
Geologically induced fractures that were reactivated during dyke intrusion; (2) induced
fractures due to mine blasting. The fracture systems could act as conduits for water from the
water table and the river. A good correlation between magnetics, P-wave velocity models,
resistivity section and seismic data is evident when overlaying the different datasets
(Figures 16 and 17). For example, the low magnetic regions correlate with low P-wave velocity
or low resistivity zones. This implies that the areas with low magnetics are highly weathered
and prone to fracturing. This is supported by the identification of the dyke contact with the host
rock exhibiting a low magnetic and resistivity values (Figure 18b). The use of multiple
geophysical methods was useful in the interpretation and imaging of structures within a few
meters, demonstrating the potential for high-resolution geophysical methods in mine noisy
environment. The quality of the data is attributed to proper survey design, acquisition and
processing. This opens up opportunities for the application of multiple geophysical methods in
exploration and mine development. Longer and wider seismic and magnetic grids are likely the
best approach to this type of geology and challenges. However, this will be challenging as a

result of the active mining and infrastructures.
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Figure 18: (a) 3D views showing seismic tomography results with the location of the seismic
lines, tilt angle derivative magnetic map. (b) Relationship between the tilt angle derivative

magnetic map and the mapped dyke (Figure 1b).

168



Chapter 9

Conclusion

This study has demonstrated that multi-geophysical methods can be utilized to delineate
fractures and faults in an active open-pit mine. The combination of three or more geophysical
methods has more advantage in subsurface imaging. The geophysical data were complemented
by borehole data and physical property measurements of rock samples. The use of geophysical
data in a noisy mining environment proved to be challenging, however seismic data showed
good quality first arrivals and refracted arrivals, and this allowed the imaging of the
mineralization and host rock along the profiles. Furthermore, the P-wave velocity tomogram
provided information about the near-surface rock conditions with the highly fractured rock
showing as depression zones. Ground magnetic data provided high-resolution delineation of a
major dyke that was previously identified through acromagnetic data and geological mapping.
Ground magnetic further showed that the dyke is crosscut by a series of fractures and faults
that may be potential conduits for water migration into the pit. Electrical resistivity tomography
identified linear low resistivity zones that differentiate the fractured and undisturbed hard rock.
These results will be integrated with hydrological and geochemical studies to further unravel

and determine the source of water that migrates into the pit.
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Abstract

Near-surface boulders can pose serious challenges to opencast mining. They often
introduce complexities, delays in drilling, blasting and excavation programmes, which
subsequently decrease mining efficiency, increase mining risks and costs. The loca-
tion of subsurface boulders and the identification of other geological features that may
impact mining activities (e.g. fractures, the presence of iron-rich ultramafic pegmatites
and the variation in weathering across a mining region) are necessary to reduce the
challenges posed by these geological features, therefore optimizing mining efficiency.
In this study, magnetics, electrical resistivity tomography, seismic refraction tomogra-
phy, ground penetrating radar and borehole data are integrated for boulder delineation
and mapping of other geological features that may impact mining using an unmined
section at Tharisa Mine, Bushveld Complex (South Africa), as a test site. The results
obtained from the different geophysical techniques are found to complement each other
and successfully delineate boulders, fractures, iron-rich ultramafic pegmatites and the
variation in weathering and layering across the area. The incorporation of geophysical

results can thus improve mining efficiency, while reducing mining risks and costs.

KEYWORDS
GPR, magnetics, resistivity, seismics, tomography

mining and engineering costs and risks (Dan et al., 2016;
Felletti & Beretta, 2009; Shao et al., 2020). Boulders are

The development of mines and the optimum exploitation of
mineral resources are paramount factors for the economic,
societal and environmental development of countries. The
presence of boulders in mining operations is problematic as
these represent obstacles that may decrease productivity (e.g.
delay blasting, drilling and excavation), as well as increase

defined as rock fragments with a diameter greater than
256 mm, which may occur in different sizes and shapes,
and appear as a corestone surrounded by concentric shells
and/or embedded in saprolite. They are formed by chemi-
cal (spheroidal weathering) and/or mechanical processes (e.g.
blasting) (Dan et al., 2016; Shao et al., 2020; Udden, 1914).
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Boulders formed by chemical processes are referred to as
subterranean boulders, whereas those caused by mechanical
processes are referred to as subaerial boulders (Twidale &
Romani, 2005).

It is therefore important to locate boulders beforehand to
adequately plan and, thus, minimize any deleterious effects
on mining and engineering operations. Although there is a
paucity of integrated geophysics studies to detect and map
boulders, Jee and Ha (2007) discussed the viability of using
electrical resistivity tomography (ERT), ground penetrating
radar (GPR), seismic refraction tomography (SRT) and mag-
netics to delineate boulders during tunnelling. Several other
case studies, though not based on boulder delineation, also
demonstrate the successful mapping of boulders and boul-
der zones using various geophysical techniques. For instance,
Musil et al. (2002) employed seismic reflection and refraction
combined with drilling to map the internal structure, includ-
ing suspended boulders, of the lower boundary of the Muragl
rock glacier (Switzerland). Cardarelli et al. (2010) applied
that both ERT and SRT to locate cavities in the near subsur-
face, which, when filled with air, have a response similar to
boulders. Ettinger et al. (2014) used GPR to study the inter-
nal geometry of a volcaniclastic fan produced by aggradation
during a lahar event from the Cotopaxi volcano (Ecuador).
Interestingly, GPR results resolved boulders hosted within the
volcaniclastic fan. In a similar study, Gomez et al. (2018) uti-
lized GPR, along with other geospatial techniques, to study
the spatial distribution of boulder-size clasts at the Semeru
volcano (Indonesia), gaining insights on how their distribu-
tion relates to valley morphology and the dynamic deposition
of lahars.

FIGURE 1

GOMO ET AL.

Subterranean boulders (corestones) in the weathered zone
are often by-products of chemical weathering, appearing as
more competent and less altered than the host rock (Dan et al.,
2016; Durgin, 1977). These boulders are normally separated
or compartmentalized by fractures (joints and/or fault zones)
and soft cemented materials with lower densities, compaction
and competence (Jee & Ha, 2007). A number of such boulders
have been observed in the Bushveld Complex of South Africa,
where they became exposed by mining operations. The area
of interest consists of anorthosite to norite boulders embed-
ded in saprolite clays (weathered rock). The boulders are more
competent and have higher magnetic susceptibility compared
to the surrounding weathered rocks. As a result, the boulders
are more resistive, dense and magnetic as compared to the
surrounding weathered rocks.

In this paper, we present the results from integrated geo-
physical surveys (i.e. magnetics, ERT, SRT and GPR) that
were conducted at an unmined section at the Tharisa Mine
in the Bushveld Complex. The main aim of the integrated
surveys was to delineate and characterize subsurface (or sub-
terranean) boulders in saprolite clays. Generally, boulders
measure between 1 and 2 m across; however, in this study,
we designed our surveys to target boulders larger than 4 m
as smaller boulders can easily be disposed of by mining
operations. A secondary aim was to map geological site fea-
tures (e.g. lithologies and fractures) that could have a direct
impact on mining operations which would ultimately facilitate
effective mine planning (Onyebueke et al., 2018). The most
significant feature that geophysical methods bring to mineral
exploration and mining is the ability to map complex and

(a) Simplified geological map of the Bushveld Complex. (b) Simplified schematic stratigraphic column of the Critical Zone with

its position within the Rustenburg Layered Suite. Included in the stratigraphic column is the location of Tharisa Mine, the Merensky Reef (MR),
Upper Group (UP), Middle Group (MG) and Lower Group (LG) chromitite layers. Source: (a) Modified from Taylor et al. (2009); (b) modified from

Hunt et al. (2018).
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FIGURE 2

(a) Polygonal fractures in the norite and anorthosite rocks at Tharisa Mine, this image was taken inside the opencast mine pit. The

red dotted line highlights a highly fractured zone. (b) Highwall face near the study area showing topsoil (highly weathered top zone) and fractured

bedrock. (c) Subterranean boulders showing on the highwall face near the study area. (d) Subaerial boulders (blasting induced boulders) inside the

pit, at Tharisa Mine. The red dotted line highlights the zone with the subaerial boulders. Source: The presented photos were taken by Hloniphani

Hlongwa (11/10/2021).

subsurface geological features at greater resolution than any
other geological method (Malehmir et al., 2012).

GEOLOGICAL BACKGROUND

The research was carried out at Tharisa Mine, an opencast
Platinum Group Metals (PGMs) and chrome mine, situated
in the south-western limb of the Bushveld Complex, which
itself is located in the northern portions of the Kaapvaal
Craton (Figure 1a). The Bushveld Complex hosts the largest
ultramafic—mafic layered intrusion in the world, with an aerial
extent of about 66,000 km? and a thickness between 7 and
9 km (Cawthorn, 2015). The complex formed about 2.05 Ga
and hosts stratiform PGM, chromium and vanadium deposits
(Scoates et al., 2021). The Bushveld Complex was emplaced
through a series of magma injection events, intruding at the
unconformity separating the Transvaal Supergroup (Pretoria

Group) sedimentary rocks and the Rooiberg Group volcanic
rocks (Cawthorn, 2015; Kruger, 2005; Perritt & Roberts,
2007). The complex is subdivided into three major magmatic
units: the (1) Rustenburg Layered Suite (RLS), (2) Rashoop
Granophyre Suite, and (3) Lebowa Granite Suite, and is split
up into five limbs, that is, four outcropping limbs (west-
ern, far-western, eastern and northern limbs) and one buried
limb (south-eastern limb) (Cawthorn & Webb, 2001; Eales &
Cawthorn, 1996). The mafic—ultramafic rocks of the RLS host
most of the PGM mineralization of the Bushveld Complex.
The RLS is subdivided into five zones known as the
(from bottom to top): (1) Marginal (norites), (2) Lower
(cyclic pyroxenite—harzburgite—dunite), (3) Critical (cyclic
pyroxenite—norite—anorthosite—chromitite), (4) Main (gab-
bronorites) and (5) Upper zones (ferrogabbro—anorthosite—
magnetite and apatite-bearing diorites) (Figure 1b; Barnes &
Maier, 2002; Cawthorn, 2015). The economically significant
PGM deposits are found in the Critical Zone, of which the
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TABLE 1

GOMO ET AL.

Weathered and fresh rock physical property measurements from samples collected in the study area

Weathered norite rock measurements (Sample X)

Fresh norite rock measurements (Sample Y)

Number of Magnetic P-wave seismic Number of measurements Magnetic P-wave seismic velocity
measurements susceptibility velocity (m/s) taken susceptibility (m/s)
taken (x1073 SI) (x1073 SI)

Sample-X 1 0.128 950 Sample-Y 1 5.84 5710

Sample-X 2 0.137 1090 Sample-Y 2 4.52 5630

Sample-X 3 0.124 1047 Sample-Y 3 5.09 5610

Sample X average 0.127 1029 Sample Y average 5.15 5650

Weathered anorthosite resistivity
Resistivity (Q m)
~1000-3000

Rock type

Weathered anorthosite

Rock type

Fresh anorthosite

Fresh anorthosite resistivity

Resistivity ( m)
~5000-10,000

Note: The resistivity measurements were taken from a study conducted by van Schoor and Fourier (2015) of rocks in South Africa.

FIGURE 3

Google Earth image showing the location of the study area (marked with a red square) at Tharisa Mine and that of the magnetic,

resistivity (RL), seismic (SL) and ground penetrating radar (GL and ground penetrating radar [GPR] 3D) grids collected over the study area (on the

zoomed-in image of the study area).

Merensky Reef and Upper Group 2 chromitite (UG2) units
define two of the world’s largest platinum-bearing orebod-
ies (Cawthorn et al., 2005; Figure 1b). The Critical Zone
is further subdivided into the Upper (cyclic orthopyroxenite,
norite and anorthosite units) and Lower Critical zones (cyclic
chromitite, harzburgite and pyroxenite units) (Figure 1b;
Barnes & Maier, 2002; Hunt et al., 2018). The transition zone
between the Upper and Lower Critical zones occurs where
cumulus plagioclase first appears (Barnes & Maier, 2002;
Cawthorn, 2015; Eales & Cawthorn, 1996).

Layered rocks of the RLS were subsequently disrupted
by the intrusion/infiltration of iron-rich ultramafic pegmatite
bodies (IRUPs) which crystallized from iron-rich intercum-
ulus and residual melts (Reid & Basson, 2002; Scoon &

Mitchell, 1994). IRUPs are coarse-grained rocks that occur
in the form of pipes, veins and, occasionally, sub-concordant
sheets. Furthermore, IRUPs are normally accompanied by
numerous fractures and are predominantly found in the Upper
Critical, Main and Upper zones. Tharisa Mine is stratigraph-
ically located in the Critical Zone and is underlain by the
Middle Group (MG) chromitite layers (Figure 1a,b). The MG
chromitite layer package is a deposit of five tabular chromitite
layers named MGO, MG1, MG2, MG3 and MG4 (Figure 1b).
The main economic horizons of interest at Tharisa Mine are:
MG1, MG2, MG3, MG4 and MG4A. In the past, the UG1 was
also extracted at the mine, as both the UG2 and UG1 outcrop
nearby. The major metal components mined by Tharisa Mine
are platinum, followed by palladium and ruthenium.
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FIGURE 4

Raw seismic shot gathers (a—c) with corresponding frequency spectra. Bad traces (orange arrow) were removed from the shot

gathers. The raw shot gathers show first arrivals (red arrows), and reflections (blue arrow) that are masked by the surface waves and air waves (blue

shaded areas). The green arrow in part (c) corresponds to noise introduced by a secondary source, whereas the blue shaded area highlights the

groundroll (surface wave) zone.

TABLE 2 Seismic data processing parameters

Step 2D processing flow

1. Read SEG-Y data

2. Edit traces, add geometry (X, Y, Z)
Pick first P-wave breaks
Travel-time—distance curve
Inversion

4. Refraction and elevation corrections

Survey lines 1, 2, 3 and 4: datum 1224 m above mean
seal level (msl)

OCCURRENCE AND FORMATION OF
BOULDERS

Igneous rocks often contain several fracture types (e.g. net,
oblique, vertical and horizontal fractures) of variable ori-
gin (e.g. tectonic, thermal, epigenetic and anthropogenetic)
(Jinghong et al., 2011; Vitale & Isaia, 2014). Fractures in
the Bushveld Complex often consist of planar and non-planar
joints, that is fractures or cracks with no characteristic shear
displacement (Figure 2a—d). The joins are ubiquitous, often
planar in nature and occur in sets with approximately the same
orientation. Their intensity varies widely across the complex
and is largely attributed to tectonic stress (Roberts & Clark-
Mostert, 2010; Twidale & Romani, 2005; Wilson et al., 2005).
Some fractures observed in the Bushveld Complex (e.g. the
prevalent layer-parallel faults and ramps) are interpreted to
have formed due to crustal flexure (folding) caused by the
intrusion of high-density mafic—ultramafic rocks (isostatic
readjustment) (Cawthorn & Webb, 2001; Eales et al., 1993;
Perritt & Roberts, 2007). According to Perritt and Roberts
(2007), the Critical Zone commonly displays layered-parallel

and ramp faults (duplex, frontal and lateral ramps) with promi-
nent striations or corrugations, which are subsurface features
often exploited by near-surface weathering processes to break
down subsurface rocks.

Joint sets of varying orientation (cross cutting joint sets)
often break down large masses of rock into separate fracture-
bounded blocks (Figure 2a). In subsurface environments,
spheroidal weathering exploits these fractures (along with
other rock features, such as crystal boundaries and cleavages)
to break down the bedrock and initiate the formation of boul-
ders (Figure 2b,c; Fletcher et al., 2006; Twidale & Romani,
2005). The process is mainly driven by moisture from infil-
trating meteoric waters, which contains gases, chemicals and
biota that altogether break down fresh bedrock into regolith
(saprolite and boulders; Figure 2c). The weathering process
decays the bedrock starting from the joints and moves inwards
into the core of the fracture-bounded blocks, forming boulders
(called subterranean boulders) embedded in saprolite. The
amount of weathering, and thus the boulder size and shape, all
depend on prevalent fracture systems, shallow ground water
chemistry, duration and intensity of weathering, as well as the
rheology of the rock (Dan et al., 2016; Twidale & Romani,
2005). Along with subterranean boulders, subaerial boulders
(blasting and excavation-induced boulders) are often present
in opencast mining environments, including in the study area
(Figure 2d).

GEOPHYSICAL SURVEYS

Prior to acquiring geophysical data, we collected rock sam-
ples and measured their physical properties, such as P-wave
seismic velocity and magnetic susceptibility, to examine the
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FIGURE 5§

GOMO ET AL.

First break (a, c, ) and travel-time residuals (b, d, f) plots for seismic profiles SL1, SL2 and SL3. Both the first breaks and

travel-time residuals are plotted as a function of offset, the colour scale used to illustrate the data represent the data density, where ‘n’ is the number

of points within a range.

feasibility of the study, and investigate if there is any signif-
icant physical property contrast between the boulders (fresh
anorthosite and norite) and host rocks (weathered anorthosite
and norite) (see Table 1). We conducted magnetic, electrical
resistivity tomography (ERT), seismic refraction tomogra-
phy and ground penetrating radar (GPR) surveys to map
boulders, weathered zones, fresh bedrock zones and other
subsurface geological features (i.e. overburden, fractures and
iron-rich ultramafic pegmatites in the top 10-40 m). Figure 3
shows the survey locations of the different geophysical
techniques.

Geophysical data acquisition and processing
Magnetic data

The magnetic data were acquired using three portable mag-
netometers, two G856 proton precession magnetometers and
one G895 caesium vapour magnetometer with an integrated
GPS receiver (WGS 84, accuracy of +1 m). Both the proton
precession magnetometers (G856) were used as base sta-
tion magnetometers and were placed in separate areas with

minimal noise. One of the magnetometers was set to collect
data every 15 s and the other at every 30 s. The magne-
tometer with the best (least spikes) diurnal curve was used
to correct the acquired field data. The caesium vapour (G859)
magnetometer was used as a rover magnetometer. In order to
reduce the effect of near-surface magnetic materials and min-
erals, the proton precision magnetometers were mounted on
2.5 m high vertically positioned, non-magnetic, aluminium
poles. The rover magnetometer (G859) was carried on a non-
magnetic backpack, with magnetic sensor and GPS receiver
antenna heights of approximately 2-3 and 1.7-2 m from sur-
face, respectively. To obtain high-resolution data and avoid
spatial aliasing, the magnetic data were acquired in a walking
mode using a sampling rate of 1 s, line spacing of 2 m, over an
area of 150 x 100 m. Seventy-five SSW-NNE magnetic sur-
vey grid lines were collected over the magnetic grid survey
area (Figure 3).

Processing of the magnetic data involved removing diur-
nal variations, de-spiking and micro-levelling using the
Fast Fourier Transform frequency domain technique (which
involves using the directional cosine filter and Butterworth
filters) in order to reduce directional effects and remove long
wavelength signals (detrending). Manual deculturing, as to
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TABLE 3 Ground penetrating radar (GPR) acquisition parameters

3D Grid/line number parameters

Acquisition

item GPR 3D GL1 and GL3
Instrument GSSI-SIR 4000 GPR system

Grid size/line 12mx15m (X, Y) 200 m

length

Grid and trace 1 mx0.02m 0.02 m
spacing

Survey N-S W-E
direction:

Survey pattern Zigzag Along the profile
Dielectric 9 F/m

Processing steps

Energy decay

Bandpass filter

Subtract-mean (dewow)

Subtracting average/background removal
Diffraction stack

Time-depth conversion

0-150 ns time window

80—-400 MHz

1-2 ns time window

10-20 average traces

Summation width (10-20 traces); velocity (0.1-0.2 ns)
0.1-0.2 m/ns

prevent the removal of important shallow geological signals,
of the original total magnetic intensity grid and interpola-
tion of the removed data points, using the minimum curvature
technique, was subsequently carried out.

Magnetic enhancement techniques were applied to the
data so as to correct and enhance specific characteristics
of magnetic sources (e.g. magnetization, position, limits
and discontinuities). The reduction to magnetic pole tech-
nique was applied to correct the position of the magnetic
sources and their induced magnetization. The vertical tilt
angle filter was applied to sharpen the edges of the mag-
netic sources (Cooper & Cowan, 2008; von Dobeneck et al.,
2021).

Electrical resistivity tomography data

The resistivity survey consisted of five survey lines (RL1 to
RL4), with line RL3.1 being a high-resolution resistivity line
collected over a smaller section of profile RL3 due to the
observation of hard-rock anorthosite to norite boulders at the
surface (Figure 3). Four of the five resistivity lines (RL1, RL2,
RL3 and RL3.1, WNW-ESE trending lines) were acquired on
a graded sandy road, situated on the original surface of the
opencast mine, close to the highwall. The lines were acquired
perpendicular to the dip of the Bushveld Complex rocks in the
area. Profile RL4, an SSW-NNE trending line, was acquired
largely on partly loose sandy sediments, north of the road and
parallel to the dip of the rocks in the area (Figure 3). The
data were acquired using an automated ABEM 1200 resistiv-
ity system and an electrode spacing of 1 and 2 m. The profile

length of the survey lines (excluding RL3.1) was 160 m, and
that of RL3.1 was 80 m. The dipole—dipole and Schlumberger
methods were used to acquire the data. The area along which
profiles RL1, RL2, RL3 and RL3.1 were collected was a
flat graded area with negligible topographic variation. Survey
RL4 was acquired over an area with slightly more sand cover
and topographic variation (~1 m), especially in the northern
side of the profile. Due to the effects of metal cased bore-
holes along profile RL4, the resistivity results of RL4 are not
presented in the text.

