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Abstract 

The aim of this research is to integrate reflection seismics with other geophysical 

methods (such as first-arrival traveltime refraction tomography (RT) and electrical 

resistivity tomography (ERT), multichannel analysis of surface waves (MASW), 

horizontal-to-vertical spectral ratio (HVSR) and magnetic field methods) for site 

investigation. The results will assist the environmental planners, infrastructural 

engineers, geologists and hydrologists to plan and conduct comprehensive site 

characterization investigation in the study area. Where possible, the geophysical 

datasets were constrained by borehole and surface geological map information. 

This research work was carried out by way of four different case studies, which 

are discussed in this thesis.  

Chapter 2 is a brief review of seismic theory and its applications, and basic 

principles of electrical resistivity and magnetic methods. Chapter 3 presents the 

integration of high-resolution reflection seismics with RT, ERT and MASW for 

hydrogeological investigation in the Nylsvley Nature Reserve, South Africa. The 

integrated data were used to image near-surface geology. The interface between 

the unsaturated sand and saturated sand-gravel was interpreted as the water table, 

while the undulating bedrock erosional surface with associated 

weathered/fractured system was interpreted to play a role with respect to the 

underground water movement and storage in the survey area. In Chapter 4, a 

similar geophysical approach was adopted. High-resolution reflection seismic, RT 

and ERT were combined to investigate the historic shallow narrow-reef and bulk 

open-pit mining at the Lancaster gold mine, Krugersdorp, South Africa. The 

reflection seismic data produced images that were used to delineate stopes and the 

geological boundaries, while the refraction and resistivity tomograms, on the other 

hand, generated detailed images of the top 20-30 m of the subsurface. Together 

they were used to map the shallow geometry of the fluid migration path, mined-

out areas, weak zones and boundaries between bedrock and overburden. 

Chapter 5 presents the integration of legacy 2D reflection seismic and magnetic 

data acquired within the Transvaal Basin to investigate and characterize the 

subsurface architecture, and insights into hydrogeological prospecting and 
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engineering applications were emphasized. The study area is dominated by 

agricultural activities, biosphere reserves, mining sites and residential houses. The 

major Rustenburg Fault (RF) was mapped, as well with other several secondary 

faults, heterogenous fracture systems, slumps and palaeo-karst features. The fault 

and fractured structures were interpreted as brittle shear-type deformation. The 

interpreted fault structures were shown to provide a flow path for fluid migration, 

while fractured zones were regarded as potential fluid storage regions. Moreover, 

the intrusive structures were observed to provide several paleo-compartments 

which could increase groundwater storage within the confined zones.  

Chapter 6 focuses on the stability and reliability of the microtremor signal 

characteristics (predominant frequency and H/V spectral ratio) for site effect 

assessment of the seismological stations spread across South Africa using the 

HVSR technique. The results show that the fundamental natural frequency of the 

near-surface low-velocity-layer (LVL) was essentially the same in all the analyzed 

time windows, irrespective of the time-of-day or season, while the amplification 

amplitude varied slightly with the recording duration. The estimated predominant 

frequency was deemed to be reliable and stable as a representation of the natural 

fundamental resonance frequency of the ground motion at the site location. 

Furthermore, the estimated values were used to approximate the thickness of the 

LVL and the vulnerability index for liquefaction potential at the stations that 

satisfied the criteria for a clear H/V peak.  

In conclusion, the research methodologies and results in this thesis provide a set 

of case studies of the use of seismic methods integrated with an appropriate 

geophysical method, to investigate the near-surface as a part of a comprehensive 

site characterization in South Africa.  
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CHAPTER 1 

1.0   General introduction 

In this study I integrated the use of geophysical methods to characterize near- 

surface geological structures for environmental and engineering investigation, 

hydrogeological prospecting and subsurface geological mapping in South Africa. 

The geophysical methods used in this study are non-invasive geophysical 

investigations consistent with the goal of minimizing the use of invasive 

characterization methods (such as drilling, trenching, and/or exploratory 

excavation). These invasive geotechnical approaches are more expensive and 

sometime manually strenuous to operate, and only sample a relatively small part 

of the volume of interest. However, invasive methods typically provide “ground 

truth” information that reduces the inherent ambiguities associated with 

geophysical datasets. These ambiguities can be further reduced with the use of 

integrated geophysical methods. Characterization of any proposed site requires 

geological and geophysical information, and hydrogeological properties, 

subsurface geologic architecture, and geologic integrity for purposes such as 

earthquake hazard assessment and structural stability. Application of different 

geophysical techniques provides significant information related to these 

components of site characteristics. Regional/localised geophysical site 

investigation can be integrated with surface geologic mapping for a 

comprehensive site characterisation of the geological architecture in a candidate 

area.  

In this series of case studies, reflection seismics, first-arrival traveltime 

tomography, multichannel analysis of surface waves (MASW), electrical 

resistivity tomography (ERT), the magnetic method and microtremor horizontal-

to-vertical spectral ratio (HVSR) method have been used to characterise the 

subsurface architecture of the candidate sites. Each technique has its own 

disadvantages and advantages in resolving subsurface structures and their physical 

properties. Thus, the reflection seismic is efficient in resolving deep-seated 

geological structure due to its high penetration depth and resolution, while 

refraction seismic and MASW are good for imaging the near-surface (shallow 
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than 50 m). The ERT and magnetic field methods are good at resolving 

conductive and magnetic materials, respectively, and their data acquisition is 

efficient, fast and cost effective. HVSR analysis of the microtremor signal 

provides a cheap, fast and easy passive seismic geophysical techniques used to 

estimate site effect characteristics (such as predominant frequency and horizontal 

to vertical spectral ratio (H/V)) for seismic hazard assessment and microzonation 

studies. The resolution and penetration of these aforementioned geophysical 

techniques depend on the geological and topographic conditions and the 

acquisition geometry (e.g. station spacing and profile length etc). Hence, a 

combination of these methods integrates their advantages to constrain 

interpretation ambiguities and improve resolution. These integrated non-invasive 

approaches were adopted in four case studies, each with a different objective 

presented in different chapters of this thesis. 

The thesis is structured in seven chapters. Chapter 1 contains the introductory 

content, research motivation, aim and objectives, as well as a brief review of the 

application of geophysical method to site characterisation and brief outline of 

South African geology. 

To avoid unnecessary repetition, Chapter 2 explains the basic principles of the 

adopted geophysical technique used in this study. In particular, elements of active 

seismic and data acquisition, seismic attenuation and resolution as well as sources 

of seismic noise and its attenuation were also discussed in this chapter. 

Chapter 3 shows the integration of high-resolution reflection seismic with RT, 

MASW and ERT for hydrogeological prospecting in Nylsvley Nature Reserve 

South Africa. The study estimated the depth to the top of the aquifer layer and 

revealed the geological structural mechanism responsible for underground water 

migration and storage in the area. The content of this chapter has been published 

in the Journal of Geophysics and Engineering (https://doi.org/10.1088/1742-

2140/aadbe3) (Onyebueke et al., 2018), which is on the list of NRF-approved 

journals 

https://doi.org/10.1088/1742-2140/aadbe3
https://doi.org/10.1088/1742-2140/aadbe3
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Chapter 4 presents another use of integrated geophysical method for an 

environmental investigation. In this chapter, high-resolution reflection seismic, 

refraction tomography and ERT were combined to investigate the near-surface 

structure in a historic shallow narrow-reef and prospective bulk open-pit mine, the 

Lancaster gold mine, near Krugersdorp, South Africa. The geophysical datasets 

were further constrained with ground-truth borehole information. A detailed near-

surface (20 – 100 m) image reveals the geometry of the subsurface structures such 

as fluid migration path, mined-out reef and weak zones. The content of this 

chapter is under revision with the Journal of Pure and Applied Geophysics.  

In Chapter 5, I used legacy 2D reflection seismic and magnetic field datasets, 

constrained by boreholes and surface geological field mapping information, to 

characterise and delineate the subsurface features within the Transvaal Basin. 

Insights to hydrogeological prospecting and engineering applications were 

emphasized. The study shows the subsurface image of paleo-structures, fluid 

migration path and storage regions. The datasets also reveal the role of dykes/sills 

in structural deformation and the implication for hydrogeological characteristics 

of the area, as well as the associated risk to infrastructural development. The 

content of this chapter is under review with the Journal of Applied Geophysics.  

Chapter 6 discusses the analysis of the microtremor signals in site-effects 

assessment at the South Africa seismological network stations using the 

Nakamura (1989) HVSR technique. The stability and reliability analysis show 

that the technique can be used to estimate various site effect characteristics such 

as the predominant frequency and H/V amplitude of vibration using the spectral 

ratio of the ambient noise. The study reveals some stations with high predominat 

frequency and H/V amplitude that could be susceptible to earthquake ground-

motion amplification. The content of this chapter is also under review in the 

Journal of Africa Earth Sciences and has been publish as an extended abstract in 

the proceedings of the SAGA 2017 biannual conference in Cape Town. 

Chapter 7 is the final summary and conclusion of the thesis and provides 

recommendation for future studies.  
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 Application of geophysical methods to near-surface site 

characterisation 

Geophysicists and geotechnical engineers define the “near-surface” as the 

uppermost few tens of meters of the Earth’s crust (Butler, 2005; Stokoe et al., 

2004). Essential services necessary for modern life such as agriculture, dwellings, 

schools, hospitals, factories, power stations, reservoirs, and transport 

infrastructure rely on the stability of the shallow subsurface. Geophysics is a 

science that uses the methods of physics to characterise the Earth and has proven 

very useful in many near-surface investigations. For example, geophysical 

techniques have been used to search for groundwater, map pollution plumes, 

identify voids such as natural cavities and abandoned mines, design excavations 

and foundations, and for seismic microzonation (Miller et al., 1999; Park et 

al.,1999; Yilmaz et al., 2006, Onyebueke et al., 2018, Isiaka et al., 2018). To 

characterise the near-surface, site investigations are needed. This involves several 

different studies by geologists, seismologists, geotechnical and earthquake 

engineers (Yilmaz, 2015). These investigations also include mapping of the site 

geology (using geophysical instruments and geological field mappings), 

geotechnical studies and laboratory test measurements. Knowledge about seismic 

wave velocities (both P- and S-wave) of the soil column, the geometry of the 

layers within the soil column and the soil-bedrock interface is required for 

comprehensive seismic site characterization (Kramer, 1996; Yilmaz, 2015).  

Seismic characterization and ground motion investigation play an important role 

in geotechnical and earthquake engineering. This is because, it provides 

parameters that are related to the mechanical behaviour of the geomaterials at 

small strains for large subsurface volumes in the undisturbed conditions and 

provides the fundamental resonance frequency of the soil column (Yilmaz et al., 

2006; Park et al., 1999). The soil column response during an earthquake depends 

on the resonance frequency of the ground motion, the soil properties and the 

geometry of the soil column overlying the bedrock (Nakamura, 1989; Nogoshi 

and Igarashi, 1970). This information is of paramount importance, particularly for 
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dynamic studies related to seismic risk assessment (Semblat et al., 2005; Yilmaz 

et al., 2006) and vibration propagation (Comina and Foti, 2007).  

The integration of various seismic methods such as reflection, refraction, the 

spectral ratio method, and Multichannel Analysis of Surface Waves (MASW) 

provide additional knowledge for comprehensive site characterization such as soil 

parameters (shear stiffness, Young’s modulus and Poisson’s ratio) and earthquake 

engineering parameters (soil amplification and fundamental resonance frequency), 

which cannot be derived using a single technique (Miller et al., 1999; Park et al., 

1999). The integration of seismics with other geophysical methods (such as ERT, 

GPR, gravity and magnetic field methods) provides additional information for a 

more constrained regional/localised site characterization (Chaiprakaikeow Susit., 

2012, Malehmir et al., 2016; Brodic, B. 2017, Wang, 2017), as well as the 

detection of subsurface features such as voids, subsidence and sinkhole formation 

that may cause significant environmental and engineering problems (Foti et al., 

2011; Park, 1995).  

A site characterization study prior to the commencement of any construction work 

will provide geotechnical, and earthquake engineers with the data necessary to 

design an appropriate foundation for any engineering structure. It also provides 

valuable information for hydrogeological prospecting in targeting high yield 

underground water boreholes (Foti, 2000; Yilmaz, 2015). Knowledge about 

seismic wave velocities (P-wave and S-wave) of the soil column is useful also for 

seismic microzonation and seismic risk assessment. The lithologic column based 

on borehole datasets and surface geological mapping are used to constrain and 

reduce the ambiguities associated with geophysical datasets interpretation since a 

single set of field measurements often cannot provide unique model of subsurface 

conditions. 
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 Brief outline of the geology of South Africa  

South Africa has one of the best preserved ancient geological landscape in the 

world (Zegers et al., 1998; Anhaeusser, 2019). The Greenstone belt of the 

Barberton Supergroup is one of the oldest known rock formations on Earth, 

formed between 4000 – 3500 Ma (Zegers et al., 1998; McCarthy and Rubidge, 

2005; de Wit et al., 2018; Anhaeusser, 2019 ). The Kaapvaal Craton, is one of the 

world oldest craton that stabilized ca. 3100 Ma(Zegers et al., 1998; de Wit et al., 

2018; Anhaeusser, 2019).  

Immemorially, the rifting and subsequent thinning of the crust at ca. 3074 Ma 

resulted in depostion of sedimentary and volcanic rocks of Dominion Group and 

the lower Pongola Supergroup (McCarthy and Rubidge, 2005). The subsidence of 

the crust caused by cooling at ca. 2970 Ma started the deposition of the upper 

Pongola Supergroup and lower Witwatersrand Supergroup (WS) (West Rand 

Group). Between ca. 2714 – 2650 Ma, the Zimbabwe Craton collided with the 

Kaapvaal Craton causing vast amount of volcanic lava to erupt, forming the 

Ventersdorp Supergroup (McCarthy and Rubidge, 2005). Another phase of 

continental rifting occured ca. 2650 Ma, resulting in the formation of the 

Wolkberg Group, Black Reef Fomation, and Chuniespoort Group (CG) and 

Ghaap Group (GG) of theTraasvaal Supergroup (TS) (McCarthy and Rubidge, 

2005).  

Renewed rifting and subsidence initiated the deposition of the Pretoria Group 

from the sediment being derived due to partial erosion of the CG and GG between 

ca. 2061 – 2049 Ma. An extensive volume of volcanic eruption occured across the 

central part of the Kaapvaal Craton resulting in the formation of the Bushveld 

Complex (ca. 2050 Ma). A massive meteorite struck the Kaapvaal Craton at ca. 

2023 Ma. The deformation caused by this impact formed a dome-like structure 

known today as the Vredefort Dome impact structure. The Olifantshoek 

Supergroup formed under shallow water condition ca. 2000 Ma towards the 

western margin of the Kaapvaal-Zimbabwe Craton (McCarthy and Rubidge, 

2005). 
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The geology of South Africa cannot be completely explained without discussing 

the formation (ca. 550 Ma) and break apart (ca. 200-180 Ma) of the great 

Gondwana Supercontinent into the present day continent of Africa, Antarctica and 

South American (McCarthy and Rubidge, 2005; Seton et al., 2012; Mortimer et 

al., 2019).The rifting of Gondwana resulted in the deposition of sediments into the 

Agulhas Sea that were lithified to form the rock of the Cape Supergroup. The 

reverse movement of the Falkland Plateau (i.e. closure of the rift valley) during 

the Carboniferous to early Permian periods, caused subduction of the South-

Atlantic plate beneath the African plate and the folding of the Cape Supergroup 

sedimentary rocks into the mountains known as the Cape Fold Belt (Table 

Mountain is a mountain near Cape Town where the strata are not folded owing to 

the foundation of Cape granite.) (McCarthy and Rubidge, 2005; Seton et al., 2012; 

Mortimer et al., 2019). The rifting and uplifting of the southern Africa 

subcontinent, resulted in deposition of the Karoo Supergroup sediments, during 

Palaeozoic to Mesozoic periods, which was as a result of pressure and weight of 

the Falkland plateau exerted on the African plate (McCarthy and Rubidge, 2005) 

(Figure 1.1). The Karoo Supergroup (KS) Era was marked by many volcanic 

eruptions and kimberlite intrusions. The KS covers approximately two-third of the 

South African ground surface. It overlies the Cape Supergroup towards the north 

and east of South Africa.  