The collected ERT data were first manually de-spiked and
inverted to produce their inverted models. A weighted least-
squares objective function coupled with linear filtering was
used to carry out the inversion. Furthermore, an unstructured
triangular finite element mesh, which allows for complicated
model geometry, was used to produce the inverse models
(Binley & Kemna, 2005; Blanchy et al., 2020). All the calcu-
lated resistivity inverse models reached the target root square
mean error of ~1 in three to four iterations.

Seismic refraction tomography data

The seismic data, SL.1 to SL4, were acquired along the resis-
tivity survey lines for integration purposes (Figure 3). The
data were acquired using 48 (14 Hz) geophones connected
to two 24-channel Geometric geode seismographs. To obtain
high near-surface resolution, the data were collected using a
geophone spacing of 2 m, yielding a common midpoint of
1 m. Shots were taken at every receiver. An asymmetric split-
spread geometry with fixed receiver location, at a sampling
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FIGURE 6

GOMO ET AL.

(a) Decultured, micro-levelled and detrended residual total magnetic intensity (TMI) map. (b) Reduced to magnetic pole (RTP)

map, the black dotted circle shows the position of a body with remanent magnetization found in the study area. (c) Vertical tilt angle of the RTP map.

The black and white arrows show connected magnetic low zones and magnetic high zones.

interval of 1 ms and a recording length of 1.5 s, was used to
acquire the data. The ESS MINI Base Systems (weight-drop)
mounted on a vehicle and/or 5 kg sledgehammer were used as
seismic energy sources, and a 20 X 20 X 20 cm? aluminium
metal base coupling plate was used to improve the source-to-
ground coupling. A stack value of four was used to improve
the signal-to-noise ratio. A high-cut filter of 250 Hz was used
to eliminate the high frequencies that distort the acquired data.
During the recording process, the acquired data were care-
fully monitored to avoid the introduction of noise generated
by mining activities (e.g. drilling, blasting, moving vehicles
and water pumps).

Figure 4a—c shows the comparison of raw seismic shot
gathers of survey lines SL1, SL3 and SL4. The marked-on
raw shot gathers are refracted (red arrows), possibly reflected
(blue arrows) that appear to be masked by surface waves and

air waves (blue shaded areas). Across all the gathered seis-
mic data, the P-waves first breaks are present within the first
75 ms. Figure 4c (green arrow) shows an example of noise
generated by drilling (between receivers 24 and 36) in seismic
profile SL4. To construct the 2D P-wave refraction models,
we used the 7200 first arrival picks across profiles SL1, SL2
and SL3. The processing steps are summarized in Table 2.
The first break data were picked manually. First break picks
and travel-time residuals for the P-wave velocity tomograms
are given in Figure 5(a,c,e) and (b,d,f), respectively. Both the
first break and travel-time residuals are illustrated as a func-
tion of offset. After 10 iterations, the final models for SL1,
SL2 and SL3 profiles had an rms error of 4.6, 4.7 and 4.9,
respectively (Figure 5b,d,f). Data acquired along the SL4 sur-
vey line are not presented in the text due to poor sensor-ground
coupling caused by loose soil dumps along the survey line.
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FIGURE 7

Schlumberger (a, c, e, g) and dipole—dipole (b, d, f, h) resistivity inverse models for electrical resistivity tomography survey

RLI1-RL3.1. The white, black and blue arrows in the plots indicate the high resistivity, low resistivity and potential boulders, respectively. The

elevation used to produce the resistivity tomographs is the elevation above sea level, whereas the resistivity variation is measured in Q m.

Ground penetrating radar

Table 3 shows the geometry parameters used to acquire
GPR data. The GPR data were acquired using the
GSSI-SIR 4000 GPR. The acquisition procedures involved
moving the GPR cart across the 3D grid (GPR 3D) in zigzag
direction and along the 2D lines GL1 and GL3 (Figure 3).
Common-offset reflection survey mode was used for data
acquisition with 0.02 m trace spacing, 0.2 ns sampling inter-
val and 120 ns listening time. To improve the signal-to-noise
ratio, 10 vertical radargrams were stacked at each sampling
point.

The processing of the GPR data involved removing the
acquisition delay time, applying energy decay gain to correct
for the spherical spreading and intrinsic attenuation of the sig-
nal. A bandpass filter (80400 MHz) was used to attenuate
unwanted frequency components. The dominant frequency is
approximately 300 MHz. Subtract-mean (dewow) and sub-
tracting average/background removal filters were applied to
enhance the sub-vertical reflectors as well as suppressing
the background noise and the direct arrivals. The synthetic
reflection hyperbolas were matched with observed diffrac-
tion patterns emanating from underlaying boulders, so that
a 2D velocity field can be created. The GPR profiles were

migrated and converted to depth with a constant velocity of
0.1/0.2 m/ns.

RESULTS
Magnetics

Figure 6 presents the detailed total magnetic intensity (TMI)
map of the study area, including the results of the magnetic
enhancement techniques. Specifically, Figure 6a—c presents
the TMI, reduced to magnetic pole (RTP) and the verti-
cal tilt angle maps of the study area, respectively. The TMI
map, Figure 6a, shows the variation and distribution of pos-
itive and negative magnetic anomalies in the study area. The
application of the RTP technique provides the corrected posi-
tion of the magnetic sources and their induced magnetization
(Figure 6b). From the computation of the RTP conversion,
it is observed that a circular feature with remanent magne-
tization is present (indicated by a black dotted circle). The
vertical tilt angle filter sharpens the variation between the low
and high magnetic intensity zones (Figure 6¢). The vertical tilt
angle map reveals that both the high and low magnetic inten-
sity zones are largely interconnected (indicated by arrows in
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FIGURE 8

GOMO ET AL.

First break travel-time tomography model and their corresponding ray paths along profiles SL1 (a and b), SL2 (c and d) and SL3 (e

and f). The outlines of the raypaths are drawn on the tomograms, and the zones within the white borders are zones in which ray paths did not travel

through. The tomograms display near-linear (top) to distorted (middle and bottom) seismic variations with increasing depth. The white, blue and

black arrows show the three identified seismic velocity layers, starting from the layer characterized by the lowest velocities to the layer with the

highest velocities, respectively.

Figure 6¢). The black and white arrows in Figure 6¢ each
demonstrate an example of a magnetic low and high zone,
respectively. The effects of weathering (gradual variation in
magnetic intensity moving from the magnetic low to high
regions), the presence of fractures (zones that separate the red
zones, also appearing as blue) and of a feature with remanent
magnetization are well captured in Figure 6a—c.

Electrical resistivity tomography

The 160 m long survey lines acquired across the study area
(Figure 3) are observed to reach depths between 21 and 30 m,
depending on the type of array used. The resistivity tomog-
raphy results, shown in Figure 7, show a progressive increase
of the resistivities of the rocks with depth. The near-surface
(top ~6-5 m) is demarked by a conductive zone (low resis-
tivity, blue coloured zone) with resistivities of ~3—40 Q m.

The thickness of this low resistivity zone is observed to vary
from one resistivity profile to another, but it is between 6
and 7 m (Figure 7). This top resistivity low zone is under-
lain by a zone of much higher resistivities (~40-3162 Q m),
coloured as light green to yellow zone. The contrast observed
between these two layers is representative of the sharp contrast
observed at the topsoil-fractured bedrock interface, visible
on the highwall present a few meters away from the study
area (see Figure 2b). Underlying the green to yellow zone
is the light to dark red zone, a zone of much higher resis-
tivity (~3162—~10,000 Q m). The variation in the resistivity
of these three observed zones is complex, both moving along
and across the profiles (Figure 7). The Schlumberger array is
observed to best demonstrate the resistivity variation across
depth and the bedrock (high resistivity zones, indicated by
white arrows) (Figure 7a,c,e,g), whereas the dipole—dipole
array (Figure 7b,d,f,h) best demonstrates potential fractures,
highly weathered zones (low resistivity zones separating high
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FIGURE 9 A sample of a raw (a) and processed 2D ground penetrating radar (GPR) sections (b) of profile GL1. The double headed red, light
blue and dark blue arrows show the delay time, reflection and diffraction and background noise, respectively. The observed reflection and diffraction

events are possibly events originating from the contact of different lithologies and boulders.

resistivity zones, indicated by black arrows) and boulders
(semicircular, high resistivity features in low resistivity zones,
indicated by blue arrows).

Seismic refraction tomography

The P-wave refraction tomograms largely demonstrate an
increase in P-wave seismic velocities with increasing depth.
Figure 8 illustrates the final P-wave refraction models
(Figure 8a,c,e) for profiles SL1, SL2 and SL3, and their ray
paths (Figure 8b,d,f). The tomograms reveal the presence
of roughly three P-wave seismic velocity zones (layers) of
varying thickness, both along and across the seismic profiles
(Figure 8). The near-subsurface seismic velocity zone, light
brown zone (indicated by a white arrow), exhibits the maxi-
mum P-wave velocity of ~1400 m/s. Based on the inversion
models, the depth extent of the velocity low zone varies from
surface to a maximum depth of about 20 m (Figure 8). This
top light brown layer is underlain by a yellow to green seis-
mic P-wave velocity zone (indicated by a light blue arrow)
of relatively higher velocities (~1400-~4000 m/s). The

thickness of this layer varies across the profiles. The layer
consists of semicircles/ellipses of higher velocities embed-
ded within it, which are interpreted as boulders. Underlying
this second velocity zone is a light to dark blue seismic
velocity zone of higher P-wave velocities (~4000—~6400 m/s,
indicated by a black arrow). This light to dark blue seismic
velocity zone exhibits variable depth from the surface. The
observed seismic velocity zones consist of zones of disturbed
layering, possible fracture (jointing and faulting) and boulder
zones (Figure 8).

Ground penetrating radar

The ground penetrating radar sections show radar traces
(radargram) plotted against time and distance (Figure 9). The
x-axis represents the distance along the survey line, whereas
the y-axis represents the travel-time of the radar pulses. The
radargrams show several reflections (dark blue arrows) and
diffraction events (light blue arrows), probably emanating
from buried boulders and loose soil cover, as well as from
the background noise (Figure 9).
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FIGURE 10

GOMO ET AL.

Susceptibility Magnetic Vector Inversion (MVI) model of the acquired TMI data in our study area. (a) Full MVI model of the

magnetic data displaying the magnetic susceptibility of the rocks, including that of the iron-rich ultramafic pegmatite (IRUP) (centre). (b) Clipped
3D susceptibility model showing the vertical nature of the IRUP. (c) Zones of high magnetic susceptibility around the IRUP are interpreted as

potential boulders. (d) 3D best-fit ModelVision model of the IRUP.

INTERPRETATIONS AND DISCUSSION
Magnetic susceptibility inversion models

Noritic and anorthositic rocks can be magnetic due to the pres-
ence of accessory minerals such as magnetite and ilmenite
(Dunlop et al., 2010; Soumya et al., 2017). The weathering
of such mafic rocks, that is, norites and anorthosites, ulti-
mately results in the formation of soil, with silicate minerals
breaking down into clay minerals (conductive minerals), and
iron-bearing minerals (e.g. magnetite and ilmenite) breaking

down into iron oxides of varying magnetic susceptibility (Lu
et al., 2008; von Dobeneck et al., 2021). The weathering of
magnetite initially forms oxidized ferrimagnetic Fe-minerals,
such as maghemite, followed by antiferromagnetic minerals,
such as hematite and goethite, which are far less magnetic
(Lu et al., 2008; von Dobeneck et al., 2021). Both maghemite
and hematite are observed at the mine site. In magnetic soils,
however, magnetite can be weathered directly to hematite
(Santana et al., 2001). Overall, there is a gradual loss of
inherited thermoremanent and/or acquired chemical magne-
tization with progressive weathering, mainly associated with
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the alteration and the reduction of grain sizes of magnetic
minerals in rocks (Harding et al., 1988; Lapointe et al., 1986;
von Dobeneck et al., 2021). The reduction in magnetization
with weathering is observed in the magnetic susceptibility
measured on hand samples in the laboratory (Table 1). There-
fore, magnetic high zones (red- and pink-coloured zones) are
interpreted to represent least-weathered areas, whereas low
magnetic zones are interpreted to represent highly weathered
areas (Figure 6). The high magnetic zones are caused by a
shallow, fresher and less fractured bedrock component, and
thus, these zones are likely to form blasting-induced boulders
when blasted inadequately. The surrounded high magnetic
zones are lower magnetic intensity zones (green to dark
blue-coloured zones; Figure 6). The lower magnetic inten-
sity zones represent highly weathered and fractured areas.
The blue-coloured zones are thought to be the most weath-
ered zones, where fractures in the rock accelerate chemical
weathering processes. Thus, blue-coloured zones are where
fresh rock was broken-down (e.g. formation of hematite and
clay minerals) at a faster rate. The probability of finding iso-
lated subterranean boulders surrounded by regolith should
therefore be higher in such highly weathered zones.

The semicircular, low magnetic intensity feature at the
centre of the magnetic maps (blue-coloured; Figure 6) is
thought to be a weathered remnant of a magnetized iron-
rich ultramafic pegmatite (IRUP) (Scoon & Mitchell, 1994).
IRUPs are typically weakly magnetic bodies (either pos-
itive or reverse magnetization) that preferentially replace
anorthosite—leuconorite lithologies (Campbell, 2006; Reid &
Basson, 2002; Scoon & Mitchell, 1994). Such lithologies
are noted at the Tharisa Mine. Furthermore, the semicircular
shape (when viewed perpendicular to layering) of the feature
is consistent with the pipe-like shape (when viewed parallel
to layering) often noted for IRUP bodies (Scoon & Mitchell,
1994). 3D models of the low magnetic susceptibility feature
are presented in Figure 10a—d and confirm that the feature
is indeed pipe-shaped. The models also reveal that the fea-
ture is shallow (Figure 10b), at a depth of about 10 m from
surface with a vertical extent of roughly 6 m (Figure 10c,d),
and has a magnetic susceptibility of 0.0188 SI units. Given
that the feature terminates at depth (Figure 10b,d) suggests
that it is of a replacement nature, which also corresponds
to the hypothesized origin for IRUPs (Scoon & Mitchell,
1994). However, amplitude inversion models are often biased
towards high amplitude anomalies, which in this case corre-
sponds to the IRUP body. This existing bias results in the
attenuation of lower amplitude features, meaning that they
may not be well resolved. Thus, although Figure 10c appears
to resolve small-scale semi-spherical features (possible boul-
ders), it is possible that additional small-scale features are
missed because of their lower magnetic susceptibility com-
pared to the high amplitude IRUP. Considering the high level
of weathering encountered in the top subsurface (10-30 m
depth), combined with the presence of an IRUP, which is

FIGURE 11
penetrating radar (GL) 2D line locations overlain on the total magnetic

Seismic (SL), resistivity (RL) and ground

intensity map of the study area. The seismic and resistivity profiles
were placed on a zone with varying TMI to try map the observed
magnetic variation in the subsurface rocks with depth.

commonly accompanied by numerous fractures, these are
promising factors for the presence of boulders in the area.

Integration of resistivity, seismic and ground
penetrating radar results

The electrical resistivity tomography (ERT), seismic refrac-
tion tomography and ground penetrating radar (GPR) surveys
acquired in this study were collected over an area of vary-
ing total magnetic intensity, thus, over an area of variable
weathering and magnetic susceptibility (Figure 11). Figure 12
compares and correlates the inverted ERT, SRT and GPR sec-
tions across survey profile 1 (profile along which SL1, RL1
and GL1 where acquired) along with lithological data from a
borehole (BH1) (Figures 3 and 11). Both the resistivity and
seismic inversion results for profile 1 correlate with the bore-
hole BH1 data. At the location of BH1, in both the resistivity
and seismic sections, the dark to light blue and light brown
zones corresponding to a low resistivity and seismic veloc-
ity zone, respectively, represent the top 6 m section (core-loss
zone) of BH1 (Figure 12b,c). The dark to light blue near-
surface zone is characterized by resistivities of <40 Q m and
P-wave velocities of <1400 m/s. This zone is interpreted to
be the saprolite clay—regolith zone, a zone of high weathering
activity. With increasing depth, a large increase in resistiv-
ity and P-wave seismic velocity of the subsurface rocks is
observed.

The overburn norite and leuconorite (anorthosite-norite)
layers, situated below the core-loss zone at depths between
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FIGURE 12

GOMO ET AL.

Interpretation and integration of methods for profile 1 (profile where SL1, RL1 and GL1 were acquired). (a) Borehole (BH1)

lithology along profile 1. The lithological log has been correlated with RL1 and SL1. (b) BH1 overlain on the electrical resistivity tomogram of RL1.

(c) BHI overlain on the seismic refraction tomogram of SL1. (d) Ground penetrating radar section of profile GL1. The dotted lines show the

lithological boundaries among saprolite clay, weathered bedrock and fresh bedrock. The solid black lines correspond to joints, fractures or fault

lineaments.

6 and 11 m, are characterized by higher resistivities and
P-wave seismic velocities of ~40-3162 Q m and ~1400-
3600 m/s, respectively (Figure 12). These layers, that is the
overburn, norite and leuconorite, along with the top portion
of the norite rock appearing at a depth of 11 m and greater are
interpreted to constitute the weathered bedrock zone. The lay-
ers situated below the weathered bedrock zone, starting with
the norite layer at a depth of about 11 m and extending to
greater depths, are characterized by much higher resistivities
and seismic velocities of ~3162-10,000 Q m and ~3600—
6400 m/s, respectively. These high resistivity and seismic
velocity zones are interpreted to represent fresh bedrock
zones, fresh norite to anorthosite zones, that have been least
affected by near-surface weathering processes (Figure 12b,c).

The linear features on the GPR GL1 radargram are responses
from structural features (joints and faults), which are cor-
relatable with both the resistivity and seismic tomograms
(Figure 12b—d).

The resistivity, seismic inverted models and the GPR
radargram for profile 3 (line with RL3, SL3, GL3 and
RL3.1) are presented in Figure 13. In both the ERT and
SRT depth sections, horizons (i.e. saprolite clay, weathered
bedrock and fresh bedrock) are inhomogeneous and present
abrupt changes that can be attributed to fracture-related dis-
tortions (Figure 13a—c). The ERT, SRT and GPR sections
reveal that the lithology along profile 3 is highly disturbed
(Figure 13a—d). At a distance of about 145 —160 m, along RL3
and about ~0.5—1 m next to the line, exposed rocks (outcrops),
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FIGURE 13

Interpretation and integration of methods for profile 3 (profile where SL3, GL3, RL3 and RL3.1 were acquired). (a) Electrical

resistivity tomogram of profile RL3. (b) Electrical resistivity tomogram of profile RL3.1, high-resolution line mapping the outcropped region along

RL3. (¢) Seismic refraction tomogram for profile SL3. (d) Ground penetrating radar section of profile GL3. (e) Images of the outcropping rocks

along profile 3 (pictures P1, P2, P3 and P4). The dotted lines show lithological boundaries among saprolite clay, weathered bedrock and fresh

bedrock zones. The solid black lines show joints, fractures or fault lineaments. BO, boulder outcrops.

likely corresponding to norite boulders, were observed. A
high-resolution (1 m) electrical resistivity depth section of
the area adjacent to the outcrops, along RL3 and RL3.1, is
presented in Figure 13b. Notably, the high-resolution resis-
tivity depth section shows several high resistivity features
(boulders) embedded in a zone of low resistivity along the
eastern edge of the section. Some of these boulders were
outcropping on surface (BO1, BO2 and BO3 in Figure 13e),
which provided confidence in our interpretation. Further-
more, the high-resolution section (RL3.1) details a central

high resistivity zone (orange to dark red-colours), interpreted
as fresh bedrock, embedded in a low resistivity zone (green to
dark blue coloured), which corresponds to weathered/altered
rock (Figure 13b). The central high resistivity zone is sus-
pected to be an underground extension of the norite bedrock,
based on outcrops near where profile 3 was conducted. The
presence of buried boulders is also seen in the GPR radar-
gram as diffractions. The location and depth of the boulders
match relatively well between the resistivity tomograms and
GPR radargram (Figure 13a—d).
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FIGURE 14

GOMO ET AL.

(a) and (b) 3D view interpretation of ground penetrating radar (GPR) 3D grid radargram lines along the north—south (X) and

east—west (Y) directions, respectively. Note: Y-axes are not drawn to scale and the dotted black lines and circles in all sections correspond to different

geological features.

The GPR radargram interpretations of grid GPR 3D
(Figure 3) are shown in Figure 14. The maximum depth
of penetration of the electromagnetic wave is ~10 m.
Figure 14a,b shows the 3D view interpretation of GPR 3D grid
lines along the north—south (X) and east—west (Y) directions,
respectively. The steeply dipping linear features observed
in the radargram sections likely correspond to reflections
emanating from joints and fractures. These structural features
have variable dips (~30°-50°). The formation of these struc-
tures could be as a result of gradual mechanical/chemical
weathering or recent mining activity (e.g. rock blasting). The
linear features could also correspond to boulder interfaces
within the saprolite clay horizon (e.g. Figure 14b). The gen-
tle dipping (~10°-15°) reflections in GPR 3D data likely
correspond to responses emanating from the saprolite clay-
boulder and weathered bedrock interface. Several diffractions
on GPR data are interpreted as boulders, ranging between 2
and 4 m wide at ~1-7 m depth. In future, we plan to process
the reflection seismic surveys acquired along these boul-
ders to enhance the detection of these boulders and constrain
their 3D geometry through diffraction imaging approaches
(Moser & Howard, 2008). The results will be compared to
diffraction patterns observed on the GPR data to constrain
their interpretation. Several authors (e.g. Khaidukov et al.,

2004) have demonstrated the effectiveness of analysing seis-
mic response of similar features through diffraction imaging.
Diffraction analysis on the seismic data has the potential to
detect even small boulders that are beyond the resolution
of other geophysical methods used in this study (Moser &
Howard, 2008).