The Vanrhynsdorp and Nama Group, and the Cape Supergroup are exposed in the 

south and west section of South Africa (Council of Geoscience Geological map, 

2008). Cenozoic deposits and the wind-blown sands of the Kalahari group are also 

exposed in some areas of the south west and south east, while in the north east, the 

Archaean age Dominion Group, the Ventersdorp, Witwatersrand, Pongola and 

Barberton Supergroups, and the Murchison and Limpopo mobile belt are exposed. 

Proterozoic age of the Transvaal Supergroup, Bushveld and Alkaline complexes, 

were all exposed on the central and western part of South Africa. The Namaqua 

and Natal metamorphic province,  and sand deposits of the Kalahari Group 

covered the northwestern part of South Africa (Figure 1.1). 
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Figure 1.1: Geology of South Africa showing the locations of the investigated 

area and the seismological station positions (Council of Geoscience Geological 

map, 2008). (Copyright© Council for Geoscience, South Africa, All Right 

Reserved. First published by the Government printer, 1978). Index top right 

shows the outline of the cratons in Southern Africa 

(https://en.wikipedia.org/wiki/Kapvaal/Limpopo_Belt/Zimbabwe_Craton) 

 Research motivation 

This study of geophysical methods to characterise the near-surface is motivated 

by the need to mitigate environmental and engineering infrastructural risks and 

help to sustainably manage groundwater reserves in South Africa. 

 Research questions 

The research project will seek to answer the following important questions: 

I. What are the benefits of near-surface site characterization for South 

African national building planning programs and hydrogeological 

investigations? 

https://en.wikipedia.org/wiki/Zimbabwe_Craton
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II. Why is it important to carry out near-surface seismic characterization 

before structural design and planning by engineers/geotechnical 

earthquake engineers? 

III. What improvements to acquisition, processing and interpretation will 

benefit future site characterization studies in South Africa? 

 Aim and objectives 

The aim of this research is to integrate different geophysical methods to provide 

more reliable and detailed subsurface models for comprehensive site 

characterization.  

The objectives of the research are: 

➢ To obtain images of the subsurface architecture. 

➢ To determine the P- and S-wave velocities of different near-surface layers 

using seismic methods. 

➢ To determine the depth to the bedrock and thickness of the soil column in 

the study areas. 

➢ To detect and image possible near-surface anomalies such as voids, 

sinkholes, subsidence and tunnels. 

➢ To provide significant information for hydrogeological prospecting. 

➢ To determine some earthquake engineering parameters such as soil 

amplification and fundamental resonance frequency of the soil column. 

➢ To correlate geophysical, geotechnical and earthquake engineering 

parameters. 

➢ To evaluate the advantages and disadvantages of different seismic 

methods and acquisition techniques deployed in the field.  
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CHAPTER 2 

2.0    Literature review of the geophysical methods 

 Seismic equation, elasticity and velocities 

Hooke’s law of elasticity describes the linear relationship that exists between the 

induced stresses and the resultant temporary strain due to seismic wave 

propagation (called elastic deformation). It holds only when the produced strains 

are infinitesimally small. The term elastic refers to the type of strain that suddenly 

disappears because of removal of the stress that has caused it. The response of 

different subsurface media to the wave-induced strains is governed by the elastic 

constant that regulates the propagation of the seismic wave velocities. The strains 

due to the passage of seismic waves are usually small and mostly less than 

magnitude of 10-8 (Sheriff and Geldert, 1995), thereby, validating the application 

of Hooke’s law in seismic wave propagation from one medium to another (Figure 

2.1). 

According to the Hooke’s law of linear elasticity, the strain (𝜀𝑖𝑖) is directly 

proportional to the stress (𝜎𝑖𝑖), and the ratio of the stress to the strain gives the 

elastic constant (𝐶𝑖𝑖) (or an elastic modulus). Therefore, the elastic moduli of 

different types of deformation such as Young’s modulus, rigidity modulus, and 

the bulk modulus can be estimated using the stress/strain relationship. Moreover, 

since the relationship is a fourth-order tensor, it can be expressed as shown in 

equation 2.1a (Kearey et al., 2002): 
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Figure 2.1: Stress components acting on an infinitesimally small volume encircle 

a point within an elastic material. 

Hence, when the longitudinal strain component (𝜀𝑖𝑖) is proportional to the 

corresponding longitudinal stress (𝜎𝑖𝑖) components, the constant of proportionality 

(𝐶𝑖𝑖) (or elastic constant) is called the Young’s modulus (E) under an extensional 

deformation.  

Using the Einstein summation notation:  

σxx = Eεxx, σyy = Eεyy, and σzz = Eεzz,                                                                                                  2.1b 

i.e. if the shear strain component 𝜀𝑖𝑗 is proportional to the corresponding shear 

stress component 𝜎𝑖𝑗under a shear deformation, then the constant of 

proportionality is referred to as the modulus of rigidity or shear modulus (µ): 

Hence, σxy = μεxy, σyz = μεyz, and σzx = μεzx.                                                                                2.1c                                                         

The bulk modulus (K) under a hydrostatic pressure is defined as a ratio of 

pressure (p) to dilatational change in volume. In this case, the shear components 

are equal to zero under a hydrostatic condition:  

                                            K = -p/Δ,                                                                 2.1d 

The reciprocal of the bulk modulus (K) is called the compressibility (K-1). 
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Under an isotropic condition (i.e. when properties do not depend on the direction), 

the constant of proportionality as stated by Hooke’s law leads to intricate stress 

and strain relationships that can be expressed in a simple form of equations 2.2 

and 2.3 (Timoshenko and Goodier, 1951; Love, 1944): 

                             σii = λΔ + 2μεii                   (i = x, y, z),                                   2.2 

                              σij = 2μεij                   (i, j = x, y, z: i ≠ j).                                2.3 

The proportionality λ and μ are known as Lamȇ’s constants, where μ represent the 

measure of the resistance to shearing, also referred to the modulus of rigidity, 

incompressibility, or shear modulus.  

If a longitudinal strain increases along the x-direction (εxx), it results in a 

longitudinal strain decrease in the y- and z- directions εyy and εzz, respectively. 

Note that these strain components are negative and proportional to εxx. The 

constant of proportionality (𝝂) is called the Poisson’s ratio with stress – strain 

relationship of: 

                              εyy = - νεxx and εzz = - νεxx.                                                      2.4 

Thus, under an isotropic condition, P- and S-wave velocities can be estimated 

using the elastic constant 𝐶11 and 𝐶44, respectively, as stated below (Thomsen, 

1986 and 2002): 

                                𝑉𝑃 =  √
𝐶11

𝜌
  = √

𝐾+ 4 3𝜇⁄

𝜌
 ,                                                    2.5 

                              𝑉𝑃 =  √
𝐶44

𝜌
= √

𝜇

𝜌
 ,                                                                 2.6 

where ρ is the density of the media. 

Hence, with shear and constrained stiffness (Mo= 𝐾 + 4 3𝜇⁄ ), various other 

elastic parameters such as Young’s modulus (E), Bulk modulus (K) and Poisson’s 

ratio (ν) can be determined as well as their relationships with one another and 

Lamȇ’s constant parameters (λ and μ): 
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              E = 2μ (1 + ν)      or    
µ(3λ+2µ)

λ+ µ
,                                                             2.7 

              K =
1

3
M0 (

1+ν

1−ν
)      or   

1

3
(3𝜆 + 2µ),                                                       2.8 

                                      μ =
1

2
(𝑉𝑃 𝑉𝑆⁄ )2−1

(𝑉𝑃 𝑉𝑆⁄ )2−1
,                                                               2.9 

                                  VP = VS√
1−ν

0.5−ν
,                                                                  2.10 

            where 𝑣 =  
𝜆

2(𝜆+ µ)
 and 𝜆 =  

𝐸𝜈

(1+ 𝜎)(1−2𝜎)
.                                                2.11 

Equation 2.5 and 2.6 shows that the P- and S-wave velocities are sensitive to 

various subsurface properties such as density, bulk and shear moduli. These 

velocities increase with increasing confining pressure (Yilmaz, 2015). The P-

wave velocity is greater than S-wave velocity in any material. Integrating different 

velocity information and the elastic properties provide better constrained 

subsurface image and assist in calculating parameter such as 𝑉𝑃 𝑉𝑆⁄  ratio which is 

often used as a lithological fluid indicator in oil and gas exploration. Furthermore, 

the elastic moduli such as shear modulus and Poisson’s ratio are very significant 

parameters in geotechnical, geochemical and engineering site characterization. 

 Seismic waves 

Seismic waves are elastic waves that propagate through the Earth's layers. They 

are caused by earthquakes, volcanic eruptions, magma movement, large landslides 

and man-made sources (such as dropped weight and hammer blows), mechanical 

vibrators (Vibroseis) and bubbles of high-pressure air injected into water. Natural 

and anthropogenic sources of ambient seismic noise include traffic and 

mechanical noise; these types of noise generate low-amplitude and low-velocity 

seismic waves (Kramer, 1996; Shearer, 2009). The velocity of the seismic waves 

depends on the density and elasticity of the medium through which it propagates. 

Seismic wave velocity tends to increase with depth along the path of propagation 

and ranges from approximately 0.1 to 8 km/s in the Earth's crust, and about 

https://en.wikipedia.org/wiki/Earth
https://en.wikipedia.org/wiki/Earthquake
https://en.wikipedia.org/wiki/Volcanic
https://en.wikipedia.org/wiki/Landslide
https://en.wikipedia.org/wiki/Traffic
https://en.wikipedia.org/wiki/Density
https://en.wikipedia.org/wiki/Elasticity_%28physics%29
https://en.wikipedia.org/wiki/Crust_%28geology%29
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13 km/s in the lower mantle (Sammis and Henyey, 1987; Sheriff and Geldart, 

1995; Shearer, 2009). 

 Types of seismic waves 

2.3.1. Body waves  

Body waves propagate through the interior of the Earth. There are two types of 

body waves, namely, primary and secondary waves. 

2.3.1.1.   Primary waves  

Primary waves (P-waves) are compressional, dilatational and longitudinal  waves; 

the movement or displacement of the particle motion is along the direction of 

propagation (Figure 2.2). The speed of propagation is faster than any other type of 

waves that travel through the Earth and first to arrive at seismograph stations. 

These waves propagate through any kind of materials including fluids, and travel 

faster than S-waves. P-waves take the form of sound wave in the air with 

approximate speed of 330 m/s, about 1450 m/s in water and 5000 m/s in granite 

(Sammis and Henyey, 1987). The velocity of the P-wave (VP) depends on the 

constrained stiffness (Mo) and density (ρ) of the material as given by the equation. 

The P-wave velocity and the governing parameters are given by the relationship in 

equation (2.5). 

 

Figure 2.2: P-wave propagation (modified after Shearer, 2009). 

           

           

           

      

https://en.wikipedia.org/wiki/Mantle_%28geology%29
https://en.wikipedia.org/wiki/Longitudinal_wave
https://en.wikipedia.org/wiki/Granite
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2.3.1.2.  Secondary waves 

Secondary waves (S-waves) are shear waves, transverse or rotational waves in 

which the particle motion vibrates 90o to the direction of propagation (Figure 2.3). 

S-waves arrive at seismic stations after the P-waves following an earthquake 

event (Sheriff and Geldart, 1995). The particle motion displacement can be 

horizontally or vertically polarized depending on the medium at which the seismic 

wave is propagated (Bolt, 1982). S-waves cannot propagate through fluids (liquids 

and gases, since fluids do not support shear stress), but can travel through solid 

materials. The speed of propagation (S-wave) is approximately 60% of that of P-

waves in any given material (Sheriff and Geldart, 1995). The S-wave velocity 

(VS) depends on the shear stiffness (μ) and density (ρ) of the material (equation 

2.6). 

 

Figure 2.3: S-wave propagation (Modified after Shearer, 2009). 

2.3.2. Surface waves 

Surface waves are seismic signals that propagate along or near to the surface 

(Bolt, 1982; Sheriff, 2002). The seismic waves have both longitudinal and 

transverse wave’s characteristics, and the direction of particle motion is both 

parallel and perpendicular to the direction of wave motion. Surface waves are 

dispersive by nature and their phase velocities are frequency dependent. The 

wavelength depends on both velocity and frequency. This implies that different 

frequency components sample different depths due to its dispersive nature. The 
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body and surface waves amplitude diminish away from the source (but in a 

different manner) with 1/r and 1/square root(r), respectively (r = radius). The 

speed of propagation is slower than that of the body waves (P-wave and S-wave), 

and the phase velocities are less than P-wave velocities and equal or less than that 

of S-wave velocities. The amplitude of surface wave can be up to several 

centimeters in large magnitude earthquakes (Bolt, 1982). There are different types 

of surface waves, namely Rayleigh and Love waves. 

The particle motion of the Rayleigh waves (also known as ground roll) propagate 

near the surface and retrograde elliptical with respect to the direction of 

propagations similar to waves on the surface of water (Figure 2.4) ( Rayleigh, 

1885). Note that the restoring force for all type of seismic waves is elastic, not 

gravitational, which is the case for water waves. The velocity of Rayleigh wave is 

less and slower than that of body waves velocities, roughly about 90% of the 

velocity of S-waves for a typical homogeneous elastic media. In a layered 

medium (half-space), the Rayleigh wave velocity (VR) depends on their frequency 

(f) and wavelength (λR), and its amplitude decreases exponentially with depth 

(Sheriff and Geldart, 1995). The particle motion is also confined to the vertical 

plane and the apparent phase velocity (Vphase) is given by equation (2.12): 

                      Vphase = 2πf /k,                                                                           (2.12) 

where k is the wavenumber (cycles/m) and f is the frequency (cycles/sec) (Park et 

al., 1999). A good approximation for VR in terms of VS and Poisson’s ratio (v) 

was proposed by Achenbach (1975):  

                     VR ≌
0.874+1.117ν

1+ν
VS.                                                                  (2.13) 

https://en.wikipedia.org/wiki/Lord_Rayleigh
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Figure 2.4: Rayleigh wave propagation (modified after Shearer, 1999). 

 Seismic methods 

Seismic methods are based on the time interval between the commencement of a 

seismic (elastic) wave at the impact station/point and its arrival at the detectors. 

The seismic wave is detected using a geophone, accelerometer or fibre optic 

cables when surveying on land (Figure 2.5a) or hydrophone when surveying in 

water. A geophone converts a mechanical ground motion into an electrical voltage 

signal that can be recorded. It consists of an outer coil suspended by springs and a 

stable inner magnet. Once the ground motion causes coil displacement, this is in 

return generates a voltage signal that is proportional to the velocity of the coil-

inner magnet motion. Geophone contains an electronic component (damping 

resistor) used to flatten amplitude responses above the coil natural frequency. The 

digitized voltage signals from individual channels are temporarily stored in a 

seismograph or seismic recorder internal memory buffer, and systematically 

forward to a computer or a laptop for storage and further analysis (processing and 

interpretation) (Figure 2.5a and b). In summary, geophones are sensitive to 

particle motion while hydrophones are sensitive to pressure difference (a ceramic 

hydrophone generates a voltage when deformed by passage of a seismic wave). 

These recorded seismic wave signals are used to image the subsurface architecture 

through which the waves propagate. As these waves propagate through the 

subsurface, they tend to reflect, refract, diffract or transmit through different 

media due to the impeding geological discontinuities. However, some amount of 
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the input energy will be attenuated due to scattering, absorption and geometrical 

spreading (Sheriff and Geldert, 1995; Sheriff, 2002). The seismic method has 

been applied by members of the seismology research group at the University of 

the Witwatersrand in various applications, ranging from lithospheric-scale 

imaging (Andriampenomanana et al., 2017), mineral exploration (Durrheim, 

1986; Manzi et al., 2012a, 2012b and 2013) to near-surface mapping (Onyebueke 

et al., 2018; Isiaka et al., 2018). 
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Figure 2.5: Seismic acquisition testing. (a) A laptop displaying recorded signal 

and geophone array, (b) is showing the Geode seismograph and trigger cable. 