Geological model

By overlaying the electrical resistivity and seismic depth sec-
tions on Google Earth maps, we observe that there is strong
correlation among the magnetic intensity, P-wave seismic
velocity and resistivity variations (Figure 15). Specifically,
the magnetic intensity is higher in regions with a thin low
seismic velocity and low resistivity zone. The opposite is
also true, whereby magnetic intensity is lower in regions
with a thick low seismic velocity or low resistivity zone
(Figure 15a—f). The thicker the low velocity or conductive
zone, the less magnetic the area. Thus, there is a strong
depth correlation among magnetic intensity, seismic velocity
and resistivity (Figure 15). The correlation is better observed
on the TVDR projected images (Figure 15b.d,f). This may
imply that where magnetic highs are prominent, the ground is
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FIGURE 15

Profile SL3 seismic depth section projected on the TMI (a) and TVDR magnetic (b) maps. Profile RL3 resistivity depth section

projected on the TMI (c) and TVDR (d) magnetic maps. Profile RL3.1 resistivity depth section projected on TMI (e) and TVDR (f) magnetic maps.
The white and black arrows indicate areas where there is high and low correlation, respectively.

relatively less weathered, and the depth of the fresh bedrock
is closer to the surface. In regions where the magnetic low is
prominent, the thickness of the saprolite clay and weathered
horizons is larger, and thus, the depth to the fresh bedrock
is greater (excluding regions where remanently magnetized
bodies are present, e.g. above the IRUP). In areas where boul-
ders were identified (i.e. Figures 12 and 13a—d), a magnetic
high anomaly in a magnetic low zone is observed, which is
interpreted to be associated with the less-weathered nature
of the boulders as compared to the host rock (Figure 15¢c—f).
These observations demonstrate that electrical resistivity and
magnetic surveys can be successfully used to infer the pres-
ence of subterranean boulders in magnetic environments.
The integrated geophysical data (Figures 12—14), combined
with surface geological observations and borehole lithologi-

cal data, were used to generate a 3D geological model of the
study area (Figure 16a,b).

The integration of the data is of significant interest for
exploration and planning mining activities (e.g. blasting,
extraction of ore and slope/ground stability). Interestingly,
not all boulders found at Tharisa Mine are subterranean
boulders, some are subaerial boulders caused by blasting
activity (Figure 2d). In open-pit mining, subaerial boul-
ders are large rock fragments often formed during excava-
tion and bench blasting, due to inefficient rock breakage.
These types of boulders are a recognized by-product of
the drill-and-blast techniques (Leng et al., 2020). The drill-
and-blasting technique is a cost-effective scheme often used
in mines to quickly excavate large areas and break down
benches. Oversized boulders are typically formed when
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the blasting energy is not enough to cause sufficient rock
breakage.

The efficiency in rock breakage is affected by several
factors, including: (1) uneven distribution of energy, (2) struc-
tural features (discontinuities), (3) intact rock properties, and
(4) the type of blasting (design) used to break down the rock

GOMO ET AL.

FIGURE 16 (a) 3D electrical resistivity
model of survey lines RL1, RL2 and RL3. (b)
3D view of seismic refraction tomograms of
survey line SL1, SL2 and SL3. (c) 3D
geological model generated from the combined
geophysical methods employed in this study.

(Leng et al., 2020; Park & Kim, 2020; Yang et al., 2018).
Often, the formation of subaerial boulders is an indication that
the drill-and-blast technique used at a mine is not optimized
to reduce the formation of boulders or produce sufficient rock
breakage. Unoptimized blasting produces large fragments
(boulders), which will require extra resources to remediate.
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Dealing with boulders might necessitate drilling and/or
blasting again, which ultimately slows down production.

Additionally, when blasting is not optimized (designed)
adequately, excessive throw and fly-rocks occur. Throw and
fly-rocks are a by-product of blasting that occur when blast-
ing activity is not designed adequately, and the blasting energy
is misdirected (Monjezi et al., 2011; Raina et al., 2015). Fly-
rocks pose a huge safety hazard, as they may cause property
damage and injuries at mines. Thus, by using intact rock
property and structural discontinuity information obtained
from integrated geophysical survey results, one can be able
to design optimized drill-and-blasting programmes that result
in more efficient rock breakage (less boulders), while also
reducing throw and fly-rocks (which translates to a safer work-
ing environment), thus leading to increased productivity and
reduced mining activity costs.

CONCLUSION

This study demonstrates that the integration of magnetic,
electrical resistivity, refraction seismic and ground penetrat-
ing radar methods can be successfully used to gain a better
understanding of the subsurface in order to increase efficient
mining and enable sound engineering decisions. We propose
the use of integrated geophysical techniques for mining and
engineering site characterization to best identify geological
features such as boulders, fractures and horizons (i.e. regolith
to fresh bedrock). The results presented here demonstrate that
by targeting weathering, structural and magnetization effects
in subsurface rocks in magnetic environments, geological
features that characterize and complicate mining processes
can be successfully identified. By mapping the inherent loss
of magnetization, presence of remanent magnetization, the
degree of weathering, the competence and structural features
of subsurface rocks, we were able to successfully map boul-
ders, fractures, undulating lithological horizons and remanent
igneous features (i.e. iron-rich ultramafic pegmatites). From
these findings, it can be concluded that the integration of
numerous geophysical methods can be used to improve
mine blasting programmes, reducing the formation of blast-
ing related boulders, and assisting in making cost-effective
decisions.
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11. Discussion

To support the increase in production and safety of workers in underground and surface mining
environments, several geophysical surveys were designed to test the feasibility of conducting
small-scale geophysical surveys in active and logistically challenging mine environments. This
thesis compared the results from two sites with varying geological conditions and operations.
As mines expand their mining operations to greater depths and surface area means may
encounter complex geological environments such as seismicity, stress increase, methane
explosion, and seismicity (in case of underground mining), as well boulders and flooding (in
case of open pit mining). These conditions pose a risk to infrastructure and mine workers and
decrease production of the mine. The papers making up this thesis address the technical
advantages and disadvantages of different geophysical equipment used and mine conditions.

The papers also compare the contrast between surface and tunnel seismic data.

In Paper I, seismic results acquired in underground mine tunnels to image geological
structures and their associated mineral deposits are presented. 2D high-resolution (2 m - 5 m
shot and receiver spacing) reflection seismic data were acquired over the Merensky Reef and
UG?2 deposits at Maseve mine, Bushveld Complex (South Africa). From inspection, the raw
data were noisy due to mine infrastructure such as ventilation and water pumps. This paper
exploited a portion of the dataset collected in phase one of the project and provided insight on
the location of the two economic mineral deposits (Merensky Reef and UG2) below the tunnel.
The study utilised both the spiked geophones and seismic land streamer for seismic data
recording inside the mine tunnel. The data from the spiked geophones were too noisy to be
utilised due to poor coupling to the ground. Therefore, the manuscript presents only the data
collected using the seismic land streamer. The poor coupling of the spiked geophones was due
to the fact that the geophone had to be planted on hard rock environment. An attempt to drill
holes into the hard rock (tunnel floor) to plant the geophones was done to provide good
coupling. However, the logistics to drill the geophones into the rock proved to be difficult and
time-consuming. Furthermore, the survey set-up was cost effective as it managed to deploy
affordable energy sources and land streamer, which do not require extensive planning and

mobilisation.

Seismic data from the land streamer showed good signal quality compared to the spiked
geophones. This is as a result of the good ground coupling of the land streamer due to the

weight of the plate. Drilling of the spiked geophones into the ground was expected to provide
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good coupling of the geophones. However, the land streamer showed good results as a result
of the weight of the streamer plate keeping contact with the ground stable. Mine infrastructure
such as ventilation and water pumps proved to be problematic as they introduced noise into the

data set.

Paper II is an extension to the work done in Paper I. The study presents data acquired on
surface and tunnel using both wireless sensors and cabled system. Furthermore, it demonstrates
the need for innovative seismic technologies to image geological structures that affect
mineralisation, which may have a direct impact on ore resource evaluation. After careful
processing, the final surface and tunnel seismic sections presented clear reflections originating
from the orebodies. A comparison of data from phase one (Paper I) and phase two (Paper II)
was conducted, with the purpose of testing the tunnel to surface seismic acquisition for deep
(~ 3 km) mineral exploration. Similar study was conducted by Donoso et al. (2021) and Brodic
et al. (2021) for tunnel — surface imaging using the E-Vib, cabled and wireless sensors (1C and
3C), and 250 kg drop-hammer. Conducting active seismic surveys in mine tunnels introduces
limitations to the choice of equipment to be deployed and utilised. From a safety perspective,
the use of a drop hammer needs to be carefully monitored for the presence of sparks from the
weight and the plate, as this poses a hazard due to the presence of methane in the tunnels.
Another aspect that influences the choice of seismic equipment is the logistical difficulties
encountered in an active mining environment. Transportation of equipment to and from
underground spaces is limited due to the size of the shaft (locally termed cage). This then
imposes limitation on the size of sources and number of receivers one can have in underground
spaces. To address the aforementioned, a choice to use a light source (6.3 kg sledgehammer)
and portable cabled system with 48 channels was used for the underground experiments.
Moreover, the use of cabled system increases the amount of time required to deploy the system
as one needs to prepare (drilling of the rock to plant the sensors) the site beforehand. To the
best of our knowledge, the tunnel acquisition is the first in South Africa to utilize small-scale

seismic method to image the known mineral deposits.

Geological complexities and mine infrastructures resulted in a complex seismic wave-field,
making it difficult to identify the origin of target reflections on the shot gathers. Moreover, the
side tunnels and infrastructure above the location of the seismic profiles contribute to the
complex wave-field. This was carefully inspected in our dataset to isolate the correct events as

a result of available geological structures. The data also faced difficulties in offset coverages
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due to limited space in the tunnel, resulting in limited target coverage and low fold distribution.
Another aspect that influences the target reflections is the geometry (dip and fold) of the target.
This results in out-of-plane reflections that can be observed on the final stack sections. Brodic
et al. (2021) discussed a method to correct the out-of-plane reflections on both the pre- and
post-migration processing. Out of plane reflections were not considered during processing of

the data in this thesis, however is something to consider in future tunnel seismic surveys.

In Paper III, the use of multi-geophysical methods (seismics, magnetics and electrical
resistivity) to delineate fractures in an active open-pit mine is demonstrated. Geophysical data
were integrated with borehole data and physical property measurements of rock samples to
understand the geophysical signature of the orebody and constrain the final geological
interpretations. P-wave velocity models provide insight into the near-surface rock conditions.
Conventional reflection seismic processing was carried out, and the final stack section
delineates the shallow, relatively flat bedrock. The ground magnetic data provide high-
resolution delineation of a major dyke that was identified on the aeromagnetic data and
geological mapping data. The ground magnetic data also show a series of low magnetic regions
that are attributed to fractures that may be potential pathways for water to migrate into the pit.
Electrical resistivity tomography identifies linear low resistivity zones that differentiate
fractured and undisturbed hard rock. Integrated geophysical methods were able to image the
depth to bedrock, fractures within the host rock, and a major dyke that crosscuts the
mineralisation at the center of the pit. This was all achieved in a noisy and active mine
environment. Apart from imaging fractures within the mine boundaries, the mine also faces a

challenge with subsurface boulders that delay production.

Paper IV presents results addressing the challenges and imaging of subsurface boulders using
integrated geophysical surveys. Attempts for the mine to expand further north are faced with a
challenge to haul and break down boulders that are encountered around the pit. The boulders
have a negative impact on the day to day mine operations, therefore small-scale geophysical
surveys were designed to delineate and characterise the subsurface. The experiments were
conducted on an unmined section compared to the surveys discussed in Paper IIl. The
difference in site can be observed through the seismic data, with high noise content on data
acquired inside the pit. The low mine activity of site 2 is evident in the data with good signal-
to-noise ratio. Another contrast between data in Paper III and Paper IV was the soil response.

Site 1 was on direct hard rock (highly fractured), while site 2 surveys were conducted on loose
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overburden. This resulted in difficulties in planting the geophones for site 1. The experience
gained from data collected in Paper I and II played a role in proper designing and acquiring the
seismic profiles in a way to maximise imaging of the structures using cost effective equipment.
The near-surface irregularities encountered on both sites meant that careful datum static
corrections needed to be applied to correct lateral near-surface changes (Cox, 1999). A low
velocity layer (LVL) can be observed in both sites due to the top highly fractured norites of
site 1 and highly weathered topsoil in site 2. The presence of the highly fractured norites and
weathered layers resulted in the data exhibiting high amplitude and low frequency signals (e.g.,
ground roll) due to the nature of a weathered layer acting as a high cut filter. To combat these
effect, the first shot was not recorded, but taken as a compaction shot. Moreover, where

possible, the geophones were buried with an attempt to reduce ground rolls.

The studies presented in this thesis complemented each other. The processing methods
deployed in Paper I and III allowed for the removal of noise introduced by mine
infrastructure. Reflection seismic data from Paper I was compared with that of Paper II and
an improved imaging of geological structures and mineralisation was observed. This
highlighted the importance of testing and deploying newly developed technologies in such
environments. Integration of 2D modelling, borehole log, and geological information assisted

in the final interpretation of the seismic data.

It is imperative to acknowledge that the methodologies presented in this thesis are not without
limitations. One important limitation is access to a broadband source for the seismic
experiments. The mine tunnels are limited to deploying small portable impact sources,
compared to vibrational sources. The use of single or dominant frequencies enabled us to image
geological structures and infer mineralization from proxy contacts. However, the conclusions
from this research are limited, as they can only detect the structures and not resolve them
adequately. The utilization of broadband sources would allow us to obtain more detailed and
sharp images of shallow (e.g., thin beds) features and enable us to image deeper targets using
the lower frequencies. Future research can benefit from engineering a vertical and horizontal
shaker with broadband frequencies similar to the E-vib described by Brodic et al. (2021).
However, this seismic source would need to be portable and easy to deploy in deep

underground mines, as previously discussed.

Another significant shortcoming to notice was the thesis's approach to data integration.

Integration of the dataset relied mainly on joint interpretation (e.g., Ogaya et al., 2016) of the
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data that is inverted separately, resulting in a lack of resolution. The dataset integration
undertaken in this thesis can be developed further. For instance, one of the techniques that can
be used to compensate for the lack of resolution in each of the independent datasets used in the
research is joint inversion. Joint inversion techniques usually produce better-resolved and
reliable results. Yari et al. (2021), for example, used a joint inversion technique of P-wave
travel time and electrical resistivity data to image low velocity thin layers embedded between
high velocity layers. This technique is now a common practice in geophysics for inverting
different datasets such as magnetics, gravity, electromagnetic, and seismic data (Coutant et al.,

2012; Zheglova et al., 2018; Zhang and Li, 2019).

The current study did not thoroughly investigate the costs of conducting this research in an
operational mine. As previously mentioned, the cost of applying geophysical methods differs
depending on (not limited to) the equipment used, type of method, mobilization, and duration
taken in the field. The analysis of the costs was beyond the scope of this thesis. However, by
examining the literature, we can make an estimate with regard to the costs incurred by different
geophysical methods. For example, Fritz (2000) conducted a comparison between the cost and
area covered by various geophysical techniques of investigation and the cost and area of
drilling a 300 m borehole. The detection and resolution capabilities of the various geophysical
techniques vary. Airborne geophysical methods can cover larger areas over a short period of
time (reducing costs) and are later used as a guide for ground methods. For example, in Paper
III, the ground-based magnetic and seismic data were guided by regional airborne magnetic
data. When comparing the costs of ground and airborne geophysical methods, it is important
to note that ground geophysical methods are relatively expensive, considering the area they

cover (Hajnal et al., 2020).
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12. Conclusions and recommendations

12.1. Conclusions

This thesis has applied novel in-mine and surface geophysical methods to image geological
structures and mineralisation in active mine environments. The thesis is comprised of three
papers; in each case study a set of unique challenges associated with hard rock mining
environments was encountered and necessary steps were taken to address them. In general, the
thesis shows that geophysical surveys can be successfully acquired in active mines and noisy
environments, however the seismic design and processing of the data need to be done in a novel
approach. Throughout the PhD research, the limitations and logistical challenges expected at

operational mines were taken into account to properly design geophysical surveys.

Although the studies presented here were successful, simultaneous acquisition of tunnel and
surface data was not possible as underground mine tunnels are GPS-denied. The next step is to
acquire a GPS-time system developed under the Smart Exploration Project and conduct time-
synchronised surface-tunnel seismic surveys for deep mineral explorations at the same mining
sites used in this study. One of the main lessons from this study that one needs to spend enough

time to process in-mine acquired seismic data such that the final results represent the true

geology.

12.2. Recommendations

Following the successful experiments in the Bushveld Complex in imaging the platinum
orebodies, it is recommended that these experiments should be conducted at gold mine sites.
Additionally, the experiments will exploit the tunnel-borehole, active-passive seismic
experiments for gold exploration incorporating distributed acoustic sensing (DAS) and nodal
array. The aim of these experiments would be to synchronize acquisition of the dataset in all
settings mentioned above using the ultra-accurate GPS-time transmitter developed under the

Smart Exploration Project (Malehmir et al., 2020).

Through careful analysis of the findings in the thesis, there is a gap in which further research
would be beneficial. Several research questions were raised in the introduction section to
address research gaps. While some of the research questions were addressed by the research
conducted in this thesis, others remain in question. Specifically, the lack of resolution in some
geophysical methods and datasets might have helped in characterizing the subsurface. Ground-
based geophysical methods are not able to uniquely define the anomalies that are recorded,

thus resulting in ambiguities. While seismic data has significantly higher resolution than other
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ground-based geophysical methods, borehole data remains more reliable. For instance, the
general velocity of the rock within the Bushveld complex is around 5700 m/s, with the observed
dominant frequency of seismic surveys in the area having a median of ~120 Hz (mainly
controlled by the source and geological conditions encountered in the area), which yields
resolutions of ~12 m. With electrical resistivity, the resolution and depth of imaging are
influenced by electrode spacing. For example, reducing the electrode spacing results in a small
depth of investigation but increases the resolution (Greggio et al., 2018). Future work might

look to improve the data resolution and repeatability of the geophysical methods.

The study carried out in this research has also highlighted additional areas that can be exploited
further. These involve further investigation of the full wave field and noise in mining areas.
Can we take full advantage of the seismic wave field to characterize the subsurface? How can
we derive meaningful information from the noise signature encountered in operational mines?
This would assist in reducing the costs of applying geophysical methods in mine areas, as
described in the discussion. In addition, using active seismic creates environmental issues,
whereas passive seismic is non-invasive. As a result, passive seismic methods can be used in

many areas without causing environmental problems.
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Abstract

We demonstrate the application of
seismic methods using in-mine infra-
structure such as exploration tunnels to
image platinum deposits and geologic
structures using different acquisition
configurations. In 2020, seismic experi-
ments were conducted underground at
the Maseve platinum mine in the
Bushveld Complex of South Africa.
These seismic experiments were part of
the Advanced Orebody Knowledge
project titled “Developing technologies
that will be used to obtain information
ahead of the mine face.” In these experi-
ments, we recorded active and passive
seismic data using surface nodal arrays
and an in-mine seismic land streamer.
We focus on analyzing only the in-mine
active seismic portion of the survey. The
tunnel seismic survey consisted of seven
2D profiles in exploration tunnels,
located approximately 550 m below ground surface and a few
meters above known platinum deposits. A careful data-processing
approach was adopted to enhance high-quality reflections and
suppress infrastructure-generated noise. Despite challenges pre-
sented by the in-mine noisy environment, we successfully imaged
the platinum deposits with the aid of borehole data and geologic
models. The results open opportunities to adapt surface-based
geophysical instruments to address challenging in-mine environ-
ments for mineral exploration.

Introduction

The Bushveld Complex of South Africa hosts the richest
source of platinum group elements (PGEs) reserves, accounting
for almost 75% of all globally mined platinum (Scheiber-Enslin
and Manzi, 2018). The PGEs are hosted in two major economic
horizons (locally termed “reefs”) — the Merensky Reef and Upper
Group-2 (UG2) chromitite layers. Starting from surface exploita-
tion in the early 1900s, mining operations in the Bushveld Complex
have increased in depth (between 0.5 and 2 km) over the years.
'The increase in depth is associated with complex geologic features
such as faults, dykes, potholes, voids, and iron-rich ultramafic
pegmatites (IRUPs) intrusions that complicate mining activities
(Eales and Cawthorn, 1996; Nkosi et al., 2017; Sehoole et al.,

2020). The complex geologic environments cause stoppages to

Figure 1. (a) Geologic 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 passive seismics. (c) Stratigraphic column of the critical zone showing the chromitite layers and Merensky Reef (MR).

production and mine construction and threaten the safety of
mineworkers. With the goals of better understanding some of
these geologic structures and improving production and safety,
seismic studies were conducted at the Maseve mine, located
approximately 38 km northwest of Rustenburg and approximately
10 km south of the Pilanesberg Alkaline Intrusive Complex in
the Northwest Province, South Africa (Figures 1a—1c).