2.4.1. Reflection seismic method 

The seismic reflection method is the most commonly used geophysical method for 

oil and gas, and deep mineral exploration. The theoretical background of the 

method is well documented in many geophysics’ textbooks (Yilmaz, 2015; 
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Yilmaz and Doherty, 2001; Dobrin and Savit, 1988; Burger, 1992). The principle 

of the seismic wave propagation in seismic reflection method is shown in Figure 

2.6. Generally, the body waves are generated using either vibratory sources, 

explosive or impact sources. The waves that reflected from geological boundaries 

are detected and measured by geophones (Figure 2.6). The main purpose of a 

reflection seismic survey is to delineate the geometry of the subsurface structures 

with advantage of deeper penetration depth (Yilmaz, 2015). Seismic reflection 

method is mostly used for oil and gas exploration. Durrheim (1986); Pretorius et 

al. (2007); Eaton et al. (2010) Manzi et al. (2012a and b, 2013) and Malehmir et 

al. (2016) have described the successful application of the seismic reflection 

method in mineral exploration. The technique has also been used for resource 

evaluation, mine planning and development (Pretorius et al., 2007; Manzi et al., 

2013, Malehmir et al., 2012) and for mine safety by mapping of subsurface 

structures such as faults, joints, fractures and weak zones (Gibson et al., 2000; 

Manzi et al., 2014; Manzi et al., 2012a and 2012b). 

In site characterization, the seismic reflection method is used to derive the 

subsurface image and geometry of the near-surface layers, and the thickness of the 

soil column based on the velocity of the seismic wave that travels through the 

medium (Onyebueke et al., 2018; Chaiprakaikeow, 2012; O’Donnell et al., 2001; 

Yilmaz, 2015). There are many challenges in applying the method for near surface 

engineering and hydrogeological investigations. This is due to the multiple 

reflections from near-surface acoustic impedance contrasts and misinterpretation 

of the ground-coupled air wave, guided wave and reverberation of refracted wave 

as a true reflection seismic wave (Steeples and Miller, 1995). Shallow reflections 

require higher frequency waves than deep reflection profiling. These high 

frequency waves are subjected to large attenuation within the weathered layer, and 

there are higher levels of environmental noise at these higher frequencies, which 

require high noise attenuation and signal processing (Yilmaz, 2015). Much 

research has been done in South Africa in the area of reflection seismic imaging 

as applied to mineral exploration and mining (Durrheim., 1986; Gibson et al., 

2000; Trickett et al., 2006; Pretorius et al., 2007; Campbell., 2009; Manzi et al., 
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2012a, 2013), but not much has previously been done in the area of site 

characterization.  

 

Figure 2.6: Seismic reflection in a single flat layer. Where V, Z and ρ is velocity, 

horizon thickness and density, respectively. 

2.4.1.1.  Acquisition of active seismic data 

Reflection seismic acquisition commonly involves the deployment of tens to 

hundreds of receiver channels for shallow surveys and up to several thousand 

receiver arrays in the case of large-scale deep reflection seismic surveys. The 

recorded seismograms may be displayed and analysed in different ways, most 

commonly as a shot gather (display of seismic traces recorded by multiple 

receivers from a single source as a function of offset) and receiver gather (display 

of seismic traces recorded by a single receiver from different sources as a function 

of offset). Moreover, seismic traces can also be sorted in different domains during 

the data processing, such  as the common midpoint (CMP) gather (plot of traces 

having the same midpoint between the source and the receiver) or common depth 

point (CDP) gather (plot of seismic traces reflecting from the same subsurface 

depth) (Figure 2.7) (Yilmaz, 2001).  



25 
 

 

Figure 2.7: Simplified diagram showing Common-midpoint (CMP) gather and 

Common-depth-point (CDP) of a seismic signal. 

Seismic data can be acquired in either 2D profile or 3D grid (regular, irregular, or 

any other pattern that provide pseudo 3D CDP coverage), depending on the 

arrangement of the receiver array. In 2D acquisition, the receivers and the seismic 

source are located along the same profile (it can be a crooked or a straight profile). 

The spread can either be roll-along or asymmetrical about the sources. The roll-

along spread involves end-on-shot (either forward or reserve) and centre shot 

(Figure 2.8a and b), while an asymmetric spread involves shooting along a fixed 

receiver geometry as used during the data acquisition of Chapter 3 and 4 (Figure 

2.8c). However, 3D acquisition technique involves arrangement of the receiver 

array along an XY grid (the inline and crossline) line with the source moving 

through the spread in a systematic manner to obtain equal fold and ensure good 

source-receiver offset-azimuth coverage (Ashton et al., 1994; Yilmaz and 

Doherty, 2001). Ultimately, reflection seismic surveys are planned to obtain a 

consistent multiplicity of common-midpoints within the target zone. 
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Figure 2.8: Different types of seismic acquisition techniques. (a) forward end-on 

shot roll-along acquisition type, (b) centre-shot roll-along acquisition type, (c) 

fixed receiver asymmetric acquisition type. 

2.4.2. Refraction seismic method       

The seismic refraction method has been deployed widely for near-surface 

characterization because of its simplicity in acquisition and processing (Socco and 

Boiero, 2008; Ivanov et al., 2005a and b). It is an established geophysical method 

for non-invasively mapping of the soil column velocities and soil-bedrock 

interfaces for geotechnical/engineering, environmental, hydrogeological and 

earthquake engineering problems. The method is based on the ability to detect the 

first arrival head waves that are critically refracted from the interface between two 

layers of different velocities (where velocity of the underlying layer is higher than 

the velocity of the upper layer) (Foti et al., 2003; Ivanov et al., 2005a and b) 
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(Figure 2.9). Seismic signals are generated with an active source (such as a 

sledgehammer impacting a metallic plate, weight drop, vibratory source or 

explosive charge) and the waves refracted by a higher velocity layer are detected 

using geophones (Figure 2.9).  

The seismic refraction method has several limitations, such as the “hidden layer” 

problem, which is the inability to detect a low velocity layer imbedded within 

adjacent higher velocity layers, and arrival times that are related to unknown 

travel paths (Whiteley and Greenhalgh, 1979; Pant and Vijaya Raghava, 1987). 

Some professionals, however, have argued that the seismic refraction results can 

be used as a deterministic truth (Backus and Gilbert, 1967; Menke, 1989; Jaynes, 

2003). In contrast, several authors have shown evidence of non-uniqueness that 

affects seismic refraction results, especially if no independent information is 

introduced to constrain travel-time interpretation. For example, Foti et al, (2003) 

have shown that a surface wave survey performed using the same acquisition 

layout as the seismic refraction survey can provide a good estimation of the 

velocity profile. Ivanov et al, (2005a; 2005b) have also demonstrated, using 

synthetic data for a simple three-layer case, that different lithologic columns could 

give the same P-wave travel-times in the presence of a hidden layer. 

 

Figure 2.9: Seismic events in a single flat layer, where V, Z and ρ is velocity, 

horizon thickness and density, respectively. 
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2.4.3. Multichannel Analysis of Surface Waves (MASW) 

Surface waves have been used to characterised the Earth’s interior. There were 

major improvements in numerical analysis and instrumentation for recording 

seismic signals associated with earthquakes due to the advent of electronics and 

computers (Dziewonski and Hales, 1972; Aki and Richards, 1980; Ben-Menaham 

and Singh, 2000). Application of surface wave method in engineering 

investigation started with the steady state Rayleigh wave method (Jones, 1958). 

Stokoe et al. (1994) introduced the SASW (Spectral Analysis of Surface Waves) 

method. The next development was the multichannel analysis of surface waves 

(MASW) method by Park et al. (1999); Miller et al. (1999) and Xia et al. (1999) 

of the Kansas Geological Survey and the University of Kansas. The MASW 

method makes use of multi-mode surface wave energy, which improves the 

resolution and reliability of inversion of the shear wave velocity model. (Figure 

2.10).  

The MASW method has been successfully applied to various types of 

geotechnical and geophysical projects such as mapping of the bedrock interface 

and determining the shear modulus and thickness of near-surface materials (Miller 

et al., 1999). In addition, the MASW has also found applications in the generation 

of shear-wave velocity profiles (Xia et al., 2000), seismic evaluation of pavements 

(Ryden et al., 2001), seismic characterization of sea-bottom sediments (Park et al., 

2005), as well as mapping of fault zones (Ivanov et al., 2006). MASW has also 

been applied to earthquake engineering design and site characterization for 

seismic risk assessment involving the near-surface shear wave velocity 

classification of top soil. According to the National Earthquake Hazard Reduction 

Program (NEHRP) and Eurocode 8 (EC8), the average shear wave velocity for the 

top 30 m of soil column (VS
30) is related to the thickness (hi) and shear wave 

velocity (Vi) of individual subsurface layer by the following equation 2.14 below, 

and can be classified according to the softness and stiffness of the subsurface 

material (BSSC, 1994) (Table 2.1).         

                                                   VS
30 =

∑ hi
n
i=1

∑ (
hi
Vi

)n
i=1

.                                                 2.14 
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Table 2.1: Site classification scheme defined in Building Seismic Safety Council 

(BSSC, 1994). 

Classification   Vs
30(m/sec) average shear wave 

velocity in the upper 30 m  

Description 

A >1500 Hard rock material 

B 760-1500 Rock 

C 360-760 Very dense soil and soft 

rock 

D 180-360 Stiff soil 

E <180 Soft soil 

 

 

Figure 2.10: Surface wave propagation in an inhomogeneous media and multi-

channel record (modified after Park et al., 1999). λ1 and λ2 represent the change in 

the wavelengths of the seismic wave as it propagates away from the point source.  

2.4.4. Horizontal-to-Vertical Spectral Ratio (HVSR) techniques  

Local site effects are one of the most important parts in seismic risk assessment 

and in the investigation of the local response of specific sites (Kramer, 1996; 

SESAME, 2004). Nakamura (1989) revived the Horizontal-to-Vertical spectral 

ratio technique (HVSR), first proposed by Nogoshi and Igarashi (1970; 1971). 

Since then, many studies have been published in the field of site effect estimation 

using both empirical and numerical methods. The numerical methods allow a 

detailed analysis of the parameters considered in the evaluation using available 
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information about the geological structure (Dravinski et al., 1996). Empirical 

methods are based on seismic records at sites with different geological conditions, 

from which the fundamental resonance frequency (natural period of the soil 

column) and relative amplitudes can be directly determined. For these reasons, the 

use of ambient seismic noise is becoming popular as an alternative to other 

geophysical methods in near-surface site characterization (Bard, 1998; Okada, 

2003; Pratt et al., 2003; Aki, 1993). 

The resonance frequencies of the ground motion have a close relationship with 

physical properties of the site under study, i.e., shear wave velocities, layer 

thicknesses and densities (Kramer, 1996). Estimation of this resonance frequency 

is useful for the evaluation of the physical properties at a given site (Bard, 1998; 

Okada, 2003; Nakamura, 1989) (Figure 2.11). The Nakamura technique 

(Nakamura, 1989), based on the horizontal to vertical spectral ratio (HVSR), has 

been commonly used to estimate the site effects. Later it was extended to both 

weak (Ohmachi et al, 1991; Field and Jacob, 1995) and strong ground motions 

(Lermo and Chavez-Garcia, 1993). Their results had showed that the HVSR can 

be used to estimate the fundamental resonance frequency at a site based on 

earthquake data and weak ground motion. Therefore, the HVSR technique is a 

cost effective, fast and attractive geophysical method (Field and Jacob, 1993 and 

1995; Lermo and Chavez-Garcia, 1994; Bard, 1999). 

Furthermore, the modification of the ground motion due to the subsurface 

structures in the site can be related to different factors (Kramer, 1996; Safak, 

2001). The main factor is the acoustic impedance (Z) contrast between the soil 

column and the underlying bedrock. The impedance contrast determines how 

strongly the waves at particular frequencies (the fundamental resonance frequency 

and the higher harmonics) are multi-reflected within the upper layer. Making a 

simplifying assumption of vertical propagation of the S-waves, the modulus of the 

1-D site amplification function A(f) is described by the following relation: 

                                      | (f)| = √(
(1+Rc)2

1+2Rcos(4πfτ)+Rc2),                                    2.15 
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where Rc is the reflection coefficient that is related to the acoustic impedance 

contrast ∆Z and τ is the travel time of the S-waves in the soil column. The peak of 

A(f) is obtained when cos(4πfτ) is equal to -1 that is when f = 1/(4 τ) (Safak, 

2001). This value of f is defined as the fundamental resonance frequency (F0).  

According to the relationship by Nakamura (1989): 

                                                              F0 =
Vs1

4h1 
,                                               2.16 

where VS1 and h1 are the shear wave velocity and thickness of the soil column, 

respectively. 

The amplification factor A0 for this frequency is related to the acoustic 

impedance. If the densities of the basement and surface layer are the same, then: 

                                                                0=
VS2

VS1
,                                               2.17 

and the depth to bedrock (h) is given by: 

                                                                    =
Vs2

4A0F0
,                                        2.18 

where VS2 is the S-wave velocity of the bedrock. 

Following Arai and Tokimatsu (2000; 2004), the HVSR results determined from 

the field data are a combined effect of both Rayleigh and Love waves as stated 

below:  

                                HVSR(f) = √
αHL(f)+HR(f)

VR(f)
,                                                  2.19 

where HR and VR are the Rayleigh wave contribution in terms of power spectra on 

the horizontal (H) and vertical (V) axes, while HL is related to Love waves (the 

parameter α is an integer which can be considered as the number of waves in the 

background microtremor). The local site effect (represented by the shape of the 

Fourier spectra amplitude ratio between the surface recording and the input 

ground motion at the bedrock) is then determined by the S-wave velocity and the 
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thickness of the soil layer, which determine the frequencies that are affected by 

amplification, while the impedance contrast controls the amplification level. 

 

Figure 2.11: A typical geological structure used by Nakamura (2000) to explain 

the HVSR technique. Note SSR – standard spectral ratio technique, Hr(f) and Vr(f) 

are the horizontal and vertical spectra components recorded on exposed bedrock 

rock, Hb(f) and Vb(f) are the horizontal and vertical spectra components on the 

basement covered by sediments, SHs(f) and SVs(f) are the spectra components 

recorded on the surface above the sediments. 

2.4.5. Seismic resolution and reflectivity  

The seismic resolution limit is the minimum spatial and temporal separation 

between two seismic events in which they can still be resolved and distinguished 

separately i.e. the minimum thin bed the wavelet could image and the minimum 

time interval between two reflections that can still be picked without ambiguity 

(Chaouch and Mari, 2006). The ability to properly image the minimum resolvable 

subsurface geological structures depends critically on the dominant frequency and 

wavelength of the propagating seismic waves, as well as the acquisition geometry 
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(shot and receiver density) and the complexity of the geological structures 

(Yilmaz, 2001; Sheriff and Geldart, 1995).  

Normally the depth to a reflector is measured using the two-way travel-time (i.e. 

the time it takes seismic wave from the source to the reflector and back to the 

receiver). The dominant frequency (FD) of the seismic signal decreases with 

increasing depth because of attenuation, while the wavelength and the velocity of 

subsurface materials increases. These processes result in lower seismic resolution 

at deeper depth, while higher FD gives greater resolution at the near-surface. 

Therefore, digital frequency filters are normally applied to remove the lower 

frequencies and enhance the higher frequencies to improve the resolution of near-

surface data. The FD affects both the horizontal and vertical seismic resolution. 

Moreover, the dominant wavelength (λ) of seismic wave is a function of the 

interval velocity (Vi) and FD as given in equation 2.20:  

                                                             𝜆𝐷 =
𝑉𝑖

𝐹𝐷
.                                               2.20 

Vertical seismic resolution is the ability to recognise and separate different 

vertical features. This limit of resolution is also called the tuning thickness 

(Kallweit and Wood, 1982). The vertical resolution is estimated using the seismic 

wavelength. Subsurface geological layer or structure can be resolved when its 

thickness is above 1 4⁄  wavelength, while layers as small as 1 32⁄  wavelength can 

still be detected depending on the impedance contrast, signal to noise ratio and 

acquisition geometry. However, the acceptable criterion when referring to vertical 

resolution is usually limited to 1 4⁄  wavelength (Widess, 1973; Brown, 1999; 

Yilmaz, 2001). 

In seismics, the horizontal resolution can be described as a measure of how close 

two reflecting points can be and still recognized in the seismic section. The 

horizontal resolution is governed by the Fresnel-zone, which represents the area of 

a reflector covered by the seismic wavelet of a certain two-way travel-time 

(depth). Over a buried horizon, all discernible geological features with a lateral 

extent greater than the radius of the Fresnel zone will be resolvable.  

https://wiki.seg.org/wiki/Dictionary:Tuning_effect
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The radius of the Fresnel zone (Rf) is giving by: 

                                     𝑅𝑓 = √
𝑑𝑟𝜆𝐷

2
=  

𝑉𝑖

2
√

𝑡0

𝐹𝐷
,                                                  2.21 

where the 𝑑𝑟 and 𝑡0 represent the depth to the reflector and the two-way travel 

time at the same depth, respectively (Kallweit and Wood, 1982; Brown, 1999; 

Yilmaz, 2001). 

Migration of the seismic data reduces the length of “Rf" and focuses the energy 

spread within the Fresnel zone, thereby, repositioning the reflections and 

improves the horizontal resolution to about 1 4⁄  wavelength (Chaouch and Mari, 

2006).  

The seismic reflectivity depends on the change in acoustic impedance (Z) between 

two adjacent layers and can be referred to as reflection coefficient (RC). RC 

describes how much seismic wave is reflected at the impedance discontinuity, 

which is also equal to the ratio of the amplitude of the reflected wave to the 

incident wave as show below: 

                                                   𝐴𝑟 = 𝑅𝐶𝐴𝑖 ,                                                    2.22 

where 𝐴𝑟 is the reflected wave amplitude and 𝐴𝑖 is the incident wave amplitude 

and 𝑅𝐶  can be defined as follow: 

                                                   RC = 
Z2− Z1

Z2− Z1
,                                                     2.23 

where Z (the acoustic impedance) is the product of density (ρ) and velocity (V) of 

the respective layers (Figure 2.9). 

The value of RC typically varies from -1 to +1. It becomes negative when the layer 

below the interface has lesser acoustic impedance than the overlaying horizon. In 

this case, the polarity of the reflecting seismic wave becomes opposite to that of 

the incident seismic wave. Generally, before any boundary discontinuity will 

generate a clear reflection on the seismic section, the 𝑅𝐶  will be at least ≥ 0.06. A 

large  𝑅𝐶  value between any geological interfaces indicates less energy 

https://en.wikipedia.org/wiki/Amplitude
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transmission, high reflectivity at the boundary, and high signal-to-noise ratio of 

the reflected seismic wave. 

2.4.6. Seismic wave scattering and attenuation 

Seismic wave energy decays as it travels away from the source due to geometric 

spreading, material absorption or scattering (Figure 2.12). This is because their 

energy is disseminated at every point of an expanding seismic wavefront. The 

attenuation of the seismic wave in rock is related to the combination of the 

subsurface material and proportional to its frequency. Therefore, it varies when 

there are changes in the material composition. Hence, the higher-frequency 

components of transmitting seismic waves are more attenuated compare to the 

lower-frequency components. The intensity (energy per unit area of the 

wavefront) of seismic energy decreases as the seismic wave spherically radiates 

away from the source (Figure 2.12). The loss of amplitude (A0) due to geometrical 

spreading is inversely proportional to the spherical radius (r) at a given wavefront 

(1/rn) in a homogeneous medium (Lowrie, 1997, Yilmaz, 2001) (Figure 2.12). 

Therefore, the A0 loss at a given two different wavefront radius 𝑟1 and 𝑟2 can be 

estimated as follows (Figure 2.12):   

                        𝐴0 = 𝑙𝑜𝑔10
𝑟1

𝑟2
 ;  𝐴0 is in decibel (dB).                                        2.24 

However, the amplitude loss (An) because of intrinsic attenuation caused by 

energy absorption due to shear heating at rock material boundaries and mineral 

particle distribution decreases exponentially as a function of distance from the 

radiating source. Hence, the energy density decay is proportional to the square of 

the wavefront radius in a homogeneous medium (1/rn
2) (Yilmaz, 2001). Therefore, 

the amplitude loss in this case can be expressed with the respect to the wavefront 

amplitude at a given radius (rn) distance as:  

                                     𝐴2 = 𝐴1𝑒
−𝑞(𝑟2−𝑟1),                                                     2.25 

            The absorption loss in (𝑑𝐵) = 10𝑙𝑜𝑔10𝑒
−𝑞(𝑟2−𝑟1),                              2.26 
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where n = 1,2,3…., A1 and A2 represent the wavefront amplitude at radius 𝑟1 and 

𝑟2, respectively, and q is the absorption coefficient of the material. The parameter 

q represents the amount of energy due to propagation of seismic wave at a certain 

distance. The value normally varies from 0.25 – 0.75 dBλ-1 for common 

subsurface materials (Kearey et al., 2002). Therefore, it can be expressed as 

function of velocity (V), dominant wavelength (λ) and frequency (FD) as follows: 

                       Absorption loss in dB =
1.1 𝐹𝐷(𝑟2−𝑟1) 

𝑉
.                                         2.27 

This indicates that at a fixed seismic velocity, the energy loss due to absorption 

depends on the frequency and the distance from the source. 

Scattering attenuation is the non-uniform and diffuse dispersion of waves caused 

by inhomogeneities in the medium through which the energy is propagating 

(Sheriff, 2002). Scattering takes place due to point features reflecting, refraction 

or diffracting from a point source, and elastic energy conversion due to 

wavelength-scale irregularities in the medium. These deformities are due to 

intermittent or swift variations in the density and/or velocity of the medium.  

Seismic wave attenuation is a useful seismic characteristic because it is very 

sensitive to rock properties and is extensively used to identify fluid content and 

zones of high permeability in hydrocarbon exploration and reservoir 

characterization (Winkler and Nur, 1982; Kilmentos, 1995). Note, high porosity 

and Vp/Vs ratio correspond to higher attenuation, while completely dry rocks 

reveal negligible attenuation. Amplitude equalization and the AGC algorithm can 

be used to recover amplitude loss due to geometrical spreading during seismic 

data processing based on the equation (2.27 and 2.28) (Evans, 1997). 
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Figure 2.12: Geometrical spreading of seismic energy from a known source 

2.4.7. Seismic attributes 

Seismic attributes are measured and computed post-stacked reflection seismic 

quantities obtained from stacked and/or migrated seismic data. These attributes 

are an outcome of quantities derived from the complex (analytic) seismic traces. 

The complex seismic trace analysis concept was first introduced by Taner et al. 

(1979). Taner and Sheriff (1977) introduced the idea of applying the Hilbert 

transform to estimate the instantaneous seismic amplitude, phase and frequency. 

Each of these quantities are approximated at each time sample of a seismic trace, 

which form the basics of many amplitude, phase, and frequency seismic attribute 

algorithms that are used today in seismic interpretation.  

The Hilbert transform converts a seismic trace T(t) into complex seismic trace 

C(t) by applying a 90° phase shift to every sinusoidal component of a seismic 

wave signal (Figure 2.13).  In this context, the term “complex” is used in its 

mathematical perception. It means that the Hilbert transform H(t) refers to an 

imaginary seismic trace of the real seismic trace component T(t). Thus, the 

complex trace CT(t) can be defined as follow: 

                                    𝐶𝑇(𝑡)  =  𝑇(𝑡)  +  𝑖𝐻(𝑡)                                                2.28 

where H(t) is the Hilbert transform of T(t), a 90° phase shift of the real seismic 

trace T(t) and 𝑖 = √−1. T(t) and H(t) represent the real and imaginary component 

of the seismic trace. 
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Figure 2.13: Instantaneous seismic attributes; amplitude A(t), phase ϕ(t) and 

frequency ω(t) 

These traces are shown in a three-dimensional data space (x, y, t) (Figure 2.13), 

where ‘t’ is seismic time, ‘x’ is the real-data plane, and ‘y’ is the imaginary-data 

plane. The actual seismic trace is confined to the real-data plane, while the Hilbert 

transform trace is restricted to the imaginary data plane. However, the complex 

trace can be transformed from a rectangular coordinate to a polar coordinate, as 

given below; 

  𝐶𝑇(𝑡) =  𝑇(𝑡) +  𝑖𝐻(𝑡) = 𝐴(𝑡)𝑒𝑖ϕ(t) = 𝐴(𝑡)𝑐𝑜𝑠𝜙(𝑡) + 𝑖𝐴(𝑡)𝑠𝑖𝑛𝜙(𝑡)        2.29 

To calculate the instantaneous amplitude A(t), instantaneous phase ϕ(t) and 

instantaneous frequency 𝝎(𝑡), which is the time derivative of the instantaneous 

phase. 

                                𝐴(𝑡) = √𝑇2(𝑡) + 𝐻2(𝑡),                                                 2.30 

                                 𝜙(𝑡) = 𝑡𝑎𝑛−1 (
𝐻(𝑡)

𝑇(𝑡)
),                                                        2.31 

and 𝜔(𝑡) =
𝑑

𝑑𝑡
[𝜙(𝑡)] =

𝑑 [𝑡𝑎𝑛−1(𝐻(𝑡)/𝑇(𝑡))]

𝑑𝑡
= 

𝑇(𝑡)
𝑑𝐻(𝑡)

𝑑𝑡
−𝐻(𝑡)

𝑑𝑇(𝑡)

𝑑𝑡

𝐴(𝑡)2
.                        2.32 

Note that the instantaneous frequency function is periodically negative. To 

compute it, we need to differentiate both the seismic trace and its Hilbert 

transform.  
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Generally, seismic attributes are combinations of one or more properties derived 

from amplitude, period, polarity, frequency and phase component of a seismic 

trace. These seismic characteristics can either be classified as a single trace or 

multi-trace attributes.  Single trace attributes include complex trace or the 

instantaneous attributes, while multi-trace attributes are usually obtained from the 

estimation of seismic coherence or semblance coefficients characteristics, which 

are regarded as a measure of trace to trace resemblance or discontinuity. Multi-

trace attributes also include seismic attributes such as correlation, similarity, 

variance, and semblance. Seismic attributes such as volume rendering and texture 

segmentation are commonly used in digital photography and medical imaging and 

have been also applied in 3D seismic interpretation.  

Seismic attributes, in general, are used for signal enhancement and noise 

attenuation without necessarily introducing any additional parameters or signal 

into the seismic data. They are used as lateral or horizontal indicators to map 

geological discontinuities, to visualize bedding configurations, detect fluid 

contents, fractured and permeable zones in oil and gas exploration etc. 

 Sources of noise in the seismic data and their filtering mechanism 

Seismic noise is the unwanted component of seismic data for a particular data 

user. The undesired components for a reflection seismologist may be somebody 

else’s desired signal (such as for shallow reflection purpose, refracted wave 

analysis, surface wave analysis and ambient noise analysis for site assessment). 

The actual signal for a data user is the component of the seismic wave that fits its 

individual conceptual model. The seismic signal is a continuous event since the 

earth is not in any way a quiet or steady environment. An ideal acquisition 

environment can only exist in a synthetic model.  However, in real life, we are 

confronted with many possible sources of seismic noise when dealing with the 

reflection seismic method, from the time of data acquisition to the period of data 

processing and interpretation. Here, seismic noise under reflection seismic can be 

classified into four categories: (1) noise related to data acquisition, (2) noise 

related to wave propagation, (3) ambient and anthropogenic noise, and (4) 

processing artifacts. These noise sources create random and coherent energy on 
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the seismic data, which if not carefully treated could be misinterpreted as the real 

desired signal during data processing and interpretation, resulting in wrong 

interpretation of subsurface structures: 

1. The data acquisition related noise includes equipment malfunctions (bad 

geophones or damaged take-out points etc.), recording environment and 

acquisition footprint (the data could be acquired along a noisy highway or 

mining environment etc.) and experimental error (noise due to wrong cable 

triggering could be counted as a stacked shot, wrong parameterization, cable 

noise, poor geophone planting or setting etc.). If these noises are not identified 

and removed, they may lead to wrong interpretation. This type of the noise 

appears on seismic record as linear, high frequency signals, or as dead traces 

in the case of bad geophone or take-out point.  

2. The second category includes surface waves (ground roll), air wave, multiples 

(secondary reflections with interbed or intrabed wave paths), guided waves 

(supercritical multiple energies), reverberation (rebounding energies), and 

geologic noise (like point features that cause diffraction and scattering of 

waves).  These types of noise cause coherent noise in the seismic data. Some 

are recognised as low-frequency and low-velocity with strong amplitude, seen 

sometimes as steep dipping events on the seismic data. Such events can be 

filtered by applying digital bandpass frequency filter, velocity bandpass (FK-

filter), deconvolution, and radial/dip filters to eliminate them from the 

reflection data (Yilmaz, 2001). Multiples, guided waves and reverberation 

appears on seismic data as real events and they can be eliminated using 

deconvolution algorithms or effective moveout base suppressions such as 

CMP stack (Yilmaz, 2001).   

3. Ambient or anthropogenic signals can produce erratic noise in the seismic 

record. These noise sources are created by wind motion, factories/mines, 

mammal, power line spikes (50 or 60 Hz) and subsurface biogenic activities, 

as well as an electrical cable noise from the recording equipment (Yilmaz, 

2001). These types of noise are regarded as random noise in the seismic data. 

They are usually removed by isolation in the data due to its different 

frequency and amplitude characteristic from the true desired signals. CMP 
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stacks also supresses an appreciable portion of the random noise uncorrelated 

from trace to trace (Canales, 1984; Yilmaz, 2001). A notch frequency filter of 

50 or 60 Hz can be used to remove power line frequency spikes from the 

seismic data. 

4. The final category of the seismic noise is the processing artifact noise 

generated due to wrong application of processing parameters. This may occur 

if wrong velocities are used during normal moveout correction, which results 

in either over-correction or under-correction. Wrong frequency application 

during bandpass frequency and velocity filtering can smear the outcome of the 

process. Inaccurate parameterization in the reflection seismic is a serious 

concern if not well considered, because it can lead to a total misinterpretation 

and misinformation of the geological structures. Choosing an appropriate 

parameter in reflection seismic totally depends on the knowledge and 

experience of the researcher or scientist. 

 Resistivity method 

The electrical resistivity method is an active geophysical method used to map 

changes in electrical properties of the subsurface material. The basic principles 

involve injecting current (I) into the ground with a pair of steel/copper electrodes 

(called the current electrodes (C)) and measuring the resultant potential difference 

(V) using a separate pair of electrodes (called the potential electrodes (M and N)) 

at the vicinity of current (Figure 2.14a) (Telford et al., 1990; Loke, 2004).  The 

theory of electrical resistivity obeys the principles of Ohm’s law, which states that 

a direct current with strength (I) flowing through a conductor of a known length 

(l) is given as (Figure 2.14b) 

                                             𝐼 =
𝑉

𝑅
=

𝑠𝑉

𝜌𝑙
,                                                            2.33 

Where R, s, ρ, and l are the resistance, cross-section, resistivity and length of the 

conductor, respectively. 

The current flows radiate away from the current electrode so that the current 

distribution in the subsurface is uniform over hemispherical shells centered on the 
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source.  Hence, the lines of equal voltage (equipotential) intersect the lines of 

equal current at right angles (Figure 2.15). 

Therefore, the Ohm’s law can now be defined as follows: 

                                       
𝜕𝑉

𝜕𝑙
= −

𝜌𝐼

𝑠
= −

𝜌𝐼

2𝜋𝑙2
.                                                     2.34 

Thus, the potential 𝑉𝑙 at length l is approximated by integral solution as stated in 

equation (2.35): 

                            𝑉𝑙 = ∫𝜕𝑉 = −∫
𝜌𝐼

2𝜋𝑙2
𝜕𝑙 =

𝜌𝐼

2𝜋𝑙
.                                              2.35 

Then, the apparent resistivity (𝜌𝑎) can be estimated using the measured potential 

difference (𝑉 ) and the electrode configuration of the survey as stated below. 

Potential at M: 

                                  𝑉𝑀 =
𝜌𝑎𝐼

2𝜋
[

1

𝐴𝑀
−

1

𝑀𝐵
]’                                                       2.36 

Potential at N: 

                                  𝑉𝑁 =
𝜌𝑎𝐼

2𝜋
[

1

𝐴𝑁
−

1

𝑁𝐵
].                                                        2.37 

The potential different between M and N: 

                     ∆𝑉𝑀𝑁 =
𝜌𝑎𝐼

2𝜋
{[

1

𝐴𝑀
−

1

𝑀𝐵
] − [

1

𝐴𝑁
−

1

𝑁𝐵
]}.                                       2.38 

The geometric factor (k) is: 

                           𝑘 = 2𝜋[
1

𝐴𝑀
−

1

𝑀𝐵
−

1

𝐴𝑁
+

1

𝑁𝐵
] −1,                                           2.39 

                      where 𝜌 =
∆𝑉𝑀𝑁𝑘

𝐼
  (Ωm).                                                            2.40 

Note, in a homogeneous subsurface, the resistivity becomes constant and 

independent of both electrodes spacing and surface location; while it varies with 

respect to the position of electrode in inhomogeneous situations, as found in the 

Earth’s subsurface. The resistivity of rocks depends on porosity, salinity, degrees 

of saturation, mineralogy, texture, content of clay and fluid content of the pore 
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spaces (Telford et al., 1990; Loke, 2004). The apparent resistivity depends on the 

geometry of the electrode configuration employed in an inhomogeneous medium. 