In South Africa, the reflection seismic method is used mainly
for exploration, mine design, and planning due to its ability to resolve
complex geologic features (Stevenson and Durrheim, 1997; Manzi
et al,, 2012, 2019). The method has played an important role in
imaging the deep-seated gold and platinum deposits and geologic
structures (Manzi et al., 2012, 2019). In the Bushveld Complex,
the use of 2D and 3D reflection seismics started in the 1990s to map
the platinum-bearing horizons and complex geologic structures.
'The 3D reflection seismic surveys were conducted particularly to
map major faults, dykes, and IRUPs. However, the surface seismic
surveys were unable to resolve geologic structures in detail ahead of
mining tunnels (Trickett et al., 2004). Borehole seismic techniques
(e.g., crosswell reflection seismics, seismic tomography, and vertical
seismic profiling) were used to image structures within resolutions
of 1 to 3 m. However, these techniques exhibited low resolutions in
noisy mine environments (Manzi et al., 2012). In-mine seismic
techniques have proven useful in improving the imaging resolution

'University of the Witwatersrand, School of Geosciences, Johannesburg, South Africa. E-mail: 867109@students.wits.ac.za; musa.manzi@wits.ac.za;
1284606@students.wits.ac.za; michael. westgate@wits.ac.za; emmanuel.onyebueke@wits.ac.za; raymond.durrheim@wits.ac.za.
*Royal Bafokeng Platinum, Johannesburg, South Africa. E-mail: phumlanik@bafokengplatinum.co.za.
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of the mineral deposits (Brodic et al., 2021; Donoso et al., 2021).
'The progression of in-mine seismic techniques has grown in Europe,
but the techniques are not yet well adopted for deep mineral explora-
tion. The key limitation to in-mine seismics is the high noise level
produced by mine operations such as blasting, cleaning, and drilling,
among others. To improve in-mine seismic designs, a better under-
standing of the acoustic impedance contrast, geometry, and structural
characteristics of the target and the host rock is necessary. One of
the important aspects is obtaining accurate velocity information,
which needs to be determined both for numerical simulations and
to constrain seismic processing, interpretation, and time-to-depth
conversion (Malehmir et al., 2013; Manzi et al., 2017).

The Advanced Orebody Knowledge program was launched
by several South African research institutions with the aim of
addressing some of the aforementioned issues. The program
involved collection of not only reflection seismic but also multi-
geophysical data sets including ground-penetrating radar and
electrical resistivity tomography data at Maseve mine. Integration
of the geophysical and geologic data has played a key role in
mapping the deep seismic reflectors and obtaining information
on/ahead of the tunnel face. The main objective of this study is
to characterize geologic structures using in-mine seismic experi-
ments in deep (greater than 500 m) platinum mines (Figure 1b).

Geologic background

'The Bushveld Complex is in the northwestern part of South
Africa and is known for its vast PGEs, complex geology, and
remarkable size, covering an area of about 64,000 km? (Eales and
Cawthorn, 1996). The Bushveld Complex has been a subject for
abundant research documented by several authors (Eales and
Cawthorn, 1996; Buchanan and Reimold, 1998; Kinnaird, 2005;
Hunt, 2006). The complex can be divided into the eastern, western,
far western, northern, and southern limbs (visible on gravity and
magnetic data) (Cawthorn and Webb, 2001; Kinnaird, 2005).
The western limb is the focus of our study (Figure 1a). Several

Figure 2. Stratigraphic column derived from horehole 1 of 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). Strong
reflections observed are associated with the two major reefs (Merensky Reef and UG2). The acoustic impedance of the UG2 and
the surrounding rock is expected to be higher than that of the Merensky Reef (see Manzi et al., 2018).
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mines currently are in operation in the Bushveld Complex, extract-
ing PGEs, chromium, and vanadium deposits. The economic
horizons are found in the mafic to ultramafic cumulate rocks of
the complex, termed the Rustenburg Layered Suite (RLS), with
an average thickness of 6 km. The RLS forms part of the successive
magma intrusions that intruded the Transvaal Supergroup and
the Rooiberg Group volcanics at approximately 2.06 Ga (Cawthorn
and Webb, 2001). The intrusions resulted in the RLS being divided
into five mineralogically varying zones (Figure 1c), namely the
marginal, lower, critical, main, and upper zones (Eales and
Cawthorn, 1996; Kinnaird, 2005; Scheiber-Enslin and Manzi,
2018). The RLS is overlaid by felsic rocks belonging to the Lebowa
Granite and the Rashoop Granophyre Suite.

'The focus is on the critical zone that makes up 15%-25% of
the RLS in thickness and is subdivided into the lower critical zone
and the upper critical zone. The zones are characterized by the
layering of norites and anorthosites, together with ultramafic layers
of pyroxenite and chromitite. The Merensky Reef and the UG2
chromitite are the two major economic horizons hosting PGE
deposits (Trickett et al., 2004; Cawthorn, 2015). The thickness of
the Merensky Reef ranges from 0.5 to 2 m, and the UG2 forms
part of the chromitite layers that are divided into an Upper Group
(UG), Middle Group (MG), and Lower Group (LG) with thick-
nesses of 0.5-1 m, 1-5 cm, and 0.8-1.2 m, respectively (Lee, 1996;
Nex et al., 1998; Kinnaird, 2005). The two major horizons are
mined at average depths of 500 m below the surface, with the UG2
occurring 15-400 m below the Merensky Reef (Manzi et al., 2020).

The Bushveld Complex is highly faulted, and the regional
structural interpretation suggests that rocks may be flat-lying
due to the reaction of the northwest—southeast-trending
Rustenburg Fault (Campbell, 2011). The majority of faults are
striking north to northwest and dipping at an average of about
70° to 80°. Existing faults gave way for intrusion of multiple dykes
of different ages and composition crosscuting the Bushveld
Complex stratigraphy. Diabase and dolerite dykes are the most

common in the area. Several dykes in
the complex have resulted in the loss of
ground of the reef. Furthermore, the
Bushveld Complex has slump structures
(e.g., potholes) and IRUPs that result

in blockages to mining operations.

Seismic modeling and data acquisition
Evaluation of reflection response at
Maseve mine area. To investigate the
seismic reflectivity response of the min-
eralizations (MR and UG2) and con-
strain our seismic interpretation, zero-
offset synthetic seismograms were
computed (Figure 2) using the borehole
(BH1) information provided by the
mine. The synthetic seismogram was
computed using the ultrasonic (P-wave
velocities) and bulk density measure-
ments of the host rock and ore samples
collected at Maseve mine. The ultrasonic
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measurements of P-wave velocities were conducted at atmospheric
temperature using 0.5 MHz P-wave transducers. The average
P-wave velocity measurements of the collected samples range
from 5088 to 6118 m/s, and the average density ranges from
2744 to 4392 kg/m?*. The measured velocity and density values
are in agreement with previously published values (see Campbell,
2011; Manzi et al., 2017). Borehole BH1 reached depths of
577.5 m, and it intersected the Merensky Reefand UG2 at 515 m
and 571 m, respectively. The seismogram (Figure 2) was computed
using a Ricker wavelet with a dominant frequency of 130 Hz and
a sampling rate of 0.25 ms. The Merensky Reef and the UG2 are
too thin (approximately 1 m thick) to be directly resolved, while
the acoustic impedance contrast (bulk density x seismic velocity)
of the hanging wall and the footwall is large enough to provide
significant reflection response. The seismic reflection from UG2
is more prominent because its acoustic impedance contrast with
the host rock is higher (Manzi et al., 2017; Scheiber-Enslin and
Manzi, 2018; Manzi et al., 2020).

2D acoustic modeling as a guide for survey design and final
interpretation. Seismic reflections in the study area are guided
by the interfaces between the hanging wall and the footwall of
the mineralization. The Merensky Reef has similar physical
properties to the host rock, while the UG2 is much denser com-
pared to the host rock. To build the geologic model, we used
information obtained from borehole BH1 and geologic reports
from the mine. The thickness of the Merensky Reef in the study
area is 0.63 m, while that of the UG2 is 0.84 m, with a dip of
approximately 7°. The area exhibits faults and dolerite dykes that
crosscut the mineralization; therefore, we included the dyke in
the fault zone of the model. Modeling in the tunnel is conducted
with the assumption that the tunnel floor is the surface.

Figure 3 shows the model built using Tesseral software, with
the information obtained from the mine and the borehole. Two-
dimensional acoustic finite-difference modeling was conducted to
investigate the seismic reflectivity of the mineralization and con-
strain the seismic interpretations. The model had a depth of 140 m
and a spread of 360 m, with a grid cell of 1 m in both the vertical
and horizontal directions. The target on the model was the first

few meters of the lithology, with the target being the Merensky
Reef and the UG2. The synthetic model parameters were kept the
same as the acquisition parameters of our data, with a recording
length of 500 ms and sampling interval of 1 ms. Given that the
tunnel seismic surveys in hard-rock environments exhibit rather
low attenuation, while the surveys conducted with impact seismic
sources have demonstrated rather high dominant frequency (e.g.,
Brodic et al., 2016), a 130 Hz Ricker wavelet was chosen.

Data acquisition. In November 2020, we acquired multiple
seismic lines on the surface and inside mine tunnels at the Maseve
mine. The data acquisition parameters for the tunnel surveys are
summarized in Table 1. A dense array of 2D seismic lines was
collected on the surface using Sercel 1C wireless units connected
to 5 Hz vertical geophones and a broadband seismometer (Figures 4¢
and 4e). In this paper, we only present the results obtained from
three seismic profiles acquired inside the mine tunnels. The in-mine
surveys consisted of seven experimental profiles acquired along
exploration tunnels, covering about 0.6 km over known platinum
deposits and geologic structures. The surface data were acquired
using a 48 kg accelerated weight drop (Figure 4a), while a 5 kg
sledgehammer (shot spacing of 2-5 m) was used as the in-mine
seismic source (Figure 4b) due to underground conditions (loose
fragments of the hanging wall). Signal penetration was fair for
near-surface imaging considering the abundance of mining-induced
noise. To improve the signal-to-noise ratio, four hammer hits were

Figure 3. Geologic/finite-difference model at the Maseve mine. The model shows the two-target
mineralizations and geologic structures. The P-wave velocity and density of structures are noted.

Table 1. Maseve mine seismic data acquisition parameters of the seven profiles along the incline tunnel.

D/ P D P

Number of receivers 24 24 24 15 24 24 24
Profile length 115m 26m 26m 28m 115m 115m 115m
Direction SW-NE On pillar SE-NW On pillar SE-NW
Recording length 500 ms 300 ms 150 ms 150 ms 500 ms
Sample interval 0.25ms
Vertical stacks 4
Source spacing 5m 2m 5m
Source type 5 kg sledgehammer
Receiver spacing om 2m Im 2m 5m
Geophone frequency 4.5Hz 4.5Hz 4.5Hz 4.5Hz 4.5Hz
14 Hz
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made at every shot location and then were stacked vertically. The
accurate in-mine coordinates of source and receiver positions were
extrapolated using the mine pegs due to inviability of reliable GPS
readings underground. The underground experiments had different
objectives, so a different receiver spacing was used for the profiles
(Table 1). Profiles P1, P5, P6, and P7 were collected using the
4.5 Hz vertical component geophone-based land streamer with a
5 mreceiver spacing to cover a large area and image the subsurface
mineralization (Figure 4d). Profiles P2 and P4 were collected
around the pillar using 14 Hz vertical geophones with an objective
to image the structures around the pillar. Profile P3 had a receiver
spacing of 1 m, with a combination of two different types of vertical
geophones (4.5 and 14 Hz). The 14 Hz geophones were planted
in drill holes, while the 4.5 Hz geophones were attached to the
land streamer. The aim of P3 was to image mineralizations and
geologic structures (faults and dykes) below the tunnel floor. During
data acquisition, special attention was given to both data quality
control and land streamer deployment to ensure good coupling
with the ground. The profiles were designed based on the limited
geologic information provided before data acquisition, ensuring
that the main geologic structures were perpendicular to the profiles
such that the target mineralization (Merensky Reef and UG2)
could be imaged. Although seven profiles were collected under-
ground, this paper presents the data obtained from P5, P6, and
P7 due to the location and extension, which is essential to image
the geologic structures and the dipping UG2. P5, P6, and P7 were
collected collinear to each other, trending northeast-southwest
and covering 350 m. Data were collected at a 0.25 ms sampling
interval with a recording length of 0.5 s.

Figure 4. Seismic sources and the different receivers that were used during the Maseve mine acquisition (November 2020).

(a) A48 kg accelerated weight drop mounted on a vehicle along remote acquisition units. (b) Data acquisition in the mine
tunnels using a sledgehammer as a source and 4.5 Hz receiver landstreamer. (c) Sercel Unite wireless 1C receivers used for
passive seismic studies. (d) Underground mounting of the 4.5 Hz receiver landstreamer on the sidewall supported by roof bolts.

(e) Photo of a broadband seismometer buried in the ground to record mine induced events.
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Data processing

Seismic profiles P5, P6, and P7 covered the bottom part
(block 11) of the incline tunnel at Maseve mine. This is a few meters
above the dipping Merensky Reef and the UG2. The processing
steps are summarized in Table 2. The data were of good quality
with few noisy traces due to low coupling of the land streamer in
the muddy ground of the tunnel. The P-wave first breaks were
clearly distinguishable along entire profiles lengths, while P-wave
reflections in some of the shot gathers were masked by noise. The
first step was to add the coordinates to headers, as the data were
collected without coordinates. The mine pegs did not cover every
shot or receiver position. We placed receivers 5 m apart using the
land streamer cable between the known points, and we interpolated
the coordinates using a linear and spline function to estimate the
coordinates of each receiver and shot. The geometry of the shots
and receivers, including a straight common-depth point (CDP)
line with bin spacing of 2.5 m, was created and added to the seismic
profiles. The next step was to edit the bad traces and apply residual,
refraction (using only the short wavelength component), elevation
static corrections. The topography varied over a large distance, and
it was corrected using elevation statics. The first breaks were of fair
quality; therefore, we combined automatic and manual picking.
A total of 1778 picks were used to generate a two-layered P-wave
velocity model, which was used for refraction static correction. The
refraction tomograms were produced to aid with the interpretation
of the data down to about 30 m depth. A bandpass filter (50-170 Hz)
was applied to constrain the data within the source energy frequency
and remove significant portion of mine-generated noise. The
amplitudes of the P-wave first-break picks are relatively high,
therefore affecting any near-surface
reflections. A top mute was applied on
the first breaks to ensure that they do
not affect the events in the final stack
section. Figures 5a=5¢ show the synthetic
shot gather, raw shot gather, and a pro-
cessed shot gather (trace editing, refrac-
tion statics, bandpass, and top mute),
respectively. The ground roll remained
dominant in the data, despite the
prestack processing. To attenuate these,
we applied /~% mute to target velocities
below 4100 m/s. Velocity analysis was
conducted using a series of constant
velocity stacks generated to select the
velocity field that shows the greatest
coherency of reflections. The dipping
reflections were stacked coherently with
normal moveout (NMO) velocities of
5500 m/s. The data exhibited steep and
gently dipping reflections; therefore, we
applied dip moveout (DMO) to stack
the reflections simultaneously and
enhance any dipping events. The consis-
tent low-frequency events were removed
by the second pass of frequency filtering
(bandpass: 80-160 Hz). The stack data
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were migrated using a 2D Kirchhoft
algorithm to collapse diffractions and
place reflections to their correct geologic
positions. Finally, the poststack time-
migrated data were depth converted
using a constant velocity of 5500 m/s.

Results and discussion

The shot gathers (Figure 5) show
steeply dipping (R1) and gently dipping
reflectors (R2). The two reflections are
identified confidently on the processed
shot gather (Figure 5¢). The synthetic
shot gathers (Figure 5a) and raw shot
gather (Figure 5b) have high amplitude
of the first arrivals, masking near-
surface reflections. Application of fil-
ters, DMO, and first-break muting
resulted in the enhancement of the
near-surface reflections at about 25 ms.
Additional steeply dipping reflections
are observed. These may be associated
with the deeper chromitite mineraliza-
tions that are not intersected by the
boreholes in the study area. The shot
gathers demonstrate that in-mine seis-
mic studies have the potential to image
near-tunnel geologic features, despite
noisy mine environments.

The reflections are interpreted
based on geologic observation and data.
The results of the 2D reflection model-
ing and seismic tomograms (Figure 6)
are also used to constrain the interpre-
tation. The seismic tomogram shows
the top layer to have P-wave velocities
ranging between 2300 and 3400 m/s
and an average thickness of 3 m. The
hard rock is observed at depths of about
10 m, with P-wave velocities ranging
between 4500 and 6700 m/s. The veloc-
ity of the top layer corresponds to the
loose rocks and mud regions in the
mine, while the hard-rock velocities
match the velocities of the footwall
rocks (norites and anorthosites).
Merging the three segments has
resulted in areas of low ray coverage
(see Figure 6).

Figure 7 shows the unmigrated
stack section and the processed shot
gather section. The reflections appear
to be crosscut along the line due to the
data being collected as three separate
profiles. Therefore, merging them into

one profile resulted in a low CDP fold
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Table 2. Processing steps applied to reflection seismic data set from Maseve mine.

Process Parameters

1 Data input + reformat From SEGD to SEGY v
2 Geometry assignment + CDP bin Sources and receivers assigned toeach | v/
trace + CDPsize 2.5m
3 Trace editing Kill noisy traces 4
4 First-break picking Automatic, manual picking 4
5 Floating datum static correction Fixed datum elevation: ~602 m v
Replacement velocity: 5500 m/s
6 Refraction short wavelength static Two layers model based on first-break v
correction picking. Root-mean-square error
1.45-2ms
7 Trace muting Top mute using first breaks 4
8 Bandpass filtering 50-60-160-170 Hz v
9 Automatic gain control Window: 50 ms 4
10 Balance 500 ms v
11 Fkfiltering Surgical muting, dip=1.2 m/s pertrace | v/
12 Velocity analysis Constant velocity stack v
13 NMO corrections 5500-6500 m/s, stretch mute: 70% v
14 Residual statics Repeat NMO corrections twice v
15 DMO Kirchhoff common offset v
16 Stack Normal v
17 Bandpass filtering 80-90-150-160 Hz v
18 Post time migration 20D Kirchhoff
19 Time to depth conversion 1D Constant velocity: 5500 m/s v

Figure 5. Shot gather examples from P5 shot-5, with their frequency spectra. Shot gathers highlight clear reflections marked by
black arrows. (a) Synthetic shot gather modeled from the geologic model, showing one clear reflection (R2) correlating to the
UG2. (b) Raw shot gathers, with reflections overshadowed by high frequencies. The frequency spectrum has frequency ranges
of 0-1800 Hz as a result of the sampling rate of 0.25 ms. Spurious ringing can be observed on the raw shot gather. (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.
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Figure 6. Near-surface P-wave refraction tomogram showing the upper 30 m of P5-P7. The average top velocities match those of
the rock in the area. The tomogram has low confidence at areas where P5, P6, and P7 were merged and at the edges of the seismic

profiles due to low fold of coverage.

Figure 7. (a) Unmigrated time stack section and (b) a processed shot gather along P5. The reflections identified on the

processed shot gather are observed on the unmigrated stack section.

Figure 8. Unmigrated depth stack section of P5-P7 showing horizontal to dipping
reflectors. Prominent reflections are observed at the edges of the survey and the
coherency decrease at areas of low fold.

(see Figure 8). Two reflections are identified: R1 is associated
with possible deeper mineralization below the UG2, while R2 is
associated with the UG2. The R1 reflection may be associated
with some mineralizations from either Upper Group 1 (UG1) or
Middle Group 4 (MG4) (see Figure 1). The reflection (R2) that
was hidden by the first arrivals is preserved by stacking, making
it more prominent. The steeply dipping reflection (R1) is disturbed
by the low fold areas; therefore, the continuous reflection observed
on the processed shot gather appears to be interrupted.

The depth of the stack section (Figure 8) honors lateral
variations of velocity, and the reflections are more continuous
compared to the stack section in time domain. Multiple reflec-
tions can be observed in Figure 8. The shallow reflection (R2)
occurring at about 70 m corresponds to the depth of UG2 on
borehole BH1 (Figure 9). The stack section resolves reflections
below 30 m; therefore, the Merensky Reef cannot be identified
easily as it falls within this region. The first 30 m is resolved by
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the seismic tomograms, showing high
velocity rock starting at a depth of
6-10 m (see Figure 10).

'The seismic data depict clear reflec-
tions that can be attributed to the
Merensky Reef and the UG2. The two
reefs are closer at the edges, as the UG2
creates a syncline structure. The two
mineralizations cannot be directly
resolved as the vertical resolution is
limited to an average of 25 m. 'The
delineation of the mineralization
depends on the rock packages surround-
ing it. The reflection (R2) is due to the
interbedding of the hanging wall and
the footwall. The interbedding is
consistent throughout the line. The
Merensky Reef is associated with reflec-
tions that arise from the contact between
the pegmatoidal anorthosites and the
norites, while the UG2 is imaged due
to the contact between the orthopyrox-
enite rocks (2700 kg/m?) and the chro-
mitite (4800 kg/m?). The UG2 contact
has a higher acoustic impedance contrast
compared to the Merensky Reef (see
Figure 2). The Merensky Reef package has an average thickness
of 7 m, while the UG2 package has an average thickness of 12 m.
'The migrated section shows that the interbedded reflections of
the UG2 have a thickness between 15 and 20 m, which is higher
than the thickness intersected by borehole BH1. The differences
in thickness between the seismic data and the borehole might be
due to the borehole not being directly on the seismic line and the
low fold areas. However, the borehole intersected the UG2 at a
depth of 72 m from the tunnel floors, which corresponds to the
depth of the UG2 package (R2). The unmigrated stack section
(Figure 7) shows other reflections that can be attributed to possible
deeper mineralization packages below the UG2.

'The geologic model shows the presence of dykes and faults in
the study area. There is no clear indication of the presence of dykes
in our final seismic section. This may be because the dykes have
an average thickness of 3 m, which is below the seismic resolution
limit of the data (approximately 12 m). However, the data show
clear detection of displacements along the reflections that could
be attributed to faulting in the area. The interpretation of faults
is in agreement with the geologic model from the study area. The
displacements of the reflections can be linked to the faults.
However, the displacement observed on the data is likely due to
the low fold areas; therefore, the interpretation is inconclusive.

Conclusion

Twelve reflection seismic profiles have been acquired success-
fully at Maseve mine. Seven profiles were acquired along the mine
tunnels to image the host rock, geologic structures, and the
platinum orebody. Three seismic lines have been processed suc-

cesstully for the purpose of this study. The profiles show
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Figure 9. (a) Migrated stack section of P5-P7 with borehole BH1 overlaid (b) showing
how reflection R2 correlates with the UG2 package. The arrows mark the identified
reflections detailed in the text. Red outline shows the focus area where the seismic
tomograms are overlaid.

high-quality reflections and noisy reflections due to the guided
tunnel waves. In this paper, we have focused on introducing in-
mine seismic experiments to South African mines. Careful
processing, setup, and parameters of the seismic profiles allowed
us to observe clear reflections on the data. Despite the challenges
faced due to the interference from mining infrastructure, the
combination of 2D modeling, borehole log, and geologic informa-
tion assisted in the interpretation of the seismic data. One reflection
is interpreted to originate from the UG2 package (contact between
the hanging wall and footwall) where the chromitite layers are
hosted. The seismic data clearly depict mineralization and illustrate
the potential for in-mine seismics to resolve the targets. The
presented data only used a minor part of the full data, neglecting
surface, passive, and other underground seismic profiles.
Exploitation of the data and integration with borehole information
will enable us to characterize the Merensky Reef, UG2, and
geologic features in detail. This study shows how high-resolution
in-mine reflection seismic data can be used for development and
mine planning. It opens the possibilities of using reflection seismics
for exploration in difficult in-mine environments. HII:
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Figure 10. Seismic sections of P5, P6, and P7 showing a depth of 150 m, overlaid by velocity
tomograms to correlate the reflections. The tomograms reach a maximum depth of 30 m,
which is above the first prominent reflection (approximately 70 m).
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ABSTRACT

To better image complex geological structures and explore for the gold-bearing quartz
pebble conglomerate (locally termed Kimberley Reef) near Burnstone mine in the
South Rand goldfield (South Africa), we reprocessed legacy 2D reflection seismic data
using up-to-date seismic processing algorithms. The mining region is dominated by
steeply dipping normal and reverse faults, as well as dolerite intrusions that crosscut
the tabular gold mineralization and complicate the extraction of the ore. The legacy
seismic data were acquired in 1993 in the South Rand goldfield as part of the gold
exploration programme by the Gold Division of Anglo-American Corporation. The
pre-stack data quality was improved by cautiously removing noise and applying static
corrections to enhance the continuity of the reflection events. Improved structural
imaging was then achieved using pre-stack time migration and pre-stack depth
migration through careful velocity analysis. In particular, pre-stack depth migration
provided better imaging of near-surface stratigraphic units and deep-seated complex
structures, relative to older post-stack migrated images produced in 1993. Other
reprocessing improvements included accurate imaging of key seismic reflective
interfaces that can be used as proxies to 2D map the gold deposit, its dip variations,
and geological structures (faults/dykes) crosscutting it. Synthetic shot gathers data
computed using a 2D finite-difference algorithm provided some insight into the
source of seismic reflectivity observed on the reprocessed seismic data. The new
structural information from reprocessing is essential for enhancing ore resource

evaluation and guiding future exploration projects in the region.

Key words: Exploration, Imaging, Processing, Seismics.

INTRODUCTION 1995; Manzi et al., 2013; Frimmel, 2019). The gently dipping

. . . tabular gold orebodies mainly occur in pebble-conglomerate
The Mesoarchaean Witwatersrand Basin in South Africa hosts & ¥ o p & )
, . beds (known as reefs). The majority of these deposits are
some of the world’s largest gold deposits and has produced .
. . concealed beneath cover rocks and mining takes place more
more than one-third of the gold ever mined (Coward et al., . . .
than a kilometre below the surface (Durrheim, 1986; Manzi

et al., 2012a,b). During the 1930s, exploration drilling and

Email: musa.manzi@wits.ac.za potential field methods (mainly magnetics and gravity) were
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successfully used to map the extent of the Witwatersrand
Basin. However, these methods were unable to adequately and
accurately delineate the deeply buried gold-bearing strata. In
the 1980s, the reflection seismic method was introduced in the
Witwatersrand Basin for brownfields and greenfields explo-
ration (Durrheim, 1986). By the late 1990s, the Gold Division
of Anglo-American Corporation had already acquired more
than 26,000 km line of the 2D reflection seismic data in the
Witwatersrand Basin. The 2D seismic surveys provided infor-
mation about the down-dip extensions of the orebody below
thick cover rocks and delineated complex structural styles,
such as folds and faults that might have controlled gold min-
eralization and brought the reefs to mineable depths. These
surveys represented the first reflection seismic surveys to be
acquired for mineral exploration in hard rock environment
worldwide. Following these successes, 2D and 3D reflection
seismic surveys have been conducted for gold exploration and
mine planning in the Witwatersrand Basin and contributed to
the discovery of new Witwatersrand goldfields (Pretorius et
al., 2003; Manzi et al., 2018).

Generally, the gold-bearing conglomerate units of the
Witwatersrand Basin are interbedded with other metasedi-
mentary rocks, such as shales and quartzites, of which some
have similar seismic velocities and densities, making direct
imaging of these deposits with reflection seismics difficult.
However, previous studies (e.g., Durrheim, 1986; Manzi et al.,
2012a,b) have shown that these gold deposits can be targeted
using seismic methods because they are overlain by basaltic
rocks and underlain by shale units, thus providing strongly
reflective interfaces that can be used as proxies to map these
reefs.

Decades after the original processing of the legacy seismic
in Witwatersrand Basin, computational power has increased
and understanding of the hard rock seismic imaging has im-
proved; new advanced approaches of seismic signal process-
ing and depth imaging have been introduced. Moreover, a bet-
ter understanding of the velocity fields from hard rock envi-
ronment has shown significant improvement in depth imag-
ing of complex geological structures. Several authors (e.g.,
Malehmir et al., 2019; Manzi et al., 2019; Westgate et al.,
2020) have demonstrated, through various case studies from
hard rock environments, how legacy reflection seismic data
can be revisited and reprocessed to improve the quality of the
data and delineate the complex geological structures that host
mineral deposits. The objective of this study is to reprocess
the 18 km long, 6 s two-way time (TWT), legacy 2D reflec-
tion seismic profile acquired in 1993 near Burnstone mine in
the South Rand goldfield of the Witwatersrand Basin (South

Africa). The main aim of the study is to improve the qual-
ity of the final seismic images through careful reprocessing
of the data for further understanding of the complex geom-
etry of the gold-bearing quartz pebble conglomerate (locally
termed Kimberley Reef) near Burnstone mine, as well as pro-
viding more details of complex structures and their relation-
ship with the orebody. To the author’s knowledge, there are
no publications regarding the 1993 legacy 2D seismic pro-
file near Burnstone mine. The mine is still in the develop-
mental stages, and our new reprocessing results could con-
tribute to the development of the mine and the evaluation of its
resources.

Velocity information obtained from the latest 2D and 3D
seismic surveys in the basin and geological information ob-
tained from the drilling and geological mapping can help to
produce synthetic models that can be used to constrain our
seismic processing and interpretation.

Herein, we show the improvements of the seismic images
through reprocessing of the 1993 data by applying up-to-date
seismic processing approaches. We also propose some geolog-
ical interpretations using the new results. Then, we discuss
the new processing and imaging results by comparing them
with the 1993 legacy seismic data. We also tested and com-
pared pre-stack time migration and pre-stack depth migration
approaches, and the results were compared against the post-
stack time migration results achieved in 1993. Finally, we dis-
cuss the improvement of structural imaging using updated ve-

locity information.

BURNSTONE MINE AND SOUTH RAND
GOLDFIELD

General information

The Burnstone mine is a relatively new gold mine in the
South Rand goldfield, the north-eastern edge of the Mesoar-
chaean Witwatersrand Basin in the Kaapvaal Craton. Figure 1
shows a simplified geological map of the Witwatersrand Basin
(Fig. 1a) as well as the location of the Burnstone mine and sur-
rounding areas in the South Rand goldfield (Fig. 1b). The mine
commenced exploration under Great Basin Gold in 2011 un-
til placed under care about a year later, and in 2014 it was
bought by Sibanye Stillwater. Pretorius (1964) outlined a de-
tailed history of mining operations in the South Rand gold-
field. In summary, exploration in the South Rand goldfield
commenced in 1886, yielding 4.8 g of gold per ton, a mini-
mum amount of gold in comparison with the other goldfields
(Pretorius, 1964; Spencer, 1992). Small-scale mines were be-
ing explored in the area for ~70 years until they came to
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Figure 1 Simplified geological map of the Witwatersrand Basin (a) as well as the location map of the Burnstone mine (red star) and the sur-
rounding areas in the South Rand goldfield (b). The geological structures are overlain on the geological map of the South Rand goldfield (b)

(modified from Dankert and Hein, 2010).

a halt in 1962. Amongst these mines, the old Roodepoort-
Kildare mine (Fig. 1b) was one of the largest producers of
gold in the area. Burnstone mine is currently the only mine
being explored for gold in the South Rand goldfield, yielding
approximately 6-23 g of gold per ton (Frimmel and Nwaila,
2020). Sibanye Stillwater is assessing the feasibility of deepen-
ing the Burnstone mine to access gold reserves up to a depth
of 1.3 km below surface. The new project, covering Burn-
stone mine and surrounding areas, aims to access the Kimber-
ley reefs (known as UK9A) located approximately 200 m be-
low the basaltic rocks of the Ventersdorp Supergroup and ap-
proximately 100 m above the Chloritoid Shale Marker (MK1)
of the Kimberley Formation (Figs 2 and 3). Sibanye Still-
water is concerned about structural complexity of the lease
area around the mine. Therefore, we envision that the repro-
cessing of the legacy seismic data could provide improved
structural information and minimize geological risks during
drilling.

Geological and structural setting

There is a vast amount of literature on the geology and stratig-
raphy of the Witwatersrand goldfields, including Dankert and
Hein (2010), Tucker et al. (2016) and Manzi et al. (2013).
However, due to the thinness of the basin edge, the South Rand
goldfield has not attracted a lot of studies as it is believed to
comprise only one economically viable gold-bearing horizon
(UK9A) (Spencer, 1992; Van der Heever et al., 2009; Frimmel,
2019). The simplified stratigraphy of the South Rand gold-
field is presented in Figure 2. In summary, the Witwatersrand
Supergroup is subdivided into the West Rand Group (lower)
and Central Rand Group (upper) (Dankert and Hein, 2010).
The West Rand Group comprises the lower Hospital Hill Sub-
group, middle Government Subgroup and upper Jeppestown
Subgroup. The Central Rand Group, hosting 93% of the gold
deposits being currently mined in the Witwatersrand Basin,

is divided into the lower Johannesburg Subgroup and upper
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Figure 2 The simplified stratigraphy of the South Rand goldfields (modified from Van der Heever et al., 2009).

Turffontein Subgroup. The upper Central Rand Group is over-
lain by the basaltic lavas (Klipriviersberg Group) of the Ven-
tersdorp Supergroup (Tucker et al., 2016).

The target orebody (UK9A) is a narrow gold-bearing
conglomerate band (up to 2-m thick) and hosted within the
quartzites and conglomerates of the Kimberley Formation of
the Turffontein Subgroup. It is the only economically viable
orebody in the South Rand goldfield; it is considered a com-
posite reef and it is part of a group of multi-conglomerate
bands that were previously regarded as secondary reefs due
to their low grade (Tucker et al., 2016; Frimmel and Nwaila,
2020). The Kimberley Formation unconformably overlies the
Booysens shales and is overlain by the Elsburg Formation,
which is in turn overlain by the Mondeor Formation in the up-
per portion of the Turffontein Subgroup (Tucker et al., 2016).
The Economic Horizon of the Kimberley Formation is divided
into four members, the basal MK3, overlain by the pudding
stone (MK2), which is in turn overlain by the Chloritoid Shale
Marker (MK1) (Spencer, 1992).

Structurally, the South Rand goldfield is characterized by
major east—west trending fault systems that bound the area of
interest in the north and south. The most dominant structures
include Sugarbush, Meyerskop, Balfour and Bergsig faults, as
well as their associated drag folds (e.g., Greylingstad mono-
cline and Rietbult-Rustfontein antiform), which are attributed
to extensional tectonics (Frimmel and Nwaila, 2020) (Fig. 1b).

The Sugarbush fault is downthrown to the south by a maxi-
mum displacement of up to 3 km and is the reason for the
preservation of the South Rand goldfield (Pretorius, 1964;
Spencer, 1992; Van der Heever et al., 2009). The regional
faults and folds in the area deform the Witwatersrand Super-
group and the overlying Ventersdorp Supergroup (Pretorius,
1964; Spencer, 1992; Van der Heever et al., 2009). The east—
west trending Bergsig Fault (Fig. 1b) is particularly interesting
since is crosscut by the 1993 seismic profile. The delineation
of this structure through reprocessing of the legacy seismic is
important for future mine planning and safety in this region.

LEGACY 2D SEISMIC DATA AND 2D
SEISMIC MODELLING

Seismic data acquisition

We received the 18-km-long legacy 2D seismic profile as raw
shot gathers, stacked and post-stack migrated data with the
acquisition parameters in the observer’s report as a hard copy.
The raw shot gathers were in SEG-Y format with the geom-
etry information saved in the header files. The profile is lo-
cated within the vicinity of the Burnstone project area, ap-
proximately 20 km south of the Burnstone mine (see, Fig. 1).
Table 1 provides the summary of the acquisition parameters
of the profile.
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Figure 3 The geological model along the 2D legacy seismic profile as presented by Antrobus (1986) (a) and the model used for 2D acoustic

finite-difference calculation (b).

Table 1 Acquisition parameters

Survey Parameters

Survey type
Year

Length
Direction
Spread
Nominal fold

2D crooked line
1993

18 km

NE-SW
2975-25-X-25-2975
56

Recording System

Recording device

Sercel SN368

Stacking device CS2502

Sample Rate 2 ms

Recording length 6s

Sweep length 16s

Sweep frequency range 10-61 Hz

Source Information

Source device Vibroseis

Vibrator controller PII

Source spacing 50 m
Receiver Information

Receiver spacing S0m

Geophone type SM4U

In summary, the 2D seismic legacy profile was acquired
in 1993 using a vibroseis truck as the energy source. The sur-
vey was designed with a sweep length of 16 s and a linear
sweep frequency of 10-61 Hz, sampling at a rate of 2 ms.
The receiver traces for each shot record were cross-correlated
with the sweep signal during the acquisition process. The data
were initially stored in SEG-D format and later converted to
the SEG-Y format. The line has an orientation that exhibits a
NE-SW trend over the Klipriviersberg metabasalt outcrop.
It runs from the centre of the goldfields near the old
Roodepoort-Kildare mine to the southern edge of the South
Rand goldfield near the old Hexrivier mine (see, Fig. 1b). The
profile was collected along the dirt road using a crooked seis-
mic line geometry due to the variation of the terrain along the
length of the line (Fig. 1b).

The seismic line has a total of 358 shots spaced at 50
m, using a fixed receiver geometry with 120 receivers active
for each shot bringing the nominal fold to 56. The survey ge-
ometry was a split spread with 60 receivers on either side of
the shot spaced at 50 m. The data were recorded using the
recorder SN368, correlator-stacker CS 2502 and the vibrator
controller P Il equipment. The equipment allowed for the seis-
mic data quality control to be conducted in the field during

acquisition.
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Figure 4 Comparison between s ynthetic shot gather (a), raw shot gather (b) and reprocessed shot gather (c) with the corresponding amplitude

spectrum graphs. The shaded area demonstrates the attenuated surface waves, and the arrows show preserved and amplified reflections. R1
highlights the reflections from the contact between the Klipriviersberg metabasalt and the Central Rand quartzites. R2 highlights the reflections
from the contact between Booysens shales and the overlying Central Rand quartzites. R3 highlights the deeper West Rand Group reflections.

2D seismic modelling and source of seismic reflectivity

Pretorius (1964), Antrobus (1986) and Spencer (1992) pro-
vided a detailed geological model of the South Rand gold-
field. The seismic data cover the area south of the town
of Greylingstad parallel to the geological model created by
Antrobus (1986) from exploration drilling results. Figure 3(a)
shows the geological model along the 1993 2D legacy seis-
mic profile. To investigate the potential source of reflectivity
in our legacy seismic data, 2D acoustic finite-difference mod-
elling was performed using the geological information from
Pretorius (1964) and Antrobus (1986) and physical proper-
ties (density and seismic velocities) obtained from Manzi et al.
(2013) (Fig. 3b). There is a wide range of successful applica-
tions of this approach in hard rock environment (e.g., Ahmadi
et al., 2016 and references therein).

The method was only used to model the reflections that
span the economic orebody (UK9A). Therefore, the model
comprises the first major lithological boundaries and major
faults in the area. It has a length of 24 km and a maxi-
mum depth of 2500 km (Fig. 3b). To generate the synthetic
shot gathers, a Ricker wavelet with a dominant frequency
of 60 Hz was used. A seismic velocity of 3100 m/s was as-
signed to the thin Karoo cover, 6300 m/s assigned to the

Klipriviersberg metabasalt, 5400 m/s assigned to Central
Rand Group quartzites and 6200 m/s assigned to the Kim-
berley shales. The Karoo cover, basaltic lavas, quartzites
and shales were also assigned densities of 2400, 2900,
2670 and 2700 kg/m?, respectively. The acquisition geom-
etry for the synthetic data was set to be similar to that
of the legacy seismic data for better comparisons. The
synthetic model had a 24 km profile length and maxi-
mum depth of 2.5 km, with a grid cell size of 4.2 m
(vertical and horizontal directions) and a time increment of
0.29 ms. Figure 4(a) shows the generated synthetic shot gather
versus real shot gathers (Fig. 4b, ). The synthetic and real shot
gathers show strong seismic reflections that originate from
major lithological contacts (R1-R3), with a shift of approxi-
mately 200 ms due to non-collocation nature of real and syn-
thetic data.

2D seismic processing

The processing workflow of the 2D seismic profile is outlined
in Figure 5. The raw data had an outdated and incompatible
format with the processing software, which necessitated

several pre-processing steps. Firstly, some header names
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Figure 5 The processing workflow of the 2D seismic profile.

were stored in nonconventional byte locations and were
subsequently extracted to their correct locations. Secondly,
the geometry stored in the headers was edited since the shot
and receiver elevations were offset. As per the Shuttle Radar
Topography Mission data, the source elevation honoured the
true topography of the line; therefore, the receiver elevation
was interpolated from the shot elevation. To finalize the
geometry, the traces were stored in common midpoint (CMP)
bins spaced 25 m apart using a spline curve fitting.
Pre-stack, the raw shot gathers were contaminated by a
50-Hz spiking noise, most likely from the AC power lines in
the area, which was cut-off by a notch filter. The raw short
gathers had clear first breaks as shown in Figure 4(b). The at-
tenuated amplitudes in the data were recovered using an auto-
matic gain control (AGC) window of 250 ms. The target strata
were mostly dominated by the surface waves (shaded with
the blue colure) because of their shallow location in the shot
gathers (Fig. 4b). The surface waves were attenuated using an
f—k filter designed to mute lineaments with an S-wave veloc-
ity of 3200 m/s or less and a bandpass filter of [0-10, 60-70]
Hz. Figure 4(c) processed shot gather shows the successfully

Seismic delineation of the gold-bearing structures 7

attenuated surface waves. In the final step of the pre-stack
processing sequence, a spiking deconvolution with 4 ms gap
length and 180 ms filter length was used to broaden the spec-
trum. Following deconvolution, a series of constant velocities
were used to create the velocity model during velocity analysis.

The aim of reappraising the legacy seismic data was to il-
luminate the reflective strata that span the UK9A reef between
200 ms and 1000 ms two-way time (TWT). The pre-stack pro-
cessing steps show improvement of the raw shot gathers as
illustrated in Figure 4(c). For example, the ground roll noise
(shaded blue on the raw shot in Fig. 4b) was successfully elim-
inated while preserving the target reflections (indicated by the
white arrows on the processed shot in Fig. 4c). The first break
muting improved the AGC amplitude recovery and illumi-
nated the target shallow reflections on the reprocessed shot
gather. Before stacking the refraction top mute was removed
to preserve the very near-surface reflections. Appropriate stat-
ics were calculated and applied to the data by, firstly, manual
picking a total of 32,846 P-wave first breaks and calculating
the floating datum using the maximum elevation of 1700 m
as the fixed datum with the replacement velocity of 6000 m/s
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Figure 6 Refraction tomography of the 2D legacy seismic profile. The top rectangles show the geological outcrop along the profile as seen on

the geological map.

(Fig. 6). The statics were calculated using least-squares inver-
sion for first arrivals with the RMS error less than 6.5 ms. The
weathered layer and the bedrock were modelled with veloci-
ties of 3000 ms and above 5500 ms (+ 50 ms), respectively.
Refraction tomography was calculated to constrain the inter-
pretation of the line at a maximum depth of 1300 m (Fig. 6).

A significant amount of effort was invested in creating a
velocity model that honours the complex geology of the area.
In addition to this, a series of passes of residual statics were
conducted to improve the coherency of reflections. A series
of interactive velocity analysis were conducted for pre-stack
migration computation. Both Kirchoff pre-stack time migra-
tion (PreSTM) and pre-stack depth migration (PreSDM) were
applied on the data. A series of passes of the velocity anal-
ysis were done on the PreSTM and PreSDM outputs to im-
prove the quality of the stacked data, with Residual Moveout
(RMO) analysis applied following the Kirchhoff migrations.
The data were then stacked and processed (post-stack) to sup-
press the surface waves and enhance the continuity of the re-
flections. Finally, the PreSTM data were converted to depth
using the stacking velocities.

Generally, the 2021 PreSTM and 2021 PreSDM data
provide much better imaging of the structures when com-
pared to the 1993 legacy PostSTM data (Figs 7 and 8).
Furthermore, the PreSDM data exhibit high signal-to-noise
ratio than PreSTM (Fig. 7). For example, the results from the
PreSTM missed the very near-surface reflection (U1) as shown
in Figure 8(a), which is well defined by PreSDM (Fig. 8b).