 

Figure 2.14: (a) Schematic diagram illustrating the basic principle of the 

electrical resistivity method (b) Flow of electric current along a known conductor 

length. 

Two main ways electrode configurations are used, depending on the primary 

purpose of the survey. (1) Geoelectric mapping and (2) Geoelectric sounding. In 

geoelectric mapping, the current and potential electrodes are kept at a fixed 

separation and progressively moved along a profile, while in geoelectric sounding 

the current and potential electrodes are maintained at the same relative interval 

and the entire array is progressively increased about a fixed central point. 

However, the approach is very time consuming. Therefore, multielectrode systems 

can be employed with about 25 to 100 electrodes connected via a multi-core cable 

to a switching box and resistivity meter. Different electrode configurations such as 

the Schlumberger, Wenner, Wenner-Schlumberger of Gradient array, Dipole-

dipole or Pole-dipole array can be used depending on the project objective. This 

method is employed in mineral and hydrogeological prospecting, 

geotechnical/engineering and environmental applications. 
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Figure 2.15: Electrical current distribution in a hemispherical shell.  

 Magnetic potential field method 

The aim of a magnetic survey is to measure small and localised variations in the 

Earth’s magnetic field resulting from the magnetic properties of the subsurface 

geologic materials and features. The magnetic properties of naturally occurring 

materials, such as basic igneous rocks and magnetic ore bodies, enable them to be 

distinguished and mapped by magnetic surveys. Generally, the magnetic 

susceptibility (a dimensionless physical property) of subsurface materials varies, 

depending on the type of rock and the surrounding environment. A common 

geological structure that causes magnetic anomalies includes dykes, faults and 

lava flows. Rocks with high magnetic susceptibility tend to have strong local 

magnetic field, while low magnetic susceptibility materials show weaker magnetic 

fields. Hence, the rock formations with higher magnetic susceptibility will appear 

on the magnetic map as regions of high magnetic field strength, and vice versa for 

the low susceptibility’s material. The major magnetic mineral found in a typical 

rock material is usually magnetite (Fe3O4), distributed through most rocks in 

differing concentrations. The magnetisation of a rock depends on the remnant 

magnetisation (related to the amount of magnetic minerals it contains) and 

physical properties such as grain sizes and pore spaces (porosity). 
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The penetration depth of magnetic survey is uninfluenced by high electrical 

ground conductivities associated with saline groundwater, which makes it useful 

on sites with saline groundwater, clay or high levels of contamination (such as 

hydrocarbon pollution), where electrical, GPR and electromagnetic (EM) methods 

battle. However, the magnetic method can be integrated with other geophysical 

methods in order to properly constrain the geological ambiguities in geophysical 

interpretation. It can be used with gravity and/or seismic method to infer heat 

sources for geothermal exploration and mapping of intrusive structures for mine 

planning and safety (Coey and Sun, 1990; Scheiber-Enslin et al., 2018). 

Measurements of the Earth's total magnetic field or of any of its various 

components can be made with magnetic compass, magnetic balances, fluxgate 

magnetometers, proton-precession and optical-pumping magnetometers etc. 

Moreover, the magnetic gradient anomalies give better image of a shallow buried 

features such as buried artifacts, pipes and drums, but are less useful for 

investigating large geological features. However, the total magnetic field intensity 

(TMI) gives a regional overview of large-scale geological features. Note, rocks 

cannot retain magnetism when the temperature is above the Curie point (≥ 500oC 

for most magnetic materials) and this restricts magnetic rocks to the upper 40 

kilometres of the Earth's interior (Arrott, 1957; Coey and Sun, 1990). 

The tilt angle θ of a magnetic anomaly A is equivalent to local phase and is given 

as:                             

                                               𝜃 =  𝑡𝑎𝑛−1 (
ꝺ𝐴/ꝺ𝑧

ꝺ𝐴/ꝺℎ
),                                          (2.41) 

where the numerator and denominator are vertical and horizontal derivatives of 

the anomaly, respectively. The horizontal derivatives are given as (Blakely et al., 

2016):      

                                   
ꝺ𝐴

ꝺℎ
= √(ꝺ𝐴/ꝺ𝑥)2 + (ꝺ𝐴/ꝺ𝑦)2.                                  (2.42)  

The tilt derivative offers several advantages in the magnetic anomalies’ 

interpretation and the dependence of θ on magnetization is the same in both the 

horizontal and vertical derivatives (Verduzco et al., 2004; Blakely et al., 2016). 
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CHAPTER 3 

3.0 High-resolution shallow reflection seismic integrated with other 

geophysical methods for hydrogeological prospecting in the Nylsvley 

Nature Reserve, South Africa 

Abstract 

Two perpendicular high-resolution shallow seismic and resistivity profiles were 

acquired to assist in imaging the near-subsurface sedimentary architecture for 

hydrogeological prospecting in the Nylsvley Nature Reserve along the Nyl River 

floodplain in South Africa. I deployed 48 channels of 14 Hz geophones with a 

dense (1 - 2 m) source and geophone spacing that provided fold coverage of 24 

(line 2) and 48 (line 1). The resistivity profiles were acquired with a Schlumberger 

electrode configuration with 2 - 3 m electrode spacing and total of 40 steel 

electrodes. The raw seismic shot records were characterized by low-frequency, 

high-amplitude source-generated noise (surface and guided waves). Reflections 

from bedrock were not obvious.  To improve the reflected seismic signal, I 

employed seismic processing workflow that enhanced the seismic reflectivity on 

the stacked sections. The seismic reflection interpretation was constrained and 

integrated with seismic refraction and resistivity tomography, and the 1-D 

multichannel analysis of surface waves to generate the model that best represents 

the real subsurface geological model. The integrated results show the bedrock-

overburden contact at 8 - 12 m depth, which correlates well with boreholes, 

drilled in the area. In addition, the reflection seismic and refraction tomography 

show the bedrock undulation and velocity changes associated with erosional 

surfaces, weathered bedrock and fracture systems. I further interpret these 

characteristics to be associated with groundwater movement and storage related to 

the fractured and weathered zones within the bedrock. The integrated data also 

delineate the interface between the unsaturated sand and saturated sand-gravel that 

represents the groundwater water table. This study demonstrates the potential of 

combining several surface geophysical techniques for near-surface investigations, 

especially for hydrogeological prospecting. 
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 Introduction 

Seismic methods are a critical component of geophysical surveys for 

hydrocarbons (Yilmaz 2001) and mineral exploration (Manzi et al., 2012; 

Malehmir et al., 2012). The depth of investigation is typically one hundred meters 

to a few kilometers. Shallower near-surface exploration is commonly conducted 

using several different methods, including magnetic, gravimetric, multichannel 

analysis of surface waves (MASW) and electrical resistivity tomography (ERT). 

These methods are often limited by poor resolution and limited depth of 

penetration. However, application of shallow reflection seismology for near-

surface studies offers an advantage in resolution and depth of penetration (Ayers, 

1989; Schmelzbach et al., 2005; Pugin et al., 2009). In the past few decades, the 

technique has been used successfully in hydrogeophysical, environmental and 

geotechnical problems for delineating shallow geological structures and locating 

groundwater water aquifers (Ayers 1989, Miller et al., 1989; Leucci, 2007; Pugin 

et al., 2009; Schreilechner and Eichkitz, 2015; Yilmaz, 2015; Dehghannejad et al., 

2017).  

The shallow reflection seismic method differs from the deep reflection seismic 

method used in hydrocarbon and mineral exploration with respect to their energy 

sources, source and receiver geometries, and the number of receivers deployed. 

For example, 1 - 5 m receiver spacing with tens to hundreds of receivers is often 

used for shallow reflection seismic surveys, while 5 - 25 m receiver spacing with 

hundreds to thousands of receivers is often deployed for deep reflection seismic 

surveys (Steeples, 1998). The energy source for shallow reflection surveys 

includes sledgehammers and mechanical weight drops, while Vibroseis and 

explosives are the most commonly used energy sources for deep reflection 

seismic surveys. Only the first arrival times of refracted head waves are used to 

estimate the P-wave velocity-depth model, while all the shallow reflected energy 

is used to obtain the near-surface seismic image (Yilmaz, 2015). Furthermore, the 

velocity-depth model and the seismic image can be integrated to interpret the 

structure of the near-surface layer and the geometry of the overburden-bedrock 

contact. The interpretation of the data from any single geophysical method is 
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often ambiguous and suffers from limitations resulting from site conditions and 

imaging capabilities. Therefore, integration of different geophysical methods can 

provide additional constraints and obtain subsurface models with higher reliability 

(Butler, 2005; Ahmad et al., 2009; Steelman et al., 2017).  

Electrical resistivity tomography has been successfully applied in the 

hydrogeological investigation for lithological mapping, aquifer delineation and 

groundwater quality information due to the intrinsic resistivity distribution of 

different subsurface materials (Loke, 1994; Loke and Barker, 1996; Butler, 2005). 

The electrical resistivity method does not provide a direct image of the 

subsurface; it tends to merge layers with similar electrical resistivities and features 

resulting in the decrease in resolution of interfaces with increasing depths of 

investigation (Loke and Barker, 1996; Butler, 2005; Loke et al., 2013). However, 

integration of electrical resistivity techniques with other methods provides a 

solution for hydrogeological and engineering problems by providing different 

physical properties of the subsurface (Ahmad et al., 2009; Steelman et al., 2017). 

Furthermore, application of MASW provides the shear wave velocity of the near-

surface, which is related to the modulus of rigidity, an essential parameter for 

geotechnical and earthquake engineers for infrastructural planning (Park et al., 

1999; Yilmaz, 2015).  

The study area has attracted much attention due to its environmental conservation 

importance and its significant groundwater potential, which is mainly utilized for 

agricultural purposes and municipal supply. The objectives of the study were to 

map the aquifer unit and delineate the structures responsible for underground 

water storage and bedrock-overburden contact. This study also seeks to open-up 

opportunities for additional shallow geophysical surveys for hydrogeophysical 

studies and infrastructural planning in the Nylsvley Nature Reserve. The results 

are compared with other previous studies in the area (Timmerman, 1984; Higgins 

et al., 1996; Tooth et al., 2002). To demonstrate the potential and the advantages 

of integrated geophysical methods for hydrogeophysical prospecting and site 

characterization at Nylsvley Nature Reserve, South Africa. I carried out high-

resolution shallow reflection seismic survey integrated with refraction 
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tomography, ERT and MASW to scrutinize the data and produce a near-surface 

model that best represents the true geological model of the near-surface to support 

the siting of boreholes to exploit underground water at the area. 

 Study location and geology 

The survey area is located within the Nylsvley Nature Reserve in the western part 

of the Limpopo Province, South Africa (Figure 3.1). The area is characterized by 

the seasonally inundated floodplain of the Nyl River, designated as a Ramser 

Wetland site because of its importance for nature conservation (Figure 3.2). 

The surface geology is characterized by recent alluvium deposits derived from 

quarzitic, feldspathic and micaceous sandstones, and consists dominantly of sandy 

soil, grit lenses, conglomerates, clays, and silts. The 

accumulated sediments deposited on the flat areas such as the plateau and lower-

lying plains, and valleys are flood deposits from different tributaries (such as 

Olifantsspruit, Middlefonteinspruit, Tobiasspruit, and Andriesspruit) (Tooth et al., 

2002). Due to the mountainous and hilly nature of the area, a large portion of the 

soil deposit is shallow (< 15 m) (Figure 3.2). Underlying the alluvium deposit is 

the Nylstroom Subgroup of the Waterberg Group, which consists of feldspathic 

and micaceous sandstones, greywacke, grits, siltstone, shale, and conglomerates 

(Figure 3.1 and Figure 3.2). The Waterberg Group, deposited about 1790 million 

years ago, was derived from extensive weathering and erosion of the Paleo-

Proterozoic Bushveld Igneous Complex and Transvaal Supergroup (McCarthy 

and Rubidge, 2005).  

The shallow subsurface geology in the area is highly influenced by the weathering 

and erosion of the bedrock, viz. the Lebowa Granite Suite of the Bushveld 

Igneous Complex, the Rooiberg Group of the Transvaal Supergroup (Palaeo-

Proterozoic in age), and the Meso-Proterozoic Waterberg Group (Higgins et al., 

1996; Tooth et al., 2002). Although specific stratigraphic details are lacking, the 

overlying sediment consists of gravel at the base, grading upward through coarse, 

medium to fine sand and silt/clay near the floodplain surface (Tooth et al., 2002). 

The subsurface geology of the floodplain predominantly controls the movement 
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and storage capacity of the groundwater through the bedrock aquifer. However, 

the Waterberg Group sandstones in the upper sections of the floodplain are highly 

weathered and fractured and characterized by high porosity and infiltration rates 

(Higgins et al., 1996; Porszasz, 1973). These sandstones store a high volume of 

groundwater up to the gravel layer (aquifer) at the base of the alluvium deposit. 

The bedrock is overlain by approximately 10 - 15 m thick alluvium deposits along 

the valleys (Higgins et al., 1996) and extends up to a maximum depth of about 35 

m downstream (Tooth et al., 2002) (Figure 3.2). 

 

Figure 3.1: Geology map of the study area (modified from the Republic of South 

Africa Nylstroom Geological Survey map 2428). The index on the top left is the 

South Africa boundary map outline (Copyright© Council for Geoscience, South 

Africa, All Right Reserved. First published by the Government printer, 1978). 
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Figure 3.2: Base map of the study area from the Google Earth Image showing the 

location of the boreholes (B1, B2, B3) (the enlarged block on the bottom right 

shows the position of the profile lines). At the bottom is the stratigraphy of the 

boreholes, showing the depth to the bedrock near the study 

area (image@2017DigitalGlobe). 

 Data acquisition  

The objective of the survey was to map the bedrock-overburden contact and 

hydrostratigraphic units in the area.  According to the logs of existing boreholes 

(~ 1 km away from the survey profiles), the depth to the bedrock expected to be in 

the range of 10 - 15 m along the valley and up to a maximum depth of 35 m 

downstream (Tooth et al 2002). The seismic data acquisition parameters are 

summarized in Table 3.1. To minimize spatial aliasing and to obtain high-

resolution images of the near-surface structure, the seismic data was acquired 

using high-density (1 - 2 m) shot and receiver spacing with 14-Hz geophones, 
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yielding a common midpoint (CMP) spacing of 0.5 to 1 m. A series of acquisition 

trials with different geophones (14 and 48 Hz) and geometries was done prior to 

the actual seismic survey. Several shallow reflections were observed in the raw 

shot gathers, highlighting the potential for seismic surveys in this environmental 

setting.  

The seismic survey consists of two perpendicular profile lines (lines 1 and 2, 

Figure 3.2).  Data was acquired along each line using asymmetrical split-spread 

geometry. Line 1 is oriented W-E. A total of 54 shots were recorded with 48 

vertical component geophones, spaced at an interval of 2 m along the profile and 

2 m shot spacing, yielding a nominal fold of 48. Line 2 is oriented in NE-SW 

direction and was conducted with 1 m receiver and 2 m shot spacing along 47 m 

profile length with 30 recorded shot positions, yielding a nominal fold of 24. 

Maximum source-receiver offsets of 108 m (14, 6 and 2 m to be determined 

offsets at each end of line 1) and 53 m (6 and 2 m offsets at each end of line 2) 

enabled stacking velocities to be determined up to depth of about 100 m, which is 

the primary target of the survey. An aluminum base metal plate (30 x 30 x 2.5 cm) 

with a 9 kg sledgehammer was used as an energy source. Four blows were stacked 

at every shot point to improve the signal-to-noise ratio (S/N). Two Geometric 

Geodes seismographs with 24 channels each were connected. The data were 

recorded at 0.25 ms sampling interval with a recording length of 300 ms for both 

lines. MASW data were also collected at 14 m and 6 m offset shot gathers along 

the same profile with the same geometry and geophone type as in the reflection 

seismic survey. This allowed for recording of a horizontally-traveling plane wave 

(Rayleigh wave) for 1-D shear wave velocity inversions.  