The PreSDM was applied with velocity ranges of 4000-6900
m/s, choosing the velocity model with the most coherent
reflections. The velocities used were derived from the physical
properties studies conducted in the Witwatersrand Basin
(Manzi et al., 2015). The effectiveness of PreSDM in complex
hard rock environment is well documented by various authors
(e.g., Bradford et al., 2006; Buske et al., 2009; Hu and Stoffa,
2009; Manzi et al., 2012b; Storch et al., 2021).

RESULTS AND INTERPRETATION

According to the surface geological map (Fig. 1) the 1993 2D
seismic profile was collected over an outcrop of the Klipriv-
iersberg metabasalts. The low fold Common Depth Points
(edges of the profile) were sitting on the thin Karoo cover, with
the Karoo dolerite intrusion covering the south-western edge
and the Ecca group sediments covering the north-eastern edge.
The strata dipping to the north is supported by the presence
of the overlying Karoo (Ecca group sediments) on the north-
ern edge of the 1993 2D seismic profile. This supports the
documented dip direction of the strata on the 1986 geological
model (see, Fig. 3).

Analysis and comparison between the synthetic shot
gather from 2D acoustic finite-difference modelling and the
reprocessed 1993 2D seismic profile sample shot gather are
shown in Figure 4. The main lithological contacts are mapped
as strong reflections due to a significant acoustic impedance
contrast between the overlying and underlying rocks
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Figure 7 Comparison between PreSTM (a) and PreSDM (b), with the main lithological contacts: Karoo sediments-Ventersdorp basaltic lavas
(U1), dolerite sill (U2), Ventersdorp basaltic lavas-Central Rand Group quartzites (R1) and Central Rand Group quartzites-top of MK1 (R2),

and the geological outcrop along the profile.

(Figs 7-8): Karoo sediments-Ventersdorp metabasalt (U1),
dolerite sill (U2), Ventersdorp metabasalt-Central Rand
Group quartzites (R1) and Central Rand Group quartzites-
top of MK1 (R2). These results concur with the synthetic
modelling results, with a shift of approximately 200 ms due
to non-collocation nature of the synthetic model and real
data (see Fig. 4a).

Figure 8 shows the comparison between the 1993 legacy
post-stack time migrated (PostSTM) section and the 2021 re-
processed PreSTM up to 2 s two-way time, with the out-
crop data along the profile. The U1, U2 and R1 reflec-
tions are clearly defined by both 2021 PreSTM (Fig. 7b) and

pre-stack depth migration (PreSDM; Fig. 8b) reprocessing re-
sults when compared to 1993 legacy data (Fig. 7a). In fact,
these reflections are completely missed by the 1993 legacy
data (see Fig. 8a). The final interpreted PreSDM seismic sec-
tion is shown in Figure 9(b) with the velocity model overlain
(Fig. 9a).

DISCUSSION

The two unconformities (U1 and R1) are clearly mapped
due to the high acoustic impedance contrast between the
overlying Karoo strata with low velocities (~4000 m/s) and
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Figure 8 Comparison between 1993 legacy PostSTM data (a) and the 2021 reprocessed PreSTM data (b), with the main lithological contacts:
Karoo sediments-Ventersdorp basaltic lavas (U1), dolerite sill (U2), Ventersdorp basaltic lavas — Central Rand Group quartzites (R1) and Central
Rand Group quartzites — top of MK1 (R2), and the geological outcrop along the profile.

densities (~2.10 g/cm3) and the underlying Ventersdorp
basaltic lavas with high velocities (~6400 m/s) and densities
(~2.90 g/cm?®) (Westgate et al., 2020). The contact between
the Ventersdorp basaltic lavas and the underlying Central
Rand Group quartzite with relatively lower velocities (~5400
m/s) and densities (~2.67 g/cm?) also exhibit a significant
acoustic impedance contrast (Manzi et al.,, 2015). MK1
(R2 reflector) is imaged as a strong reflector due to its rel-
atively high densities (~3.01 g/cm?®) and velocities (~5800
m/s) as compared to quartzites (Manzi et al., 2015). The
thin gold orebody (UK9A) overlying the MK1 is seismically

transparent because it is embedded between quartzite and
conglomerates with similar physical properties. However, for
mining purposes, its orebody model can be derived from its
closest overlying R1 and underlying R2 reflections.

Previous publications and recorded exploration drilled
cores show the thickness of the Witwatersrand Supergroup
to be approximately 5 km (Manzi et al., 20135). The thickness
of the layers associated with the Witwatersrand Supergroup
package on the reprocessed 2021 pre-stack depth migration
(PreSDM) data has a thickness of ~4.5 km, which corresponds
to the expected thickness of the supergroup. The borehole
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Figure 9 The reprocessed PreSDM section with the velocity model overlain (a) and the final interpreted section (b).

(SD1) information published by Antrobus (1986) intersected
the reflector R1 at a depth of 1042 m, which corresponds to
the observed position of the reflection on the PreSDM data.
Reflector R2 is associated with the shales underlying the gold-
bearing orebody (UK9A) intersected by a borehole (SD1) ap-
proximately 750 m below R1. The underlying reflections are
interpreted to be associated with the West Rand Group strata.
The West Rand Group strata are not interpreted in detail as
there is no published borehole information from this area.
The faulting (see, Fig. 9b) in the area clearly displaces
the Turffontein Subgroup strata as observed by the dis-
placement on reflection R2. The publications from Pretorius

(1964), Antrobus (1986) and Spencer (1992) on the structural
geology of the study area had no conclusive results on the
geometry of the faults in the study area. Fault F1 is interpreted
in this study as a normal fault downthrown to the south,
displacing reflection packages associated with shales with a
near-vertical dip. Fault F3 (corresponding to Bergsig Fault in
Fig. 1b) is interpreted as a reverse fault, downthrown to the
north and is moderately dipping to the south. F3 displaces
the reflection package associated with R2 and the overlying
reflections R1 and U1. Fault F4 is a reverse fault, downthrown
to the north and is dipping to the south. It displaces the
strata associated with the R2 reflections and the overlying R1
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reflections. Minor faulting (F2, F5 and F6) in the section is not
conclusively interpreted as the reflections do not have clear
vertical displacements.

The geological model documented by Antrobus (1986)
(Fig. 3a) does not correspond to the interpretation model from
the reprocessed 2021 PreSDM data (Fig. 9), with an excep-
tion of the southern edge of the data which resemble the same
dipping nature as the 1986 model. The thin Karoo cover is
observed to be continuous towards the south of the profile as
shown by the well-defined unconformity (U1) (Fig. 9b). The
reflectors R1 and R2 are seen to be near horizontal with a mi-
nor dip to the north. The major faulting documented in the
1986 geological model, Bergsig and Rooiwal faults (Fig. 3a),
correspond to the imaged faults (F3 and F4) on the 2021 re-
processed PreSDM section (Fig. 9b).

CONCLUSIONS

We significantly improved the quality of the 1993 legacy seis-
mic data through reprocessing using up-to-date processing al-
gorithms and updated velocity models. Reprocessing using
pre-stack depth migration, in particular, delivered improved
imaging of shallow and deeper complex geological features
such as multiple normal and reverse fault segments that bound
orebody blocks. This high-resolution structural imaging may
lead to the discovery of resources in faulted areas of the mining
lease. In summary, reprocessing of the data has provided:

1. Unconformity (U1) at the base of the Karoo sediments,
which is completely missed by the 1993 legacy seismic data.
2. Dolerite sill above the orebody (UK9A). The sill is mapped
as a strong reflection, and its close proximity to the orebody
could have a direct impact on mining in the region.

3. MK1 (R2) reflection, located a few hundred metres below
the orebody (UK9A). The imaging of this shale unit is im-
portant because it can be used as a proxy to map the seis-
mically transparent orebody, its dip variations and geological
structures crosscutting it.

4. Unconformity (R1) at the base of the Ventersdorp
Supergroup, located hundreds of metres above the orebody,
could assist in depth positioning the orebody. Similar to R2,
this R1 could be used to derive the structural model of the
orebody.

5. Geological structures (mainly faults) beneath the Karoo
sediments that crosscut and displace the orebody. The de-
lineation of these faults is important for both mine safety
and planning. These faults can be associated with a series of
smaller faults that are likely to cause poor ground conditions
during mining. These faults (in the case of normal faulting) can

also bring the orebody to mineable depths, thus enhancing the
resource evaluation.
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Abstract: For underground mining, efficient groundwater management is one of the critical mining
economics components. The region of interest, known as Tharisa Mine, is situated on the western
limb of the Bushveld Igneous Complex, which is home to South Africa’s premier platinum-group
metal resources. This work aimed to provide the findings from the investigation and imaging of the
near-subsurface hydrogeological architecture in a shallow profile using stable isotopes of water (130
and ?H) and radioactive water isotopes (*H). Regarding isotope data, 180 varied from —3.5 to 1.5%;
2H from —24 to 4.7%o; and ¥H from 2.0 to 3.4 T.U. Utilizing combined geophysical techniques, the
results were verified. Additionally, the geophysical methods, including seismic refraction tomography,
multichannel analysis of surface waves, electrical resistivity tomography, and magnetics, helped identify
the fluid’s pathways and lineaments during migration to verify the isotope results. The groundwater
inflow volumes into the open pit were initially determined by integrating the following findings: the
delineation of fracture systems/zones and fluid migration pathways; mining activities enhance the
storage and transmission ability of the aquifer; and the main sources of water in the mine include mixing
of surface and deep water sources, recycling of water possibly via lineaments, and tailings dam seepages.

Keywords: groundwater; environmental isotopes; geophysical methods; fluid migration; active mine

1. Introduction

Effective groundwater management is one of the most problematic parts of mining
economics. A thorough understanding of groundwater flow dynamics is essential for a mining
operation to be profitable [1]. Large land tracts are disturbed by mining activities, exposing
additional eroded material. For hard-rock mining sites, especially open pit regions, waste rock
dumps, tailings dams, and exploration areas, subsequent erosion of this material is a serious
problem [2]. This is because sediments are chemically contaminated as a result of eroded
material. Groundwater and surface water effects are caused by chemically contaminated
sediments, especially those that contain heavy metals [2]. This includes acidification of the
pH or metal loading in surface runoff due to the mobilization of heavy metals infiltrating the
nearby subsurface or surface waters [2]. Flooding and structural damage are two examples of
the physical effects connected to higher runoff volumes and velocities caused by disruption
from mining activities [2]. Waste rock dumps and wet tailings impoundments negatively
affect the water quality as surface waterways and the groundwater underneath these facilities
are also impacted [3]. The groundwater may subsequently be contaminated by the leaching
of harmful materials from these operations [3]. Groundwater enters an open pit when it
is in contact with the water table. To facilitate the recovery of the ore when the mine is in
operation, mine water must be continuously withdrawn from the mine [3]. The accompanying
groundwater decrease may also impact surface water quality and flow rates.
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Furthermore, the pumped groundwater’s return to surface waters downstream from
the dewatered area may impact the water’s quality or quantity [3]. Because of this, effective
mine water management design, which is both economically and ecologically sustainable,
may minimize ineffective and expensive dewatering strategies with a complete understand-
ing of the mine’s groundwater storage and flow direction [4]. Studies [5-7] have considered
and reported impacts related to the author’s findings.

In previous hydrogeological studies, the physicochemical characteristics of groundwater
were used to comprehend the hydrogeochemistry of water and the variables that affect ion
concentration in aquifers [8-12]. Ref. [8] made the argument that hydrogeochemistry can
be used to pinpoint the source of ion concentration in groundwater. Rock weathering and
evaporation are responsible for determining the ion concentration of primary hydrochemical
facies, according to [10]. To determine the main hydrogeochemical processes (silicate and
carbonate weathering, ion exchange processes, and dissolution processes) responsible for
groundwater chemistry and specify the groundwater quality parameters, [11] employed
hydrogeochemical modeling. Ref. [12] investigated the silicate and carbonate weathering,
evaporation, dissolution, and ion exchange in groundwater as well as its quality, origin, and
chemistry. To define groundwater quality, origin, evolution, and aquifer chemical processes,
the research mentioned above confirmed the use of hydrogeochemistry. Due to the complexity
of groundwater flow, conventional hydrological methods and flow models are typically unable
to characterize groundwater flow in open pit mining circumstances [13]. Hydrogeological
approaches such as hydrogeochemistry must thus be used.

Groundwater evaluation requires geophysical investigations because they offer spatially
broad, non-invasive, non-destructive subsurface investigative techniques that may address
groundwater potentiality. Groundwater and vadose zone hydrology are the key fields where
geophysical techniques have been used to map geological structures, define aquifer borders,
and map fracture zones. These techniques are regarded as the most effective and appropriate
for groundwater prospecting [14-17] and have been utilized often for mapping aquifer geome-
try. The techniques have been extensively applied in groundwater-related research in arid and
semiarid locations, such as in the estimation and monitoring of groundwater levels [18,19],
general groundwater exploration [15,20,21], and groundwater potential assessment [22]. Geo-
physics has also been employed extensively to characterize the groundwater—surface water
interaction, as shown in several case studies [23-26]. However, only a small number of studies
simultaneously combined geophysical and isotopicinvestigations.

Geophysical techniques have significantly advanced over the past few decades for near-
surface and hydrogeophysical applications [23,27]. While seismic methods are infrequently
used to discover and enhance groundwater resources, electrical resistivity methods are
widely acknowledged for characterizing aquifers and groundwater salinity. This may result
from the high prices, ambiguous outcomes, and challenging interpretive issues. The use
of S- and/or P-wave seismic reflections in northern Germany, Denmark, and Canada has
been extensively studied and presented in studies [28-30], as well as in studies [31-34],
which incorporated airborne electromagnetic surveys with direct-push technology (DPT)
and combined these two technologies with S- and/or P-wave seismic reflections.

In this work, groundwater pathways in the Tharisa Mine, one of South Africa’s plat-
inum mines, are characterized using combined hydrogeological and geophysical methods.
The mine’s main concern is determining the water infiltration in the region that has flooded
the open pit. The mine intends to explore underground mining in the future. However,
water leaking into underground mines/adits may obstruct mining operations in the future.
The maximum predicted inflows are:

1.  EastPit: 2698 m®/day (31 L/s);
2. West Pit: 1432 m3/day (17 L/s).

Sump pumping is a viable management method for the anticipated groundwater
inflows because they are not regarded as large inflows. However, seepage water is what
causes a problem during mining since it often forms undesirable ponds in the pit and does
not quickly gather in the pit sump.
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We sampled the water for hydrogeochemical and geophysical investigations to ascer-
tain the connection between groundwater chemistry and the water source. The primary
focus was to assess the groundwater’s quality and environmental features, as well as its
movement and water sources in the mining region. To conduct stable environmental iso-
topes (180 and ?H) and radioactive water isotopes (®H), we collected water samples from
the pit and monitoring boreholes. To further delineate the shallow (50 m deep) subsurface
geological features and fluid migration pathways connected to the potential water source
in the study area, the use of integrated geophysical methods, such as electrical resistivity
tomography (ERT), multichannel analysis of surface waves (MASW), and ground magnetic
surveys, was required. In the shallow aquifer, we examined and imaged the near-subsurface
architecture (weathered and non-weathered zones and fluid migration channels).

Study Area

The Tharisa Mine is situated in the Marikana section of the Bushveld Igneous Complex
(BIC) on its southwest limb (Figure 1). The Critical Zone’s chromite packages (Figure 1a)
are the major economic prospects of interest for Tharisa Mine [35]. The periodic layering of
well-defined cumulus chromite and pyroxenites, olivine-rich rocks, and plagioclase-rich
rocks (norites, anorthosites; Figure 1c) defines the Critical Zone [36-39]. The Critical Zone
includes deposits for platinum-group metals (PGMs), which are significant economically
(Figure 1c). There are up to fourteen identified chromitite layers in the Bushveld Complex,
all of which are found in the Critical Zone [36-39]. From the base up, the next three
chromitite cycles are significant [36-39]:

1.  Lower Group (LG) Chromitite Layers;
2. Middle Group (MG) Chromitite Layers;
3. Upper Group (UG) Chromitite Layers [36-39].

These chromitite layers are notable because they have high concentrations of chromite and
PGMs [40]. The Merensky and Bastard units are the topmost units in the Critical Zone [36-39].
Based on the latest occurrence of cumulus feldspar (between the UG and MG Chromitite Layers),
the Critical Zone may be further separated into the Upper and Lower Critical Zones [36-39].
The MG and UG Chromitite Layers at Tharisa Mine are mined (Figure 1e).

a)

D Younger alkaline intrusions and carbonite

| Gramte's and related rocks

Upper Zone
Main Zone

[ | critical, Lower and Marginal Zones

»+ Vanadium/Titanium bearing W
magnetite layers °

= = Platinum layer (Merensky Reef) @
+« Chromitite layer -
Fault A

Western Limb

Tin mines

£ o A 8 A i

Bushveld
lgneous
Complex

Platinum mines
Chrome mincs

Fluoride mines

Vanadinm/Titenium mines

Rustenburg \*2

MNaorthern Limb

Pogietersrus

Eastern Limb

Pretoria

Tharisa Mine

Figure 1. Cont.

240



Water 2023, 15, 2876

Appendix C

4 0f 26

- - - 46000 47000 49,000 50000 SLOOO 52000 53000
o Unit Layers Unit Name Lithology = "
)
2
=
: n
Upper Zone  |Gabbro, 2
IMivine diorite hid ’b_
Anorthosite = \
o i
5 %, | 48 |
5
$ i
2
=
Main Zone Anorthosite, MesenskyReer — ] Upper g
;‘“nm' . VG2 Chromitite (JEO,UP .
yroxenite UG Chromitite (UG Legend Lithology A 1hm
=1 chromitites River Channel N ——
Tl - Morite
HMG4A —— Dyke SIS
MG Middle ) 1 Anorthosite-Norite
3 'J“(Qre%; y Reel | ) ... | Anorthosite, MG3 Group "”m Peactrecorrido; - Gabbro-Norite
3 ehromitites E ;Sj::r Criticthy iy, . i (MG ——  Waste Rock Dump 5] Pyroxenite
—— I MG ct 3 ]':““”""!' i chromitites || — Tailing Storage Facility [] Rustenburg Layered
i - | Pyroxenite, —_— Pito ;
LG chromitites | £ ;I;““‘” Critic H’;wa.g,-w. = A4——{ié'lrlnt5‘:?&?on 1 Harzburgite
8 Dunite 1.7 Lower bt
Pyroxenite, ! E_%eg:’\ G':“"f‘ Yol ey
Lower Zone v i ! (LG)
el Iimf:burgllc. jm-], i g2
Dunite L, [ _| chromitites MGHA MG2
2 Marginal Zone | Morite — — MGl
Legend ..;.'gzml
- Chromitie L.hmmju‘-_‘
D FEE m :nn.nhn:in{:-h'met:
- orite
g Norite
; E Pyroxenite
D Pyroxenile D Anorthosite Marker
«  Merensky Reel

Figure 1. (a) Geological map illustrating the relations of the Tharisa Mine on the western limb of the
Bushveld Igneous Complex, South Africa (modified from [41]). (b) Location of the Bushveld Igneous
Complex in South Africa. (c) Generalized stratigraphic column of Rustenburg Layered Suite (RLS)
(modified from [42]). The Tharisa Mine’s main economic horizons are those of the Critical Zone’s
Middle Group (MG) Chromitite Layers: MG1, MG2, MG3, MG4, and MG4A. (d) Local geological
map of Tharisa Mine with cross section A-B labeled. (e) Local geology of Tharisa summarized in
a north—south cross section (A-B) showing the main horizons of economic interest. UG1 crops out
further north of the Middle Group Chromitite Layers.

Intergranular and fractured crystalline systems are the different types of aquifers
found in the Bushveld Igneous Complex. The intergranular aquifer of the Bushveld
Igneous Complex is confined inside the weathered zone, which has a thickness that varies
between 12 and 50 m [43]. The fractured and unweathered aquifer extends to depths where
increased overburden pressure has sealed the fractures [43]. Under the weathered zone is
where it is located. The groundwater flow between the shallow fractured aquifer and the
deeper weathered aquifer is controlled by mining voids, fast vertical inflow, and coupled
fracture networks [44]. Additionally, the shear zone and areas affected by regional tectonics
are involved in this groundwater flow. The Rustenburg Layered Suite of the Bushveld
Igneous Complex, which makes up the norites, anorthosites, and pyroxenites in the Tharisa
mining region, is composed of:

1.  Unweathered rock matrix with minimal porosity and permeability;
2. Rock matrix with discontinuity planes, including faults and joint planes (together

referred to as fractures) [45].

The Tharisa aquifer system might initially be categorized as a shallow bedrock with
intergranular porosity and permeability [45]. The norites, anorthosites, and pyroxenites
underwent extensive in situ weathering, which led to the formation of the shallow un-
confined to semi-confined water table aquifer [45]. It is regarded as a single weathered
aquifer unit and includes the variably weathered and fractured bedrock underneath the
regolith. The second option is a deeper bedrock aquifer system that is unweathered and
cracked [45]. Norites, anorthosites, and pyroxenites with faults and fractures make up
the unweathered bedrock aquifer [45]. It is considered that the complete bedrock matrix
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has a relatively low matrix permeability, but faults and mine voids increase the bedrock’s
effective permeability [45].