Two electrical resistivity profiles were also surveyed with a fully-automated 

ARES Resistivity meter instrument with stainless steel electrodes space at 2 and 3 

m along line 2 and line 1, respectively. The system is equipped with a total of 48 

electrodes, with a maximum of 5 m take-out multicore cable electrode spacing. 

The resistivity profile conducted along the road is about 3 m away and parallel to 

the seismic profile along line 1. An identical geometry was used for line 2 (Figure 
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3.3). For optimum horizontal and vertical resolutions, a Schlumberger array was 

chosen along each line. 

 

Figure 3.3: Data acquisition field setup. Line 1 is shown in the picture. On the 

right is 94 m seismic profile with 2 m geophone spacing; on the left, about 3 m 

away from seismic profile, is the 120 m resistivity profile with 3 m electrode 

spacing. The source is a 30 x 30 x 2.5 cm aluminum metal plate with a 9 kg 

sledgehammer. 
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Table 3.1: Seismic acquisition parameters for line 1 and 2. 

Item  Parameters 

Profiles Line 1 Line 2 

Geophone type 14 Hz 14 Hz 

Seismograph Geometric Geode (32 

bits) 

Source 9 kg sledgehammer 

Record length (ms) 300 300 

Sampling interval (ms) 0.25 0.25 

Vertical stacks 4 4 

Receiver number 48 48 

Receiver spacing (m) 2 1 

Number of shots 54 28 

Shot spacing (m) 2 2 

Profile length (m) 94 47 

Min/Max offset (m) 0/108 0/53 

Max CMP fold 48 24 

 

 Data processing and analysis 

3.4.1. Seismic data processing and analysis 

The primary objective of the seismic analysis is to enhance different seismic 

events in the seismic shot gathers. The shot gathers shown in Figure 3.4 have been 

pre-processed by defining the acquisition geometry, editing the bad traces and 

scaling the amplitude (using the ReflexW software package), which corrects for 

wavefront divergence and amplitude decay caused by a geometrical spreading of 

seismic waves. At the near-offsets, the low-frequency, high amplitude source-

generated noise (30 - 70 Hz) dominates the raw shot gathers (Figure 3.4a and b). 

This was attributing to: (1) the high-energy source close to the receiver; (2) poor 

geophone coupling with the ground; (3) a shallow water table; (4) use of low 

resonant frequency geophones (14 Hz) for shallow data acquisition; and (5) 

Coupling of the strike plate on dry sand. The raw shot gathers exhibit different 

seismic events such as the direct, refracted and reflected P-waves, and surface 

waves (Figure 3.4a and b). The normal moveout (NMO) velocities for the 

reflected wave are ~ 2600 - 3200 m/s and the apparent velocities of the refracted 
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P-waves (R1 and R2) are 1100 - 2500 m/s and 3200 - 5700 m/s, respectively. 

Surface waves (S) were also observed on shot records with apparent velocities of 

~ 180 - 480 m/s (Figure 3.4a and b) and a dominant frequency of 45 - 65 Hz 

(Figure 3.4c).  

The power spectra of selected shot records from line 1 and line 2 and their 

respective amplitude decay curves are shown in Figure 3.4c-f.  The power spectra 

indicate that the frequency of the seismic events range from 8 to 300 Hz with a 

dominant frequency of 45 - 65 Hz for the surface waves. The seismic signals 

show rapid amplitude decay above 250 Hz (Figure 3.4d and f), where after the 

spectrum is dominated by coherent ambient/scattered noise. The frequency 

spectrum and amplitude decay curve of the recorded seismic data show higher 

energy content at frequencies less than 100 Hz and lower energy content at higher 

frequencies (~120 Hz). The high amplitude signals between 45 - 150 Hz were 

observed at travel times up to 100 ms (Figure 3.4a and b). This demonstrates that 

at the dominant frequencies, the energy of a signal decays with increasing offset 

and time (Sheriff, 1975; Sato et al., 2012). 
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Figure 3.4: (a) and (b) Raw seismic shot gathers recorded along lines 1 and 2, 

respectively. (c and e) Power spectrum of the raw shot gathers along lines 1 and 2, 

respectively. (d and f) Amplitude decay curve of the raw shot gathers along lines 

1 and 2, respectively. Various seismic events are interpreted as follows: D – direct 

wave; R1 – first refracted P-wave; R2 – second refracted P-wave; Refl – possible 

P-wave reflections from bedrock and S – surface waves. 

3.4.2. Seismic refraction processing 

The fundamental information obtained from the seismic refraction method 

includes the P-wave velocity and thickness of the near-surface layers. Processing 

of refraction seismic signals was based on picking the first arrivals (head waves) 

from the shot gathers. The data were processed and inverted using the ReflexW 

software package to generate the velocity-depth model (velocities of the direct and 

refracted arrivals) shown in Figure 3.5. The seismic refraction tomographic 

optimizes the calculated arrival times to construct a 2-D velocity model of the 

near-surface. As a result, this technique can be more effective at integrating 

spatial heterogeneities and gradational boundaries relative to conventional 
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interpretation methods that assume constant velocity layers (Sheehan et al., 2005; 

Steelman et al., 2017). The refraction tomography results (Figure 3.5a and b) 

clearly show variations in the near-surface velocity field from 400 to 5000 m/s, 

which indicate different lithologies.  

The refraction tomography images (Figure 3.5a and b) were generated using a 

more advanced seismic refraction tomography technique (i.e., Simultaneous 

Iterative Reconstruction Technique (SIRT) algorithm available in the ReflexW 

software). The SIRT algorithm automatically adapts synthetic travel time data 

(calculated) to the observed data sets (Sandmeier, 1998). These synthetic travel 

times are automatically calculated from the picked travel time and compared with 

the observed data sets. Moreover, the acquisition geometry and the calculated 

apparent velocities from the raw datasets were used as input parameters to 

generate the final refraction tomographic image. The spatial limit of the starting 

model is 0 - 30 m for the vertical resolution with 0.5 m bin size. The minimum 

and maximum velocities for the starting model are 400 m/s and 6500m/s, 

respectively. The inversion procedure was based on 50 iterations with a defined 

data variance of 0.01 (misfit), permissible threshold of 0.001 and 50 % maximum 

defined change of the input model. The tomographic result was controlled using 

forward raytracing and waveform inversion (Generalized Reciprocal Method) as 

shown in Figure 3.5c and d. This process assisted in tracing and identifying the 

refractor and reflector boundaries clearly. The tomography results in Figure 3.5 

show Vp velocities of different shallow subsurface materials. The velocity of the 

top layer is about 400-900 m/s with its base at 3 - 4 m depth; the velocity of the 

second layer is about 1200 - 2500 m/s, the second refractor depth varies from 5 to 

12 m. The velocity of the fresh bedrock is 4500 - 5000 m/s.  
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Figure 3.5: (a) and (b) Refraction tomography results along lines 1 and 2. (c) and 

(d) Raytracing of the traveling waves and waveform inversion embedded on the 

tomography images on the respective profiles. The contour lines represent the 

velocity isolines with a starting velocity of 300 m/s and 100 m/s intervals. 

3.4.3.  Reflection seismic processing 

The processing of reflection seismic data aims to enhance the coherent reflections 

resulting from various geologic boundaries observed on the shot gathers by 

eliminating the undesired signals such as surface waves, direct and refracted 

arrivals (see Figure 3.4a and b). Table 3.2 shows the processing workflow for this 

study. The reflected signals identified in the seismic time section at intercept 

times of 20 - 30 ms were interpreted to be associated with bedrock-alluvium 

reflections generated from the near-surface boundary (Figure 3.4). Reflections 

from deeper (beyond 100 - 150 m) subsurface are not convincingly discernible on 

the seismic data due to the acquisition geometry and the energy source used for 

the seismic survey, which was designed for only shallow targets (less than 100 m 

in depth). Closer inspection of the shot gathers suggests that high amplitude and 

low-frequency source-generated noise dominates the recorded data (see Figure 
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3.4). Therefore, thorough processing steps were undertaken to separate the 

undesired signals from the useful reflected signals. 

Table 3.2: Processing sequence and parameters. 

Sequence Parameter 

Trace Edit Removing dead traces 

Amplitude scaling 0 - 300 ms 

Spiking deconvolution 300 ms autocorrelation length, 60 ms filter 

length  

and 10% white noise 

Bandpass frequency filter 100 - 250 Hz, Butterworth order of 3 

Trace normalization  

F-k filter Bandpass 400/650 - 100000 m/s velocity range,  

with 5 m/s taper width. 

Automatic Gain Control 

(AGC) 

150 ms 

Time cut 150 ms 

Top mute Removing the direct and refraction arrivals 

CMP sorting/Velocity analysis Interactive velocity analysis 

NMO correction/Stacking Velocity range from 1200 - 2600 m/s 

Bandpass frequency filtering 100 - 250 Hz, Butterworth order of 3 

Static correction Surface-consistent statics 

Time-depth conversion Using stacking velocity 

 

Figure 3.6 shows some key processing steps involved in our reflection seismic 

processing workflow. Our procedures include defining the acquisition geometry, 

editing of noisy/bad traces, amplitude scaling of the recorded signals (Figure 3.6a 

and b), signal deconvolution and bandpass frequency filtering. Deconvolution 

sharpens the signal and removes the effect of source and receiver coupling and 

multiples in the data. Various deconvolution techniques were tested (spiking, 

predictive and zero-lag deconvolution). Spiking deconvolution with 0 - 300 ms 

autocorrelation window, 60 ms filter length and 10% added white noise provided 

the best results. This broadens the reflected signal spectrum (Figure 3.6g and h)). 

Subsequent bandpass frequency filtering of 100 - 250 Hz with a 3rd-order 

Butterworth filter provides improved resolution and attenuation of lower 

frequency signals (surface wave) (Figure 3.6b and c). The source-generated noise 
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on the upper section of the shot gathers has been well suppressed after 

deconvolution and bandpass frequency filtering (Figure 3.6b and c). 

Surface waves sometimes appear coherent in the seismic time section and may 

appear as a low-velocity event with linear moveouts in the offset domain. 

Correcting for such low-velocity, low-frequency events requires transforming the 

recorded data from the space-time domain to the F-K domain, then applying a 

bandpass filter to remove the undesired low-velocity events within the F-K 

spectrum. A frequency-wavenumber (F-K) filter with high-pass velocities above 

400 m/s and a squared Hanning taper were applied. In addition, automatic gain 

control (AGC), with 100 ms lag width was used to further improve the visibility 

of late arriving events, since variable coupling of the geophone and source to the 

ground and variations in near-surface conditions prevented the use of true-

amplitude processing procedures. No reflected event was observed below 50 ms 

travel time. Therefore, a time cut filter was applied to remove the signals below 

150 ms. To avoid misprocessing direct or refracted arrivals as reflections, a pre-

stack processing strategy involved carefully hand-picked top mutes was used 

(Figure 3.6e and f). 
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Figure 3.6: Typical shot gathers from lines 1 and 2 showing the key steps in 

reflection seismic processing. (a) and (b) After trace editing and amplitude 

scaling. (c) and (d) After spiking deconvolution and bandpass frequency filtering. 

(e) and (f) After trace equalization (AGC), top muting (direct and refracted arrival 

muting) and time cut. (g) and (h) Amplitude decay-frequency curves of the shot 

gathers after deconvolution, bandpass frequency and F-K filtering. Notice the 

broadening of the reflected signal spectrum after deconvolution. The red arrows 

show the enhanced bedrock reflector and the yellow arrows point to the attenuated 

surface waves after frequency bandpass and F-K filtering. 
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Furthermore, the filtered seismic shot gathers were sorted into common mid-point 

(CMP) gathers for velocity analysis. A reflected hyperbolic-shaped event (Refl) 

can be traced through the entire CMP gathers at an intercept time of 20 - 30 ms 

and hyperbolic velocity moveouts of 1800 - 3200 m/s. Other coherent events 

below 40 ms were not clearly observed in all the CMPs. Hence, further processing 

steps were focused on improving the visibility of reflector Refl (Figure 3.7). The 

velocity analyses were based on interactively picked semblances within the 

velocity spectrum and integrated analysis of constant velocity stacks. Figure 3.7 

shows the velocity analysis performed on the CMP gathers. The final velocity 

model used in the NMO correction is the model that best levels the reflection 

hyperbola in the CMP gather and optimizes the quality of stacked data. 

 

Figure 3.7: Sample of CMP-gather velocity analysis. (a) CMP ensemble, (b) 

NMO corrected ensemble, (c) adjacent CMP gathers, (d) stacked traces and (e) 

velocity model at the selected CMP along line 1, respectively. Similarly, for line 2 

(f – j) 

The stacked time seismic sections for line 1 and 2 with their corresponding time-

to-depth converted sections are shown in Figure 3.8a - d. Surface consistence 

statics were used for the static correction since the profile elevation were 

approximately flat and the velocity of weathered layer was assumed constant 
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(Cox, 1999; Steeples and Baker, 1998) (Figure 3.8b and d). The CMP gathers 

were 45 % muted after NMO correction to prevent NMO stretch (Miller, 1998). 

The stacked sections were also frequency bandpass filtered (100 - 250 Hz) to 

remove the incoherent and coherent random noise due to wavelet 

deformations/stretch during NMO correction. A reflected event with a dominant 

frequency of 100 - 145 Hz and average velocity of 1800 - 3100 m/s can resolve 

about 3 - 7 m bed thickness (vertical resolution) using the one-quarter wavelet 

criterion (Kallweit and Wood, 1982). The width of the Fresnel zone, which is the 

horizontal resolution, was estimated to vary between 5 - 9 m within the 

overburden (Yilmaz, 2001). Finally, the seismic time sections were migrated and 

converted to depth sections using the stacking velocity model (see Figure 3.7). 

The interpretation focuses on the continuous and quasi-continuous events above 

80 ms two-way travel time and the area of maximum coverage (nominal fold).  
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Figure 3.8: The final stacked time seismic section after subsequent bandpass 

frequency filtering. (a) and (c) represents seismic time sections of lines 1 and 2, 

respectively, while (b) and (d) are the respective depth sections. The red arrows 

point to the bedrock (Refl), the fresh bedrock reflectors (FB) and the low-velocity 

layer (LVL) 
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3.4.4. Multi-channel analysis of surface waves (MASW) and resistivity 

tomography inversion 

The MASW method was used in this study to estimate the average 1-D Vs wave 

velocity structure of the near-surface along the active receiver spread for the offset 

shots (Park et al., 1999). We merged 14 m and 6 m offset shots in order to avoid 

the effect of near- and far-offsets on the dispersion curve. The 1-D velocity model 

for a shot gather is placed at the middle of the receiver spread related to that shot. 

We used the MASW method to constrain the interpretation of other geophysical 

techniques in the delineation and mapping of the water table and low-velocity 

layers, especially in the absence of the borehole data along the profiles. The 

MASW method uses the dispersive property of Rayleigh wave phase velocity 

(ground roll) (Figure 3.4) to estimate Vs velocities (Park et al., 1999; Xia et al., 

1999; Yilmaz, 2015) (Figure 3.9). The method assumes that the subsurface is 

vertically heterogeneous and laterally homogeneous.  

The processing of MASW data involves two main steps. The first step is to 

generate the dispersion curves (frequency vs. phase velocity plots) from the raw 

shot gather (Figure 3.9a and c) and the second step is to perform the inversion of 

dispersion curves to estimate Vs velocities (Figure 3.9b and d). The SurfSeis4.5 

code was used in the data processing. This software involves wavefield 

transformation from an offset-time domain (i.e., the raw shot gathers) to an offset-

frequency domain through a 1-D Fourier transform, providing a combination of 

amplitude and phase spectra (Park et al., 1998). Once a good quality dispersion 

curve was generated, an inversion scheme was applied to estimate the shear wave 

velocities from Rayleigh-wave phase velocities. During this process a model was 

specified by executing a forward solution. This model has been designed within 

the SurfSeis 4.5 code according to the velocity of the surface wave on the shot 

gather and the characteristics of the dispersion curve. Finally, the shear wave 

velocity model is obtained by performing the non-linear least squares method on 

this forward model. The results of Vs velocity were obtained after 10 iterations.  
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Figure 3.9: Multichannel analysis of surface wave. (a) and (c) Dispersion 

spectrum of the offset shots along lines 1 and 2, respectively (show in it is the 

extracted dispersion curve used for Vs velocity inversion). (b) and (d) 10-layer Vs 

velocity model for (a) and (c), respectively. 