To avoid any hydraulic interference with the hydraulic stress elements, such as open
pits, waste rock dumps, tailings storage facilities, and boreholes, the preliminary hydrogeo-
logical model domain for the Tharisa Mine was chosen exclusively based on catchment
areas and divided between the catchments [45]. The main river system at Tharisa Mine is
the Sterkstroom River. The Sterkstroom River is a tributary of the Crocodile River (West)
and is considered a perennial river with an average flow rate of less than 0.5 m/s. The
Tharisa Mine site is divided between the East Pit and West Pit, which are situated on
each side of the Sterkstroom River (Figures 1d and 2). The watercourse and the nearby
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Figure 2. Preliminary Tharisa groundwater model illustrating the various boundary conditions.
Figure 2 depicts the model domain and the primary hydraulic stress components used

by the groundwater model. The following are the boundaries established for the Tharisa
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1. No-Flow Boundary: Along this portion of the model borders, there is no fluid ex-
change (into or out of the groundwater system). The no-flow boundary was chosen
to be along the lines of high elevation that represent watershed boundaries on the
southern and western edges of the model domain;

2. Specified Head Boundary: Fluid exchange happens both within and outside the model
area, ensuring that the hydraulic head boundaries are kept at their initial values:

a.  External Boundary: along the low-elevation river on the eastern side and par-
tially on the northern side of the model domain limits;
b.  Internal Boundary: established along the rivers that are a part of the model

domain for the groundwater domain [45].

Based on drilling and aeromagnetic data, the current structural interpretation of the
Tharisa Mine region is presented in [46]. In August 2007, an aeromagnetic survey was
conducted over the Tharisa Mine region to map regional structures (Figure 3). The distance
traveled was 900 km, with a line spacing of 100 m at 0 degrees (true north). Tie lines were set
500 m apart and parallel to the survey lines. The ground clearance was 40 m, and the sample
spacing along the flight lines was 6.5 m. A steeply sloping NW-SE trending normal fault is
the significant fault in the mining region. Only the extreme northeastern part of the land is
affected by the fault. The main lineation on the aeromagnetic data is a low-angled WNW-ESE
trending thrust fault. The aeromagnetic survey was used to interpret a NE-SW striking
sub-vertical dyke with a thickness of around 10 m. In the far eastern pit, a NE-SW running
sub-vertical shear zone was seen. In the aeromagnetic data, it is visible as a lineation. Around
the shear, the thickness of the MG1 Chromitite Layer decreases. Aeromagnetic anomalies are
considered to be the anorthosite and norite in the UG1 Chromitite Layer footwall and are
located north of the MG Chromitite outcrops, following the strike’s northwesterly flexion.

491]0

Figure 3. Interpreted aeromagnetic survey map [46]. The black line indicates a normal thrust fault. The
Upper Group 1 (UG1) outcrop and Middle Group 1 (MG1) outcrop are represented by a red and blue
line, respectively. The main dyke is shown by a yellow dashed line whilst the shear zone is defined as a
white line. The white star indicates the location of Tharisa Mine. Magnetic high zones are indicated by
the pink color sections, whilst, magnetic low zones are indicated by the dark blue color sections.
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The region has a typical summer rainy climate with a mean annual precipitation of
around 680 mm and evaporation of about 1800 mm yearly; summer rain is primarily thunder-
storms [46]. In the summer, between November and January, the region often has a high S-pan
evaporation rate [46]. There is a high relative humidity as a result. Additionally, more water
evaporates because the ambient temperature is higher in the summer than in the winter [46].

Winds are light and come mostly from the northwest [46]. Dry and chilly winters
prevail. Frost, which happens between two and twenty times a year, and rare hailstorms
are examples of extreme meteorological conditions [46].

The average annual temperature for the year is roughly 19 °C, with average maximum
temperatures ranging between 22 °C and 32 °C and average minimum temperatures
ranging between 2 °C and 18 °C [46]. December through February has the most heat.
Winter officially begins when the temperature falls in April and May [46]. June and July
have the lowest temperatures [46].

2. Materials and Methods
2.1. Water Sampling Methods (Physicochemical Field Parameters): Electrical Conductivity, Total
Dissolved Solids, pH, and Temperature

Since they directly detect the dissolved ionic matter in the water, electrical conductivity
measurements are useful in aquatic investigations [3]. High values denote salinity and
eutrophic issues, whereas low values indicate waters with high quality and low nutrient
levels. If extremely high readings are noted, they can indicate potentially contaminated
sites [3]. Water with a pH below 7 suggests an acidic solution, whereas water with a pH
over 7 indicates an alkaline solution [3]. The bioavailability of heavy metals is another
factor possibly influenced by pH [3].

The aforementioned field characteristics may be used in hydrogeological research to
analyze subsurface water flow through strata or lineaments (e.g., groundwater intrusion) and
show a potential relationship between water chemistry and preferential weathering [8-12].
Therefore, confirming groundwater circulation and quality can help shed light on the genesis
of subsurface features and open the door to suggest several mitigating measures.

After calibration, physicochemical variables such as temperature, pH, electrical con-
ductivity, and total dissolved solids were measured outdoors using a Crison MM40 Multipa-
rameter Instrument (Figure 4). The process for the hydrogeological field sample parameters
(Figure 4) is summarized in Table 1.

Table 1. Field sampling procedures.

Collection technique A Crison MM 40 multimeter is used to take an in situ reading. Allow it to stabilize. Samples are
to be stored in a cooler box to avoid fractionation.
Collection A sample bottle is used as a means of direct collection of an unfiltered sample. Pre-rinse the
sample bottle with sample water before the final collection.
Filling technique The container is tightly capped to the brim to exclude air (air bubbles).
Analysis method The electrode is stored in a KCl solution (electrolyte). Dip the electrode in deionized water and

then into the beaker with the water to be measured. Let it stabilize before recording the data.
Then, dip the electrode back into the deionized water before storing it in the KCl solution.

2.2. Environmental Isotopes of Water

Groundwater flow patterns are revealed by studying water isotopes. They are fre-
quently used to conceptually map out a groundwater flow pattern, pinpoint recharge and
discharge zones, and determine the mixing and salinization processes that occur in ground-
water [47]. Hydrogen and oxygen isotope fractionation results from several hydrologic
cycle events, including evaporation, condensation, recharge, mixing, and water—rock inter-
action [47]. As a result, the processes to which the water is subjected may be determined by
methodically sampling the isotopic ratio of different water sources [48,49].
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Figure 4. (a) An example of how the field sampling was carried out in the study area using the
Crison Multimeter. (b) Tailings Storage Facility 1 (TSF 1) sample location (indicated by the white
star). (c) Tailings Storage Facility 2 (TSF 2) sample location (indicated by the white star).

The water samples collected for environmental isotope analysis (5'%0, *H, and >H) were
used to understand the inter-relationship between water points, interconnection, water source,
and mixing. Water samples were collected from different lithologies in the area for this task.
All available monitoring wells were sampled for isotopes. All the samples were collected in
one day (11 August 2021) and then submitted to the lab on the same day (18 August 2021).

2.2.1. 8180 and 5*H

Water samples were collected in 10 mL glass bottles with screw-top lids, washed
with sample water before filling, ensuring there were no air bubbles, and properly labeled
for measurement of the 80 and ?H values. While being transported to the lab, samples
were placed in a cooler box to keep them from being exposed to light. The Liquid Water
Isotope Analyzer model 45-EP was used at the University of the Witwatersrand in South
Africa to analyze the stable isotopes of ®O and ?H. When testing liquid water samples
with dissolved salt concentrations up to 1000 mg/L, the laser apparatus can deliver precise
results with an accuracy of around 1%, for 2H and 0.2%. for 30 [50].

2.2.2. Tritium °H

Bottles with 500 mL volume with screw-top lids were used and washed with sample
water before filling, ensuring there were no air bubbles. Each bottle was properly labeled
as tritium for sampling. For examination, trititum samples were delivered to the iThemba
Labs in Gauteng. A 0.2 T.U detection limit analyzer was used for the electrolytic enrichment
technique of tritium analysis [50].
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2.3. Electrical Resistivity Tomography (ERT)

Numerous ERT surveys with varying spread lengths (80-300 m) and electrode spacings
(1-3 m) were conducted in the mine using the automated ABEM 1200 multielectrode
resistivity unit, which is a multi-core cable system. The resistivity data were acquired by
injecting direct current into the ground using a pair of current electrodes (A and B) and
measuring the resulting potential difference using a second pair of electrodes (M and N)
called potential electrodes. To reasonably map horizontal and vertical subsurface changes,
the resistivity data were acquired using multiple array types, i.e., Wenner, Dipole-Dipole,
and Schlumberger arrays. The collected data were manually de-spiked and then inverted
in RES2DInv to obtain 2D resistivity inverse models using a least-squares regression.
Gomo et al. (under review) further detail the ERT data acquisition.

Each geological material has a characteristic resistivity value enabling easy delineation
of lithological boundaries [51-53]. Therefore, resistivity was a valuable method for this
study as it allows for characterizing geological subsoil conductive anomalies using the
spatial distribution of the underground electrical resistivity [53-55]. Furthermore, resistiv-
ity methods allow geological mapping of structures, groundwater flows, and fracturing
by delineating respective geological boundaries and detecting zones of low resistivity
associated with water saturation [51-55].

2.4. Multichannel Analysis of Surface Waves (MASW)

The MASW surveys were acquired using a standard MASW roll-along technique [53].
This entailed using a 24-channel seismic system with a 46 m profile length, 2 m spaced
receivers (14 Hz, 1-component geophones), a 12 m source to the nearest receiver offset, and a
roll-along shift of 2 m and 4 m at sites one and two, respectively. A 6 kg sledgehammer was
used as an impact source, and an aluminium base plate was used to improve the seismic
source—ground coupling. The data were acquired using five shot stacks, a sampling interval
of 1 ms, and a recording length of 1000 ms. The MASW data processing involved converting
the acquired data into the phase velocity—-frequency domain, picking the fundamental mode
to obtain a dispersion curve from the produced phase velocity—frequency spectrum, and
inverting the dispersion curves to obtain a 1D shear wave (Vs) velocity profile at each shot
location. The process was repeated for each shot location, and the obtained 1D Vs profiles
were then integrated to obtain a 2D Vs section of the MASW profiles.

MASW is useful in imaging shear wave velocity structure, low-velocity zones, and frac-
tures [51,53,56]. Moreover, it can map the shear wave velocity profile of an upper weathered
aquifer and subsequent water table/saturated zone to a depth of about 15 m [51,53,56].

2.5. Seismics

Multiple profiles with varying lengths (46-96 m) and receiver/shot (1-2 m) spacings
were collected with a combination of 14 Hz (1 component) geophones and a land streamer
set up to accommodate the hard-rock environment in the mine. The seismic sources used
included an accelerated weight drop (24 kg) and sledgehammer (6.3 kg) with an aluminium
plate to improve the seismic source coupling. The data processing flow started with fixing
and adding the geometry for all the seismic profiles and assigning the common depth
points (CDP). The P-wave first breaks were manually picked on each profile for refraction
statics and to generate a two-layered P-wave velocity model. Rapetsoa et al. (under review)
further detail the seismic data acquisition.

Rock and structural qualities can be determined with the use of seismic studies. The
subsurface’s velocity and density structure can be detected using seismic techniques [27]. The
field design is based on transmitting seismic signals from an energy source and measuring
the signals at geophone receivers located at various distances [28,29,33]. When propagating
through the earth’s crust, P and S waves behave differently regarding the motion of the
wave’s constituent particles. Given the same frequency content, S waves’ having shorter
wavelength and slower propagation velocities than P-waves enables them to resolve tiny
subsurface features more effectively [27-29,33]. The primary prerequisite for reflected seismic
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waves at a layer boundary is that the layers must have distinct impedance values calculated
using the seismic velocity and density of the layers [27]. Porosity affects density and seis-
mic velocity; both decrease as porosity rises [27]. As observed, velocities may correlate to
physical qualities, compaction and saturation levels, and strength in the bedrock; this aids in
discovering lithological and hydrological limits in the subsurface [52]. Reflection seismics is a
common geophysical exploration method, particularly for applications in hydrogeology and
the environment (such as determining aquifer depth or the water table) [57-60].

2.6. Magnetics

Two G856 proton precession magnetometers were used as base stations to acquire the
ground magnetic data. A G859 cesium vapor magnetometer was used as a rover to collect the
data for a total area of 16,300 m?. The collected data were then inspected and compared for
spikes in the diurnal curve. The regional magnetic field was corrected for diurnal variations, de-
spiked, and interpolated using the minimum curvature technique to produce a total magnetic
intensity (TMI) map (further processing is given in Rapetsoa et al. (under review)). Finally, the
vertical tilt angle filter was applied to enhance the edges of magnetic sources influencing the
data. Rapetsoa et al. (under review) further detail the magnetic data acquisition and processing.

Each subsurface material displays a characteristic magnetic signature [61]. Metal
materials within the substrate contain an induced field of force superimposed on the Earth’s
magnetic field at that location, creating a magnetic anomaly [62]. The location of these
magnetic anomalies allows for the analysis of regional geological trends or mineralization
(e.g., may indicate the presence of dykes) [63]. This also allows for delineating subsurface
features such as faults or intrusive features. Figure 5 demonstrates the location of the
respective geophysical profiles used in this study at the sampling points.

Figure 5. (a) Locality map of the study area with in situ field sampling locations. Red dots are
sampled surface water; white stars are sampled boreholes. A green dashed line indicates Far West Pit;
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West Pit indicated by a light-blue dashed line; East Pit by a yellow dashed line; Tailings Storage
Facility 1 (TSF 1) by a pink dashed line; and Tailings Storage Facility 2 (TSF 2) by the dark-blue dashed
line. The white dashed line represents the river separating the East and West Pits. (b) Tailings Storage
Facility 1 is represented by the dark-blue square, and the survey position of Tailings Storage Facility
Line 1 (TSF L1) is indicated by a black dashed line. Electrical resistivity tomography (ERT) and
multichannel analysis of surface waves (MASW) were conducted along this line. (c) Tailings Storage
Facility 2 is represented by the red square, and the survey position of Tailings Storage Facility Line 2
(TSF L2) is indicated by a black dashed line. Along this line, both electrical resistivity tomography
(ERT) and multichannel analysis of surface waves (MASW) were conducted. (d) Main East Pit
surveyed area is indicated by the black square. Light-blue polygons indicate magnetic grids (M1, M2,
M3, and M4). Seismic Profile 1 (5P1) and Seismic Profile 2 (SP2) are indicated by black dashes (note:
Resistivity Profile 1 (RP1) is located along SP1). A red dashed line indicates Resistivity Profile 2 (RP2).
The surveyed dyke is indicated by a yellow dashed line. A solid black line indicates a surveyed fault.

3. Results
3.1. Hydrogeological Results

Table 2 summarizes the physicochemical and isotope results. The overall pH of the
mine water lay within the suitable range for healthy water: 6.5-8.5 [64]. However, this may
be subject to change due to chemicals associated with human waste and mining activities.

Total dissolved solids (TDS) and electrical conductivity (EC) are two parameters that
are closely related; both are indicators of salinity. Natural water has a TDS value ranging
from ~0.1 to ~528,000 mg-L~! and EC values of 500 to 3000 uS-cm~! [65]. The average
TDS value and EC measured in the mine site were 785.4 mg-L’1 and 1225.1 uS-cm’l,
respectively. This suggests the majority of mine samples were saline.

There was evidence of mixing in certain samples, as shown in Figure 6a—c, which
shows decreasing 80, 2H, and tritium with increasing salinity (TDS). Salinity may result
from mixing fresh water that has been isotopically enhanced with water depleted of
isotopes, which has a greater salinity [66]. This indicates that most of these liquids were
likely connate waters mixing with meteoric water from the contemporary hydrological
cycle. In addition to mixing, the dispersion of the points on the plots of TDS vs. 180, 2H,
and tritium (Figure 6a—c) may also indicate that the samples were affected by water—rock
interaction processes such as leaching, dissolution, and precipitation, to mention a few [66].

The plot of §'80 vs. EC (Figure 6d) was used to establish the degree of mineralization,
i.e., whether the salinization was due to evaporation (high EC), causing enriched §'80. Due
to evaporation, the heavy isotopes are enriched in surface waters. Low EC values may
depend on the recharging rainfall (e.g., T3). Due to variations in seasonal recharge, high EC
water contains a depleted §'80 value (e.g., T4). As the depth of the water table increases,
limited external processes affect the isotope signature. Only water-rock interaction via
fractures/migration pathways affect water at depth and therefore display a high EC value
(possibly due to mixing). Groundwater undergoing evaporation positively correlates with
5180 and conductivity (e.g., T6, T7, and T29).

In the diagram of '80 vs. EC (Figure 6d), it can be observed that a negative correlation
was obtained with R? = 0.005; furthermore, in most samples, an increase in electrical
conductivity (EC) values took place without a significant change in isotopic composition,
which may be due to mineralization. Few of the groundwater samples and all the surface
water samples showed an enrichment of the heavier isotopes without a simultaneous
increase in EC; this confirms that some of the groundwater was recharged by evaporated
(isotopically enriched) water on the surface or in the unsaturated zone.

This indicates the possibility of repumping, as the water is observed in the pit. The
water is pumped via pumps used for dewatering and enters the river. The fault and dyke
that run through the pit may bring the water back into the pit. This may be further justified
by the high flow rate (~1 L/min) observed at the interaction point of the dyke and fault
along the northern East Pit face (T22, Figure 7). A high flow rate is concerning /unlikely
in an arid area with a mean annual rainfall of ~680 mm/year, which cannot recharge an
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area with such a rate. The suggested reasoning is thus that water is being repumped back
into the subsurface. The river water sample (T3), on the other hand, was different from that
from the mine. Evidence for this is shown at point T3 in Figure 6d; it displayed a depleted
EC and 5'80. This suggests that the water sampled was rainwater (as it was more enriched
in lighter/depleted isotopes).

Table 2. Physiochemical and isotope parameters.

Temperature

Description X Y Sample  pH €0 TDS (mg/L) EC (uS/cm) 82H (%o) 880 (%)  PH(T.U)
River —48,920.47  2,847,915.65 T3 6.8 13.3 179.4 283 —-18 —3.37 1.8
Dissipator Dam 2 -52,223.74 2,846,645.34 T5 7.5 164 886 1379 -5.4 -1.12 2.5
Dissipator Dam 1 —50,657.04  2,846,434.29 T6 7.5 15.1 589 915 0.5 0.58 0.3
Main Dam —50,470.18 2,848,066.6 T7 8.1 16.5 755 1193 4.7 15 34
Stormwater Dam —49,453.15 2,847,951.97 T9 7.6 15.9 812 1268 —8.1 —1.41 1.0
West Pit (Dyke) —48,426.07  2,847,589.44 T1 6.2 14.5 390 609 —16.6 -3.15 0.3
West Pit —48,261.84  2,847,524.26 T2 6.4 15.7 556 873 —16.8 —-3.2 1.6
East Pit —50,026.53 2,847,308.23 T10 7.4 19.3 949 1480 —13.8 —2.66 22
East Pit —50,023.6 2,847,287.17 T11 7.2 19.2 941 1474 —-17.2 —3.37 2.0
East Pit —50,146.09 2,847,268.8 T12 7.4 20.8 946 1475 —-17.1 —3.41 1.6
East Pit —-50,171.71  2,847,392.87 T13 8 18.3 798 1248 —7.6 -175 3.2
Est Pit —49,773.92 2,847,504.48 T14 7.7 18.7 886 1383 —12.8 —2.42 29
East Pit —49,914.75 2,847,413.06 T15 7.8 19.2 848 1323 -11.5 —2.26 1.8
East Pit (Dyke) —49,184.37  2,847,564.54 T16 8.1 18 784 1222 —14.5 —2.74 2.0
East Pit (Dyke) —49,240.63 2,847,627.68 T17 7.7 20.1 799 1247 —12.7 —2.42 1.7
East Pit (Dyke) —49,211.54  2,847,624.25 T18 79 20.6 800 1247 —11 -2.11 22
East Pit —50,687.21 2,847,441.03 T19 8.2 16.7 806 1260 —-11.4 —24 23
Far West Pit —46,531.23 2,846,628.66 T20 7.3 12.8 609 950 —22.8 —4.63 14
East Pit —49,524.01 2,847,516.84 T21 7.5 135 872 1366 -10.3 —1.98 21
East Pit —49,424.98 2,847,702.59 T22 7.36 22.3 947 1295 —-9.2 —2.15 21
Quarry —48,941.16  2,847,746.22 T8 7.7 16.7 837 1303 -11.2 -192 1.0
Samancor —52,203.74  2,846,645.34 T4 6.7 21.6 1450 2230 —1838 -3.79 11
Borehole
Monitoring
Borehole (TM GW ~ —47,662.66  2,846,946.1 T24 6.84 23.5 537 839 —24 -35 2.0
FW BH 24)
Monitoring
Borehole (TM GW —48,480.54  2,847,484.17 T25 7.5 20.1 669 1046 —17.4 —3.77 21
FW BH 25)
Monitoring
Borehole (TM GW —50,603.6 2,848,077.08 T26 6.67 21.3 684 1067 -59 -0.17 1.1
Dissipater 1)
Monitoring
Borehole (TM GW ~ —50,591.71  2,848,037.15 T27 6.98 21.9 693 1082 —6.6 —-0.83 1.5
Dissipater 2)
Monitoring
Borehole (TM GW —50,431.98 2,848,085.29 T28 7.29 20.9 714 1115 -11.5 —1.83 15
RPM)
Monitoring
Borehole (TM GW  —51,747.65  2,849,061.98 T29 7.14 21.3 332 519 -0.8 0.61 1.9
COMM 02)
Monitoring
Borehole (TM GW —49,472.5 2,849,217.25 T30 7.33 219 367 575 —15.9 -2.9 15
COMM 01)
Monitoring
Borehole (TM GW —50,127.44  2,849,013.64 T31 7.32 21.3 344 536 —125 —2.04 1.3
TSF 01)
Monitoring
Borehole (TM GW ~ —48,075.45  2,848,504.16 T32 7.15 22.6 296 464 -11.8 -1.93 1.9
COMM 06)

Multiple source interpretations are shown in the stable isotope map (Figure 8). Environ-
mental stable isotope measurements for 2H ranged from the most depleted value of —24%o in
a borehole that draws water from a deeper aquifer to 4.7 %o in surface water from a tailings
dam, while values for 80 ranged from —4.63%. to 1.5%o. Surface water and seepage water
are shown on a plot of the data against the Pretoria Local Meteoric Water Line (PLMWL),
which also reveals a substantially enriched isotopic signal brought on by fractionation during
evaporation. The shallow waters were more enriched than the deeper waters and may indicate
a substantial mixture of surface waters with recent recharge infiltrating into relatively deep
water systems in addition to possible water recycling. Isotopically depleted waters signified
the third type of water, hence deeper water systems. However, borehole T20 (Far West Pit
borehole) was particularly depleted isotopically, suggesting a different flow /aquifer system.
There was also evidence of mixing in the tailings dam (e.g., T5 from TSF 2), and, consequently,
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tailings dam seepage, as a tailings sample (T6 from TSF 1) had a similar isotope signature to
Monitoring Borehole T29 (TMGW COMM 02). Clustering the stable isotope data revealed a
similarity in the water source that may not have occurred simultaneously.
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Figure 6. (a) Total dissolved solids (TDS; mg/L) vs. 8?H (%o) for all Tharisa Mine samples with
R? = 0.0011. (b) Total dissolved solids (TDS; mg/L) vs. §180 (%) for all Tharisa Mine samples
with R? = 0.0057. (c) Total dissolved solids (TDS; mg/L) vs. 3H (T.U) for all Tharisa Mine samples
with R? = 0.0091. (d) Electrical conductivity (uS/cm) vs. 5180 (%) for all Tharisa Mine samples. A
negative correlation was obtained with R? = 0.005; furthermore, in most samples, an increase in
electrical conductivity (EC) values occurred without many changes in isotopic (6180) composition.

Figure 7. (a) East Pit northern wall face. The Fault Zone (indicated by the red dashed line) intersects with
the E-W trending dyke (white dashed line). Example of Middle Group (MG) chromitite reefs (MG3, MG4,
and MG4A) indicated by black dashed line. Chromitite reefs are young towards the south. (b) Fault-dyke
intersection zone (Fault Dyke int) is indicated by the blue square in (a). A high flow rate (~1 L/min) was
observed at the northern East Pit wall face (sampled point T22—East Pit surface water sample).
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Figure 8. Stable isotopes (6180; 52H) of Tharisa Mine surface water vs. Pretoria Local Meteoric Water
Line (PLMWL), Johannesburg Local Meteoric Water Line (JLMWL), and Global Meteoric Water Line
(GMWL). Red circle: highly enriched isotopic signal caused by fractionation during evaporation. Blue
circle: mixture of surface waters with recent recharge infiltrating deep and possible water recycling.
Green circle: isotopically depleted waters, hence deeper water systems.

Generally, the 3H results (Figure 9) supported recent water recharge or an active zone
of shallow groundwater and surface water mixing. The mine water samples’ higher tritium
levels compared to rainwater and lower 80 and ?H values than the corresponding data
from shallow boreholes could be explained by the fact that the mine water contains a
significant amount of deep circulating groundwater that is drawn from a larger hydrogeo-
logical basin and mixes with recharging rainwater. A suggestion of active mixing was not
anticipated as mining activity dynamically adds substantial recharge to the local aquifer.
However, the highly depleted stable isotope sample (T20) exhibited an elevated *H level,
alluding to a recent recharge from a depleted moisture (rainfall) source but a geographically
isolated area of influence. This was similarly seen for samples T4 (Samancor Borehole), T24
(TMGWFW BH 24), and T26 (TMGW Dissipater 1).

Given that most of the baseflow samples (groundwater) were collected near the water
table or at the bottom of the pits, the water was anticipated to show the same depleted
stable isotope and 3H values as deep groundwater. As a result, the stable isotope data
demonstrated and validated the existence of a short-cycle circulation zone or active surface
water mixing (circled in red). It should be noted that samples grouped based on 80 and
2H but differing >H values suggest that comparable properties were recharged at separate
periods (years), even though the samples came from the same source. The difference
between stable and radiogenic isotopes may be caused by mixing.
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Figure 9. §'80 (%o) vs. tritium (T.U) of Tharisa Mine surface water. Red circle: recent recharge,
enriched isotopes, or possible rainfall. Purple circle: highly depleted 5'80 with an elevated §3H level,
alluding to a recent recharge from depleted moisture (rainfall) source but a geographically isolated
area of influence. Blue circle: active mixing. Green circle: deep circulating water, depleted isotopes.

Generally, samples with a lower T.U content are older deep circulating waters, whereas
samples with a higher T.U content are younger and shallower waters. From the tritium
data (Figure 9), it was evident that there was a mixing of deep circulating water with young
surface water. Most of the groundwater samples collected displayed characteristics of this
mixing signature. Young surface waters may also have rainwater mixing, accounting for
the relatively recent recharge. Figure 10a illustrates a surface contour map joining areas of
equal tritium value and, therefore, showing a similar recharge period. When these values
were plotted as a function of elevation (Figure 10b), it was noted that higher elevation areas
displayed more enriched isotope signatures than lower elevation areas. An active mixing
surface was also apparent along the descent from higher to lower elevations.

Equation (1) [49] states that when mixing happens in isotopically different water, the
process proceeds according to isotopic proportion:

dsample = X8A + (1 — X)5B )

where X represents the sample’s specific mixing fraction from end members A and B. This
suggests that the isotopic signature may adjust per the proportionate mixing when A and
B combine in the aquifer. Regarding seepages (interflow), we may consider the mixing
proportion of T22, where the seepage occurs through a fault/dyke fracture zone in the East
Pit. T22 displayed mixing of T2 (West Pit) and T21 (East Pit). T22 comprised 13% of T2
and 87% of T21; this further suggests the possible recycling of water throughout the mine
and via lineaments. Similarly, T5 (TSF 2) displayed the mixing of T7 and the original rain
signature calculated from Figure 6. T5 comprised 62% of the original rain and 38% of T7.
The mixing may further be attributed to diffuse recharge in the high elevation un-
dergoing deep circulation through tectonically induced fractures. Increased water-rock
interaction makes the water more depleted. When this depleted water mixes with surface
water (enriched due to evaporation), it signifies an intermediate isotope value between
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the two sources. This further implies the possibility of recycling along lineaments such as
fractures or faults (Figure 10b).
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Figure 10. (a) Surface contour map joining areas of equal tritium value (T.U), thus showing a similar
recharge period. (b) Elevation map of areas sampled for isotope analysis. Enriched isotopes (E.I) were
more concentrated on higher elevations, whilst depleted isotopes (D.I) were concentrated on lower
elevations. In addition, active mixing (A.M) was observed along the descent from the higher to lower
elevations (indicated by the white dashed arrows), suggesting possible mixing through lineaments.
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3.2. Geophysical Results

Along Tailings Storage Facility Line 1 (TSF L1; Figure 5b), the ERT line (Figure 11a)
displays a high resistivity zone (of ~168—447 ohm.m) that extends from the surface to a
depth of approximately 6 m and laterally from 0 to ~40 m; this zone is indicated by a solid
white arrow in Figure 11a. This high-resistivity zone, and most of the resistivity section, is
characterized by low-resistivity zones (low-irregularity zones), indicated by white dashed
arrows. These irregular zones are considered fracture zones that connect surface water with
deeper water and may be classified as fractures or lineaments displaying active mixing. These
lineaments are further apparent in the MASW line in Figure 11b,c (indicated by dashed white
arrows in Figure 11b) and correspond to a shear wave velocity zone(s) < 500 m/s extending
from the surface to a depth of 12 m. Further, the lineaments that connect the surface to depth
may represent evidence of possible water recycling along lineaments.
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Figure 11. (a) Electrical resistivity tomography (ERT) Schlumberger array inversion results for
Tailings Storage Facility (TSF) 1. The solid white arrow represents a high-resistivity zone with
multiple irregularities suggestive of possible fractures in the less weathered zone of the profile
(indicated by white dashed arrows). The black dashed lines delineate a high-resistivity zone and
are classified as a less conductive and weathered zone. The solid red line delineates the location of
the MASW line. (b) Multichannel analysis of surface waves (MASW) inversion results for TSF 1.
The white dashed arrows delineate low-shear-wave-velocity zones or more weathered zones in the
profile, which may allow for water migration. (c). Extension of the MASW line for TSF 1. The blue
rectangle represents the section correlating to the MASW profile in image (b).
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Along Tailings Storage Facility Line 2 (TSF L2; Figure 5c), the ERT (Figure 12a)
and MASW (Figure 12b) survey results reveal the presence of a low-resistivity zone
(21-64 ohm.m) and shear wave velocity zone (< 1000 m/s), interpreted as the upper weath-
ered zone, extending from the surface to a depth of about 25 m. At various depths in the
profile, discontinuous (probably fractured) high-resistivity (~191 ohm.m) and -shear-wave-
velocity (~700 m/s) zones were observed and interpreted as less weathered zones within
the upper weathered zone. Further, a lineament (indicated in Figure 12a,b as a dashed white
arrow) of ~21 ohm.m and ~400 m/s connects the upper and lower weathered zones. It
was interpreted as a possible fracture zone (allowing deep infiltration). Low-resistivity and
low-shear-wave-velocity fractured and weathered zones (indicated by black dashed arrows
in Figure 12b) may permit surface water migration to a greater depth within the subsurface.
The evidence of surface waters mixing with deep water is thus depicted in Figure 12.
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Figure 12. (a) Electrical resistivity tomography (ERT) Schlumberger array inversion results for Tailings
Storage Facility (TSF) 2. The solid white arrows delineate high-resistivity zones and, therefore, less
conductive zones. The dashed white arrow represents a low-resistivity zone which may allow for possible
water migration. (b) Multichannel analysis of surface waves (MASW) inversion results for TSF 2. The
white dashed arrow represents a low-shear-wave-velocity zone which may allow for water migration.
The black dashed arrows represent other low-shear-wave-velocity zones. The solid white arrows indicate
higher shear velocity areas and, therefore, less weathered rock. (c) Extension of the MASW line for TSF 1.
The blue rectangle represents the section correlating to the MASW profile in image (b).
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From the total magnetic intensity (TMI) magnetic grids (Figure 5d; M1, M2, M3, and

M4), a vertical tilt angle was applied to enhance lineaments in the East Pit (Figure 13).

On grid M2 (Figure 13b), a strong positive anomaly occurred on the southern edge and
was characterized as a dyke. This anomaly is again delineated in Figure 13a,c and can be
mapped as an E-W trending feature. This anomaly was correlated with the dyke in the
East Pit (Figure 5d) as they followed the same trend. The negative magnetic anomalies may
be linked to possible lineaments such as fracture zones. This was not unexpected as there is
an enhancement of the dyke edges (high magnetic signature) associated with low magnetic
signatures, possibly related to fracturing. The negative magnetic signatures attributed to
fracturing are delineated in Figure 13 as black dashes.
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Figure 13. (a) Vertical tilt angle derivative map of the total magnetic intensity (TMI) for Magnetic
Grid 1 (M1). (b) Vertical tilt angle derivative map of the TMI for Magnetic Grid 2 (M2). (c) Vertical
tilt angle derivative map of the TMI for Magnetic Grid 3 (M3). The red arrows indicate positive
magnetic anomalies, while the white arrows indicate negative magnetic anomalies. Some areas of
negative magnetism show discontinuities (indicated by the black dashed lines) and are possible
fracture systems/lineaments.

Seismic Profile 1 (S5P1; Figure 5d) shows a disturbance at 30-40 m on the tomographic
section along a reflector and is associated with depression in P-wave velocity (represented
by a black dashed line in Figure 14a). This discontinuity is associated with the mapped fault
within the East Pit (Figure 5d). This is further correlated with the resistivity discontinuity in
Resistivity Profile 1 (RP1), interpreted as the slight decrease in resistivity at around 40-50 m
into the profile (Figure 14b). RP1 (Figure 5d) is a W to E trending line and further intersects
the mapped fault. An interpreted fault was further apparent in SP1.

Resistivity values between 89 and 213 ohm.m and P-wave velocities between 500
and 1300 m/s on SP1 (Figure 14a) describe the dark-blue to light-green zones on RP1
(Figure 14b). This area, thought to represent the top layer of highly fractured norite,
may have been caused by blasting in the pit. Subsurface rocks exhibit an increase in
resistivity and P-wave velocity with depth. A transitional region of intermediate resistance
(light green to yellow: 213-3274 ohm.m.) is then present, along with P-wave velocities of
13002100 m/s. A zone of much greater resistivities (between 3274 and 20,000 ohm.m.)
lies under the intermediate-resistivity zone; this zone appears as orange to red and may
represent fresh bedrock. The Schlumberger model shows conductive layers (low-resistivity,
blue-colored zone) with a thickness between 2.5 and 14 m across the profiles.

The electrical resistivity and seismic velocity models showed inhomogeneous horizons
with sudden resistivity changes that may be attributed to fracturing.
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Figure 14. (a) Seismic tomogram for input Seismic Profile 1 (SP1). The dotted black line represents
the mapped fault, whilst the solid black line indicates an interpreted fault. (b) Schlumberger electrical
resistivity inverse sections for Resistivity Profile 1 (RP1). The red arrow indicates a low-resistivity
zone, while the white arrow indicates a high-resistivity zone. Depth is on a logarithmic scale.

Seismic Profile 2 (SP2) was conducted on top of the dyke (Figure 5d), with the dyke
covered by a highly fractured rock from mine workings (Figure 15b). The highly fractured
rock’s thickness increases towards the profile’s center and creates a syncline structure that
might result from the fault zone on the eastern part of the profile (indicated by a black
dashed line in Figure 15b). This was evident on SP2, as it showed low-velocity regions
towards the southwestern side of the profile at varying depths (Figure 15b). Multiple
discontinuities were further noted in the profile and may have resulted from fracturing
along the dyke edges. This fracturing along the dyke was further apparent on the southern
edge of Magnetic Grid 2 (Figure 15a) and Resistivity Profile 2 (RP2; Figures 5d and 15c).
RP2 has an S-N trend and was surveyed across the dyke to characterize the association
with the dyke. Resistivity values over the dyke ranged from 3000 to ~4000 ohm.m. A
notable discontinuity was observed at a distance of 25-36 m with resistivity values between
120 and 3900 ohm.m (Figure 15c). The average thickness of the dyke at the profile was 25 m,
and the anomaly had a thickness of ~8 m. The discrepancy in thickness might be due to
the edges of the dyke being fractured due to differential weathering of the host rock at the
contacts with the dyke (Figure 15a; represented as black dashed lines). Such areas have
potential for hosting groundwater and are supported by the Schlumberger results as they
exhibit low-resistivity zones (Figure 15¢ at 3040 m).

257



Appendix C

Water 2023, 15, 2876 21 of 26

%'
ah
-16 09 —o, 0. . ;
Tilt angle (Rad) Wm
— A
N
(®)  NE Distance (m) SW
0 5 10 15 20 25 30 35 40 45
f T \ T T T T T \ T T T T V? (i]].l"S)
\ 6500
0 N\
{5500
—~ 4
E 4500
£ 8
8 | 3500
12 ¢
. 2500
16 F
- g e n 1 1 1 1500
100 110 120 130 140 150 160 170 180
CDP
© ITR =3, RMS =0.97 Array Type: Schlumberger
0.0
2.5
Eso
=
8 7.5
]
10.0 y
30 40 50 60 70 80
Distance (m) T
nit Electrode Spacing | m
22 24 26 28 3.0 32 34 36 38 pacie
Resistivity (Log10; ohm.m)

Figure 15. (a) Vertical tilt angle derivative map of the TMI for Magnetic Grid 2 (M2). The red arrow
indicates areas of positive magnetic anomalies, while the white arrow indicates negative magnetic
anomalies. Some areas of negative magnetism show discontinuities (indicated by the black dashed
lines) and are possible fracture systems/lineaments. (b) Seismic tomogram for input Seismic Profile 2
(SP2). The dotted black lines represent the interpreted faults. (c¢) Schlumberger electrical resistivity
inverse sections for Resistivity Profile 2 (RP2). The red arrow indicates high-resistivity areas, while
the white arrows indicate low-resistivity areas. Depth is on a logarithmic scale.

4. Discussion

Based on the preliminary data presented, the weathered overburden has a very varied
thickness ranging from 3 m to 25 m. The fine- to coarse-grained sandy soil that makes up
this differentially weathered overburden in the area of Tharisa was created by the in situ
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breakdown of the underlying norites, anorthosites, and pyroxenites. Norites, anorthosites,
and pyroxenites that are fractured and underlie the weathered aquifer are all parts of
a deeper, unweathered, semi-confined bedrock aquifer. Open fracture systems that are
linked to one another determine the material’s effective permeability. However, these
fracture structures may occasionally enable fast vertical groundwater flow from weathered
overburden and surface water bodies to deeper levels of the fractured aquifer. While,
generally speaking, there is limited connectivity between the lower fractured aquifer and
the weathered aquifer, this is not the case for Tharisa Mine.

The geophysical data and 80 and >H isotope groundwater data from the Tharisa Mine
were combined to comprehend the recharge sources, processes, and isotopic variability. The
findings show that the levels of 180 and ?H in the groundwater at the time of sampling did
not always match the overall isotopic composition of the recharging water in the mine. Due
to evaporation and mixing, the replenishing groundwater significantly altered the values of
180 and 2H. Through evaporation and mixing with the surface impoundments, the indirect
recharge and recycling from surface water that predominates changes the composition of
the 180 and ?H.

The mixing tendency is further supported by the observed alignment of the isotopic
data along the meteoric water line. The very closely clustered data suggest the likelihood of
a comparable source and homogeneous water mixing. These aquifers have a narrow range
of maximum and lowest values. However, a large gap may indicate climatic control over
recharging, fluctuation in the source of the recharge, and a reduced possibility of mixing.
In addjition, stable isotope data (*H and '80) and tritium data show that a large amount of
the mine water comprises relatively ancient (low *H value) and deep circulating water (low
180) in addition to relatively young (high *H value) and shallow circulating water (high
180). According to stable isotope data, the groundwater recharge to the region’s bedrock
aquifers may further be attributable to both diffuse and concentrated recharge mechanisms.

According to the study, the direct recharge in the high-elevation regions experiencing
deep circulation through tectonically produced fractures may have been responsible for
the depletion in some samples. Low-salinity fluids exist inside the aquifer system that
contains depleted 'O because rapid infiltration through fractures may lead to a low degree
of water—rock interaction. Characterizing potential fracture systems in the mine was made
attainable by Figures 14 and 15. Furthermore, samples T16, T17, and T22 (Figures 8 and 9),
gathered in Figures 14 and 15, showed the isotope signatures of an active mixing zone,
supporting the likelihood of mixing and rapid infiltration along these structures.

According to the study, diffuse recharging in high-elevation locations experiencing
deep circulation through tectonically produced fractures may also be responsible for the
mixing. An intermediate isotope value is produced when the depleted water combines with
surface water, enhanced by evaporation. This also suggests that mixing might occur along
lineaments such as faults or fractures. Figure 12 clearly shows this indication of mixing. T5,
taken at TSF 2, shown in Figure 12, showed a mixing signature of depleted and enriched
water (Figures 8 and 9), which accounts for potential mixing along the joint/fracture
zones indicated.

According to the geophysical findings, the source of the dominating groundwater
circulation is located about 20 m away from the possible recharge zone, close to the surface
(Figures 11 and 12). A fairly recent and shallow-moving locally recharged water component
combines with an older groundwater component that is slower moving (depleted in
130 and low in 3H) within the weathered crystalline aquifer. This further suggests the
likelihood of an active groundwater and surface water mixing zone. Mixing shallow and
deep water from different mine regions may be possible due to these fractures acting as
groundwater conduits. Additionally, the permeability and porosity of the aquifer may
rise due to the junction of many lineaments, enabling enhanced fluid movement due to
higher hydraulic conductivity [67]. Groundwater migrates via linked conductive zones and
through interconnected fracture systems, with the potential for fast vertical groundwater
flow from weathered overburden (and surface water bodies) to increased depths [67,68].
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Along the lines of SP1, SP1, RP1, and RP2, there are intersections of various lineaments
(Figures 14 and 15).

The hydrogeological and geophysical studies for TSF 1 show the potential for tailings
dam seepages, another noteworthy finding. Monitoring Borehole T29 may have leaked
into TSF 1 sample T6 (sampled along the line shown in Figure 11; see Figure 8), shown by
the deep infiltration zones in Figure 11 at TSF 1.

The early outputs of the groundwater inflow volumes into the open pit (East Pit) are
as follows after integrating the findings:

1. The majority of groundwater influx volumes may come from different fracture systems
or zones;

2. By continuously developing the mine, a bigger aquifer volume is reached, promoting
rising groundwater inflows into the open pit;

3. During mining operations (such as unloading rock masses, blasting operations, and
dewatering plans), the aquifer material’s capacity to transfer and retain groundwater
is significantly enhanced close to the open pit.

5. Conclusions

We demonstrated the use of hydrogeological and geophysical techniques to identify
possible groundwater extraction zones for the Tharisa Mine and provided a qualitative
interpretation. The underlying aquifers of the Tharisa Mine were delineated, and it is
evident that there is variable connectivity between the lower fractured aquifer and the
weathered aquifer. Further, the geological structure, including fluid movement channels
and appropriate lineaments, was further revealed by integrating the hydrogeological and
geophysical data. Additionally, the geophysical findings support the hydrogeological
information in that the primary water sources in the mine include mixing surface/rain
water with nearby deep water sources, possible water recycling through lineaments, and
tailings dam seepages.

Based on the early data, it is advised that the mine upgrade its dewatering systems
and make more appropriate storage facility investments. Seepages will also be reduced
via techniques for managing boreholes and monitoring tailings dams. Lastly, it is argued
that regular monitoring of the extraction from the open pit will precisely confirm the
groundwater inflow rates.
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