The electrical resistivity tomography (ERT) method calculates the apparent 

resistivity of the subsurface by injecting a direct electrical current into the ground 

using two electrodes and measures the potential difference across two other 

electrodes at various chosen spacing and distances from the current source (Keller 

and Frischknecht, 1996). The measured apparent resistivity data were manually 

filtered to remove unreasonably anomalous data points and inverted to construct 

2-D resistivity pseudo-sections of the near-surface image of the subsurface 

materials (i.e., subsurface resistivity distribution) using the RES2DINV software 

package (Loke, 2008) (Figure 3.10). Since the inversion procedure is smoothness-

restricted, the inversion algorithm required smoothing parameters as an input 

(Griffiths and Barker, 1993; Loke and Barker, 1996; Loke et al., 2013). Moderate 

horizontal flatness and minimum vertical flatness for the inversion was applied. 

The resistivity tomography was obtained after 10 iterations with a root mean 

square error (RMS) of 2.9 (in line 1) and 4.2 (in line 2). Although the inversions 
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were not constrained by any borehole measurement close to the profile lines, a 

reasonable agreement was achieved between the inverted models and other 

geophysical results (e.g., refraction tomography and MASW). An optimum 

investigation depth of about 24 and 16 m was achieved using a maximum offset 

distance of 120 m at 3 m electrode spacing along line 1, and 80 m spread length of 

2 m electrode spacing along line 2, respectively (Figure 3.10a and b).  

 

Figure 3.10: Resistivity profile along lines 1 and 2. 

 Integration 

This study aims to delineate the shallow aquifer, map the bedrock-overburden 

contact that defines the groundwater storage capacity and geological structures 

responsible for underground water movement. Different geophysical surveys were 
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integrated (Figure 3.11) and compared with the bedrock information from 

boreholes and geological model around the vicinity of the profile lines (Figure 

3.12). However, the actual position of the geological model in Figure 3.12 was not 

mentioned in the paper (Tooth et al., 2001).  The previous studies reported two 

main geological formations in the area: an alluvium deposit with gravel at the 

base and sandstone bedrock with highly weathered surface (Timmerman, 1985; 

Higgins et al., 1996; Tooth et al., 2001). Due to inadequate information 

concerning the lithology of the study area along the survey lines, the interpretation 

results were more subjective. Nevertheless, the integration of different 

geophysical techniques (seismic reflection, refraction, MASW and resistivity 

measurements) provides complementary constraints in generating the final 

subsurface geological model. Our integrated results reveal characteristics of 

different geological units and structures (Figure 3.11). 

3.5.1. Reflection seismic 

The seismic reflection sections (Figure 3.11e and f) reveal different geological 

units (top sand, saturated sand/gravel, weathered and competent bedrock) and 

structures (faults). This is discussed in terms of reflection characteristics and 

comparison to other geophysical methods, as noted in Figure 3.11. The seismic 

event (FB) between 20 - 42 m depth (Figure 3.11e and f) was interpreted as 

seismic reflections emanating from competent sandstone bedrock. This was not 

observed on the refraction tomography (see Figure 3.11a and b) and the resistivity 

tomography (Figure 3.11c and d), probably due to their shallow depths of 

investigation. The rough topography and uneven reflectivity along the surface 

could be associated with different degrees of weathering and fracturing and could 

also be associated with the effect of 3-D structures within the layer. However, the 

lack of ground truth along the profiles and the 3-D view does not permit for a 

more definite interpretation. The seismic section also shows the mapping of a 

thrust fault centred across line 1 at 29 m and three normal faults along line 2 

centred at distances of 8 m, 11 m and 15 m (Figure 3.11e and f). I interpret these 

as faults due to breaks in reflection coherency along the horizon. I also observe a 

shallow undulating seismic reflection (Refl) between 6 - 12 m depth, dipping 
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westward, which defines the base of the alluvium deposit (Figure 3.11 and Figure 

3.12). From the correlation of the borehole data and the geological model (see 

Figure 3.3 and Figure 3.12), I correlated the prominent reflection with the 

interface between the alluvium gravel base and the underlying Waterberg 

sandstone. The shallow bedrock unit exhibits velocities of 2600 - 3200 m/s (as 

determined from first break, refraction tomography and stacking velocity 

analyses), whereas the velocity of the fresh bedrock is characterized by the 

velocities above 4000 m/s. This reflective boundary is truncated or interrupted 

(loss of reflection coherency) across line 1 at 25 - 50 m (Figure 3.11c). This 

feature is interpreted to be a highly weathered or fractured zone. At 5 - 10 m 

distance on the seismic section we also note a linear structure that cross-cuts the 

boundary. This is interpreted as a fault zone. In line 2, at a distance between 5 m 

and 10 m, the seismic section also shows the mapping of two faults that cross-cut 

the reflector. The discontinuous character of the reflection noticed at the edges of 

the seismic sections could be associated with poor S/N or data coverage.  

3.5.2. MASW, refraction and resistivity tomography  

When comparing the seismic refraction and electrical tomography, we notice that 

the reflector near the top of the seismic sections matches with (1) the second 

refracted arrival head waves (R2 in Figure 3.4) with Vp of ~2500 - 4500 m/s; and 

(2) the undulating bedrock surface observed on the resistivity tomogram with a 

resistivity value of about 2000-5000 ohm•m (Figure 3.11). Thus, we interpret 

these bedrock undulations to represent an erosional surface or weathered/fractured 

region near the bedrock surface.  

Furthermore, the ~ 3 m thick uppermost low-velocity-layer (LVL) in the 

refraction tomogram corresponds to the change in velocity contrast within the 

intra-alluvium deposits between the top dry sand and saturated sand/gravel, 

although this layer is not visible on the seismic reflection section. However, its 

evidence in the first arrival time and refraction tomography cannot be repudiated. 

From direct correlations between refraction data (Figure 3.4) and MASW results 

(Figure 3.9), we observe the geophysical signatures of a saturated interface 

between depth of 3 and 5 m, which corresponds to a sharp Vp increase from the 
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low-velocity layer (400 - 800 m/s) to a higher-Vp layer (1200 - 2600 m/s) and a 

decrease in average Vs velocity from 600 to 300 m/s within this interface. These 

Vp velocities correspond well with the velocities obtained from CMP velocity 

analysis (1000 - 2100 m/s). In comparison with the resistivity tomogram (Figure 

3.11c and d) the low-Vp, high-Vs layer seems to correspond with a high 

resistivity layer at depth of 0 - 3 m (Figure 3.11d), while the high-Vp low-Vs 

layer correlates with a low resistivity layer (600 - 1300 ohm•m) at depth of 2-8 m. 

A fault zone across line 1 between 6-12 m along the profile is also observed and 

this may explain the low resistivity values observed on the resistivity tomogram, 

possibly due to the presence of water in the shear/fractured zone. In line 2 at 

distances of 12 - 36 m, the resistivity tomogram indicates a low-resistivity zone 

that could represent a fractured or weathered region where water tends to saturate 

or flow. Consequently, from the observed results (MASW, refraction and 

resistivity tomography), the interface between the intra-alluvium materials (top 

sand/saturated sand-gravel) could be interpreted as the groundwater table. 

However, this will need to be confirmed with the borehole information when it 

becomes available. Based on high-resolution shallow reflection seismic data 

complemented with first-break travel time refraction and resistivity tomography 

results and 1-D MASW analysis, we compare the geological model obtained in 

the area by the geologist/environmentalist with the derived geological model 

along two perpendicular profiles within Nyl River floodplain in the Nylsvley 

Nature Reserve as shown in Figure 3.12 and Figure 3.13, respectively.  
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Figure 3.11: Integrated interpretation of line 1 and 2. (a) and (b) Refraction 

tomography. (c) and (d) Resistivity tomography. (e) and (f) Reflection seismic 

section. (g) and (h) 1-D profile of MASW. LVL probably represents the base of 

the low velocity layer, Refl the bedrock reflector, FB the fresh bedrock reflector 

and WZ probably represents a highly weathered/fractured zone. 
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Figure 3.12 Schematic diagram showing downstream changes in the sediment 

transported by tributaries, and sediment underlying the Nyl River 

floodplain/floodout (Tooth et al., 2002 based on the borehole data in Timmerman, 

1984). The depth of alluvium underlying the floodplain reaches a maximum of 

~35m (Tooth et al., 2002 www.tandfonline.com). 

 

Figure 3.13: A geological model along the profile lines.  (a) Line 1 and (b) Line 

2.  Different stratigraphic units are delineated with solid coloured lines and 

interpreted faults are shown as black dashed lines. 

http://www.tandfonline.com/


83 
 

 Conclusions 

The seismic data analysis revealed that high–amplitude low-frequency source-

generated noise dominated the raw shot gathers, making it difficult to see the 

reflected events clearly. However, the first arrival time was carefully picked and 

used to generate the refraction tomographic images and waveform inversions of 

the near-subsurface. Two refractor events R1 (~ 3 - 5 m depth) and R2 (~ 8 - 12 m 

depth) were observed with P-wave velocities of approximately 1200 - 2500 m/s 

and 2800 - 6000 m/s, respectively. 

Subsequent reflection seismic data processing enhanced the reflectors Refl and FB 

in the final stacked seismic section. These reflectors are interpreted as reflections 

arising from the alluvium-weathered bedrock interface and the contact between 

weathered/fractured-competent bedrock. The seismic reflector (Refl) correlates 

with seismic refractor (R2) and an undulating bedrock surface observed in the 

resistivity tomogram. The depth of bedrock varies from 8 to 12 m. The physical 

property contrast observed within the alluvium deposit on refraction and 

resistivity tomograms were also confirmed by the MASW 1-D model, which 

exhibited high- to low-Vs layers. The low-Vp layer (400 - 800 m/s) in refraction 

tomograms correlates with the average Vs velocity of 600 m/s at 0 - 3 m depth, 

while the low average Vs value (~ 300 m/s) shown in the MASW 1-D model 

between 3 and 7 m depth corresponds to the sharp increase in Vp (1200 - 1800 

m/s) and low resistivity values (600 - 1300 ohm•m) observed in refraction and 

resistivity tomogram, respectively. This also correlates with a poorly image 

reflector (LVL) on the stacked seismic section.    

Moreover, the physical property contrast observed within the alluvium deposit at 

3 - 5 m depth is interpreted as a transition from an unsaturated sand layer to a 

saturated sand/gravel layer. Thus, I interpret tthis interface within the intra-

alluvium layer as the groundwater table along the profile lines at depths of 3 - 5 

m. The data also shows the mapping of the bedrock undulation that is associated 

with the fractured/weathered zone; this is important for storage and migration of 

underground water in the surveyed area. In addition, the saturated alluvium 

deposit base (sand/gravel) combined with the weathered/fractured bedrock surface 
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represent the hydrostratigraphic units in the area with thicknesses of 18 - 38 m. 

The thickest undulated weathered/fractured zone along the profile lines is a good 

location for future groundwater boreholes. In support of our assertions, the 

previous geological and environmental research conducted in the area suggested 

that the fractured/weathered zone within the bedrock surface is responsible for 

underground water movement and storage in the area (Higgins et al., 1996; Tooth 

et al., 2002). Therefore, I demonstrated that shallow reflection seismic method, 

when combined with other geophysical techniques (such as refraction and 

resistivity tomography, and MASW), is a powerful tool for imaging near-

subsurface architectures and hydrogeological prospecting. 
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CHAPTER 4 

4.0 High-resolution integrated geophysical investigation at the Lancaster 

Gold Mine, Krugersdorp, South Africa 

Abstract 

An integrated geophysical approach using seismics and geoelectrical techniques 

was employed to investigate the architecture of historic narrow-reef workings and 

a proposed open-pit mine at Lancaster Gold Mine, near Krugersdorp, South 

Africa. The mining activities in the area were mainly carried out within the 

Kimberley Reef Package in the upper Central Rand Group of the Witwatersrand 

Supergroup, which hosts several gold-bearing conglomerates (locally known as 

reefs). The reefs are generally thin (≤ 2 m thick) and dip between 28° - 32° south. 

The integrated results indicate that the study area is characterised by a weathered 

surface layer with variable low P-wave velocity (400 – 1200 m/s) and resistivity 

(150 – 800) Ωm. The increase in resistivity and velocity at deeper layer 

characterise by lateral discontinuities are attributed to the host rock, which locally 

hosts weak zones, cavities or water-bearing zones due to the mining activities. 

The low-velocity weathered layer introduces significant static shifts in the 

reflection seismic data. Moreover, environmental noise from drilling and trucking, 

and the prominent bedrock-overburden contact that produces various wave 

conversions (P-S conversion), cause undesirable noise that contaminates the shot 

gathers as high-amplitude, source-generated and monochromatic noise. The noise 

was removed from the shot gathers using frequency and velocity filtering 

techniques. The final depth-migrated sections are characterised by high-resolution 

images of the subsurface from ∼10 to ∼150 m depth, which are constrained by the 

borehole information. The reflection seismic data delineate the interfaces between 

different rock layers and the stopes. The refraction and resistivity tomograms, on 

the other hand, provide more detailed images of the top 20-50 m of the subsurface 

and depict the approximate shallow geometry of fluid migration paths, mined-out 

areas, and bedrock-overburden boundaries. The combined borehole and 

geophysical data provide valuable information regarding the physical 
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characteristics of the subsurface and can be helpful for future risk management 

decisions, environmental and engineering studies in the area. 

 Introduction 

Reflection seismics is a widely used geophysical exploration tool, especially for 

hydrocarbon and ore-body detection (Yilmaz, 2001; Malehmir et al., 2012a, 

Manzi et al., 2012a), and mine safety and planning (Malehmir et al., 2012b; 

Manzi et al., 2012b).  Similarly, the technique has also been successfully used for 

engineering, geohydrological and environmental applications to determine the 

depth to the competent layer or aquifer, map contaminant plumes and features 

such as caves, voids, faults, mine stopes and tunnels (Steeples and Miller, 1988; 

Miller and Steeples, 1991; Leucci, 2004; Redhaounia et al., 2015; Isiaka et al., 

2018; Onyebueke et al., 2018). The importance of imaging the near-subsurface in 

detail has stimulated many advances in technology to acquire data with higher 

frequencies (> 100 Hz) and lower background noise (for engineering, 

environmental and geotechnical applications) (Steeples and Miller, 1988, Miller 

and Steeples, 1991; Brodic et al., 2018). Integration of seismic with other 

geophysical methods such as geoelectric, gravimetric, GPR, magnetics, 

magnetotellurics that respond differently to various subsurface physical properties 

provide better constrained models of the subsurface (Leucci and De Giorgi, 2005; 

Gómez-Ortiz and Martín-Crespo, 2012; Cooper, 2014; Martinez-Moreno et al., 

2014; Festa et al., 2016; Malehmir et al., 2016).  

In this study, integrated high-resolution reflection/refraction seismic and electrical 

resistivity methods were used to investigate and image the near-subsurface 

architecture (mined-out zones, tunnels and fluid-migration pathways) in a shallow 

(< 100 m) historic gold mine located near Krugersdorp, South Africa, as a pilot 

project for future detailed site characterisation. Our results can also be useful to 

define the survey strategies for similar studies in karst and shallow mining 

environments. The study area is located within the Witwatersrand Supergroup of 

the Witwatersrand Basin, which is known to have produced 98 % of the South 

African gold and 45-50% of gold in the world (Handley, 2004; Anhaeusser, 

2012).  
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The impact of these intense mining activities on the environment has left some 

underground voids and fissures, which are only partially remediated by 

backfilling and packing. Consequently, progressive dewatering of these structures 

could eventually lead to the formation of sinkholes and subsidence on the surface, 

which could pose a direct risk to infrastructural facilities (such as buildings, roads, 

and farmlands) and in general impede future urban development in the area 

(Wolmarans, 1996). Thousands of mining related seismic events such as sinkhole 

and subsidence have occurred in the past 60 years in the Gauteng Province of 

South Africa, centred on the mining district and dolomitic formations of the 

Transvaal Supergroup, with serious safety and socioeconomic consequences 

(Buttrick et al., 2011). Sinkholes occur in dolostone formations because of the 

progressive water ingress, which created secondary porosity through dolomitic 

dissolution and recrystallization, weathering, and erosion. The processes can be 

enhanced by the presence of carbon dioxide in groundwater (mainly from 

percolation through the soil, but partly derived from the atmosphere) (Whitaker 

and Xiao, 2010).  

In addition to the formation of unstable subsurface voids, mine activities also 

produce considerable environmental pollution. Mine waste in the Witwatersrand 

Basin contains abundant pyrite, which oxidises to form insoluble ferric oxide and 

sulphate (Brink, 1979) (Figure 4.1); the latter further decomposes into sulfuric 

acid in the presence of oxygenated water (e.g., groundwater/rain water) creating 

acid mine drainage. Acid mine drainage permeates through any available 

migration path and can transport toxic elements such as uranium, lead, copper, 

cadmium, mercury, and zinc, all of which are available in the mine heaps, into 

underground water that may be used for domestic and industrial purposes. The 

sulfuric acid can also erode cement and concrete and result in accelerated wear 

and damage to infrastructures (Brink, 1979).  

Hence, the inherent risk associated with shallow underground mining activities 

has encouraged the use of integrated geophysical methods to map potentially 

unstable subsurface structures (Leucci and De Giorgi, 2005; Gelis et al., 2010; 

Gómez-Ortiz and Martín-Crespo, 2012; Martinez-Moreno et al., 2014; 
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Redhaounia et al., 2015). In the past, South African scientists have attempted to 

develop warning devices and surface geophysical measurements that could 

disclose the potential unstable subsurface conditions in time to avoid such rapid 

and catastrophic events (Brink, 1979; Breytenbach and Bosch, 2011; Kleywegt, 

2015). Since modern urban and rural developments are fast encroaching on 

previously mined areas, adequate use of different geophysical methods to obtain 

near-subsurface information in these areas is crucial (Figure 4.1) 

 

Figure 4.1: (a) Satellite image and photographs showing residential encroachment 

towards mining area. (b) and (c) show the environmental degradation caused by 

mining activities in the area. 

 Site location and geology and borehole information 

The study area is located within the Witwatersrand Basin (WB), which lies near 

the centre of the Kaapvaal Craton, and has an extent of ~ 350 km NE-SW and 200 

km NW-SE (Corner et al., 1990; Armstrong et al., 1991) (Figure 4.2). The WB is 
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approximately 84,000 km2 in area and about 7 km deep, and is filled with 

terrigenous and volcanic sequences (Figure 4.2). 

The WB formed over a period of ca. 800 Ma, because of sediment accumulation 

due to sagging, volcanism and subsequent rifting activities between ca. 3.1 and 

2.3 Ga within the Kaapvaal Craton (De Wit et al., 1992; Tinker et al., 2002). The 

deformation process is said to be associated with the encroachment and eventual 

collision of Kaapvaal Craton with the Zimbabwe Craton between ca. 2.84 and 

2.72 Ga (Zegers et al., 1998; Robb et al., 1991). According to Hayward et al. 

(2005), heavy minerals such as gold and uranium are effectively concentrated in 

the coarse gravels of the large fan-delta complexes seen mostly at the apices of the 

fans. The progressive lithification of these alluvial deposits formed the 

conglomerate rocks (known as reefs) that bear the gold and uranium mineral 

deposits. The sources of the gold and uranium mineralization within the basin are 

still contentious. Drennan et al. (1999) identified metamorphic/hydrothermal fluid 

systems as a result of the widespread preservation of detrital uraninite and gold 

remobilization along major fluid conduits in the WB, while Frimmel and 

Hallbauer (1999) attributed the gold-mobilization fluids in the Witwatersrand 

reefs to a meteoric source. On the other hand, Kirk et al. (2002) suggested rapid 

crustal growth during the Kaapvaal Craton formation as an evidence for the 

significant metal flux from the mantle, which corresponds to the Middle Archaean 

gold mineralization event. The Witwatersrand Supergroup (WS) is unconformably 

overlain by the sub-ordinated volcanic and sedimentary deposits of the 

Ventersdorp (ca. 2.7 Ga), Transvaal (ca. 2.6 Ga) and Karoo (ca. 302 - 180 Ma) 

Supergroups (De Wit et al., 1992). Underlying the WS is the ca. 3.1 Ga Dominion 

Group (DG) and greater than 3.1 Ga Archaean granite-greenstone basements. The 

Au-bearing reefs of the WS (Main, Bird, Kimberley (Figure 4.3), Elsburg, Basal, 

Carbon Leader, Steyn, Vaal, Leader, B and Composite reefs), Ventersdorp 

(Ventersdorp Contact Reef (VCR)) and Transvaal Supergroups (the Black Reef 

Formation (BRF)) have been mined for more than 100 years.  

The study area is situated on the Central Rand Group (CRG) rocks known as the 

upper zone of the WS.  It is unconformably underlain by the West Rand Group 
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(WRG), which is considered as the lower zone of the WS. The thickness of the 

CRG varies from ca. 2.8 km in the Vredefort area to ca. 1.5 km towards the East 

Rand area and ca. 650 m in the Evander area (NE Witwatersrand region) (Robb et 

al., 1991). The CRG predominantly consists of quartzites and conglomerates with 

minor shales. The group is further subdivided into the Johannesburg and 

Turffontein subgroups. A larger part of the WB was buried by enormous thickness 

of the Vredefort impact ejecta, preserving the CRG gold-bearing reefs over an 

estimated period of 2 Ga (Therriault et al., 1997). The Witwatersrand Supergroup 

has undergone various stages of metamorphism, structural and thermal 

deformation. The metamorphism and structural deformation involved progressive 

loading of the WB by the Ventersdorp and Transvaal sequences under extensional 

and rifting tectonic environments (De Waal et al., 2006; Gibson and Reimold, 

2000). The thermal deformation involves the intrusion of Bushveld Igneous 

Complex, while Vredefort impact crater caused the exposure of deep-sitting WS 

to be seen as an outcrop around the vicinity of the survey area (after massive 

erosion of impact ejecta) and overturned strata around the centre (known as the 

Vredefort Dome) of the impact (Reimold and Gibson, 1996; Gibson and Reimold, 

2001). 

The shallow subsurface geology is made of the Johannesburg Subgroup of the 

Central Rand Group. It is predominantly arenaceous and argillaceous with minor 

rudaceous material and the lithologies were deposited in a fluvio-deltaic 

environment (Robb and Meyer, 1995). The payable Au-bearing reefs found in the 

Lancaster Gold Mine are part of the Kimberley Reef Package (KRP) of the 

Johannesburg Subgroup (JS) of the CRG. The KRP contains various 

conglomerate lenses of different economically Au grades that dip approximately 

28° to 32° towards the south and strike approximately east-west, seldom 

extending to more than 60m depth in the area, stacked upon one another with 

intercalated quartzites and sandstones in between (Figure 4.2 and Figure 4.3). The 

Boulder Reef of the KRP is the only consistent layer in the area with moderate Au 

grades (2.34 – 5.08 g/t) but it is not more than 300 mm thick. Approximately 95% 

of the Boulder Reef has been mined-out and replaced with backfill (packed waste 

rock, providing roof support for stopes). The KRP is about 40 - 50 m thick in the 
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area, with occasionally sericitic quartzites occurring below and above the 

package, underlain by intercalated conglomerate bands (Figure 4.3 and Figure 

4.4). The surface geology comprises friable, weathered conglomerates and 

sandstones/quartzites with minor rudaceous materials and disintegrated boulders. 

The surface materials are maroon in colour, though sometimes dark brown, with 

minor black and white matrices.   

 

Figure 4.2: (a) Geology of the Witwatersrand Basin indicating the location of the 

study area. (b) Geological cross-section across the study area indicating the 

dipping conglomerate reefs of Central Rand Group (c) South Africa map outline 

showing the position of the Witwatersrand Basin, respectively (modified from 

Dankert and Hein, 2010).  
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Figure 4.3: Dipping reefs exposed on the sidewall of an open cast pit, waste dump 

in the background. 
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Figure 4.4: The borehole information from the Lancaster Gold Mine used to 

correlate the lithology of the study area. Borehole locations are shown in Figure 

4.7. 
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 Physical property measurement and synthetic modelling 

Table 4.1 lists the laboratory-measured bulk densities and P-wave seismic 

velocities for the rock samples (each averaged over 10 readings) from two 

borehole close to line L01. The physical property values were used to construct 

synthetic seismograms and to constrain the (seismic reflection and refraction) 

starting model parameters. The synthetic seismogram computation assumed 

normal incidence waves, convolved with the first derivative of a Gaussian wavelet 

(minimum phase) with a dominant frequency (FD) of 100 Hz (Figure 4.5). This 

analysis reveals that the interface between the weathered and fresh bedrock 

(reflection coefficient of 0.36 - 0.45) is anticipated to produce a noticeable 

reflection. The interface between the quarzitic conglomerate band (reef lenses) 

and underlying sandstone yielded a seismic of about 6% to 13% (0.06 to 0.126). 

The physical properties of the backfill zone cannot be estimated from the core 

measurements since the borehole was drilled before the mining took place 

decades ago. However, it’s expected that the velocity values should be close to the 

velocity of dry or water-saturated sand for the backfill zone and the velocity of air 

for the open voids (Figure 4.6). It’s expected that the voids and backfilled zones 

may be water-saturated as it rained for several days prior to the data acquisition. 

Although the physical properties of the intermediate layer cannot be estimated 

using conventional refraction seismic method as schematically shown in Figure 

4.6 (Banerjee and Gupta, 1975; Ivanov et al., 2005 and 2006). The problem of the 

hidden layer can be solved using integrated geophysical methods such as 

multichannel analysis of surface wave (MASW), resistivity and reflection seismic 

methods as adopted in this study (Miller et al., 1991; Steeples et al., 1988 and 

1997; Onyebueke et al., 2018).  
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Table 4.1: Physical property measurement of boreholes 1 and 2. Z is the acoustic 

impedance, ρ is the density, VI is the interval velocity and Rc is the reflection 

coefficient. Abbreviations ws - weathered sandstone, s - sandstone, cl - 

conglomerate lenses, cb - conglomerate bands, and q – quartzite. 

Borehole 1 

Depth (m) VI (m/s) ρ (kg/m3) Z = ρV (kg/m2s x 106) Rc Rock type 

12 1650 2500 4.125 

0.364 

0.068 

0.075 

-0.081 
0.073 

0.054 

0.005 

0.067 

-0.01 

0.01 

0.036 

ws 

17 3400 2600 8.840 s/cl 

20 3750 2700 1.0125 s 

24 4200 2800 1.1760 q/cl 

29 3700 2700 9.990 s 

38 4450 2600 1.1570 s/cl 

44 4600 2800 1.2880 s 

45 5000 2600 1.3000 s/cl 

55 5300 2800 1.4840 s/cb 

59 5400 2700 1.4580 s 

61 5500 2700 1.4850 s/cb 

95 5700 2800 1.5960 s 

Borehole 2 

Depth (m) VI (m/s) ρ (kg/m3) Z = ρV (kg/m2s x 106) Rc Rock type 

10 1400 2500 3.500 

0.450 

0.085 

-0.057 
0.068 

0.014 

-0.003 

0.126 

0.001 

0.027 

ws 

20 3500 2700 9.450 s/cl 

26 4000 2800 1.1200 q/s 

35 3700 2700 9.990 s 

38 4400 2600 1.1440 cl 

44 4200 2800 1.1760 s 

45 4500 2600 1.1700 cl 

 60 5200 2900 1.5080 s/cb 

83 5400 2800 1.5120 s 

85 5500 2900 1.5950 s/cb 
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Figure 4.5: Borehole logs with the respective reflection coefficient and synthetic 

seismogram. Note that the multiple traces are repetitions of the zero-offset trace at 

the borehole position. 
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Figure 4.6: A schematic diagram illustrating the low-velocity or hidden layer 

problem in the conventional seismic refraction method. (a) Showing water-filled 

layer; (b) Showing air-filled cavity/tunnel. The respective velocity and density 

values on the top of the respective models were used to calculate and construct the 

reflectivity and synthetic seismogram superimposed on the model. Note: the 

diagram was not drawn to match scale and the thickness of the hidden layer does 

not reflect the actual thickness of the mine stopes which is about 5 m. 
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 Geophysical methods 

4.4.1.   Seismic methods 

4.4.1.1.    Survey design and acquisition 

The seismic survey included three P-wave seismic profiles (L01, L02, and L03) 

acquired using the asymmetric split-spread geometry at a fixed geophone position 

(Figure 4.7). A series of trial acquisition tests were conducted using different 

source and receiver offsets prior to the actual survey to fine-tune the acquisition 

parameters and evaluate the attenuation response of the ground. Line L01 was 

shot in the east-west direction parallel to the strike direction of the dipping 

conglomerate reefs and perpendicular to the mine-access tunnels, while L02 and 

L03 were shot approximately in a north-south direction parallel to the dip 

direction of the conglomerate reefs. Because the study area is in the mining 

environment, the locations of the lines were restricted along the road ways of the 

mine (L01 and L03) and on the covered open cast pit (L02) (Figure 4.7 and Figure 

4.8). Moreover, the area has significant topographical features; the elevation along 

line L01 is quite flat, while the elevation along L02 and L03 varies with a highest 

topographic difference of about 6 m. 

The equipment and parameters used in the seismic data acquisition are listed in 

Table 4.2. Four Geometric Geode Seismographs were connected, each having 24 

14 Hz vertical component geophones. The recording of the seismic data was 

carefully controlled to avoid cultural noise. However, The S/N was improved by 

stacking five vertical shots of 9 kg sledgehammer on an aluminium plate at every 

shot station (Figure 4.8). The sampling interval and recording length were 0.25 ms 

and 250 ms, respectively. To avoid spatial aliasing and to obtain a high-resolution 

subsurface image, dense receiver spacing’s of 1.5 – 2 m and a shot spacing of 2 m 

was employed, which yield a common mid-point (CMP) subsurface spacing of 

0.75 – 1.0 m and nominal fold of 76 - 96. The recording of environmental noise 

(borehole drilling) during data acquisition was reduced by applying a low-cut and 

high-cut filter of 50 Hz and 800 Hz, respectively. The geophones and the energy 

source were firmly coupled to the ground (Figure 4.8). 
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Figure 4.7: (a) Photograph showing a collapsed mine entrance. (b) South Africa 

map outline showing the location of the survey area and (c) Google Earth map 

indicating the survey profiles, borehole locations and possible tunnel positions in 

the research site.  

Table 4.2: Seismic acquisition parameters for line 1, 2 and 3. 
Item Parameters 

Lines L01 (E – W) L02 (NW – SE) L03 (NW – SE) 

Profile length (m) 190 142.5          190       

Geophone  14 Hz vertical 

Seismograph Geometric Geode (32 bit) 

Source 9 kg sledgehammer 

Receiver number 96 

Receiver spacing (m) 2 1.5 2 

Shot spacing (m) 2 2 2 

Record length (ms) 250 

Sampling interval (ms) 0.25 

Vertical stacks 5 

Min/Max offset (m) 1/194 0.75/146.5 1/194 

Max CMP fold 96 76 96 
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Figure 4.8: Data acquisition setup showing some mine trenches alone the profiles. 

(a) and (b) are along L01, (c) and (d) are along L02 while (e) and (d) are along 

L03. 

4.4.1.2.    Raw data analysis 

The raw shot gathers are characterized by different seismic events: the direct (D), 

surface (S), refracted (r1 and r2) waves and reflected waves (R1 and R2)  (Figure 
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4.9). Traces were normalized with respect to the maximum amplitude of the entire 

shot gather. The data analysis shows that the near-source traces were dominated 

by high amplitude surface waves, while environmental noise dominated the far-

offset traces due to rapid attenuation of the source signal. Although a 50 Hz low-

cut filter was applied during acquisition to suppress ground roll and other low-

frequency cultural noise sources. However, a portion of the ground roll is still 

visible in the data dominantly within the bandwidth 45 - 55 Hz. The linear 

moveout velocity of the direct wave varies approximately from 300 to 550 m/s. 

The sudden change observed between distances 10 – 25 m in the gradient of the 

first arrival travel-time curve is qualitatively interpreted as a velocity variation 

within the weathered and low-velocity layer, while the gradual change at 30 – 50 

m is interpreted to be the contrast between the weathered layer and high velocity 

bedrock. The velocities of r1 and r2 are about 900 – 2000 m/s and 1400 – 3000 

m/s, respectively. Moreover, the coherent events at 20 - 25 ms (R1) and 35 – 50 

ms (R2) on the shot gathers (Figure 4.9a, b and c) ) are suspected to be reflected 

energy from bedrock-overburden contact and wide-angle reflections emanating 

from the mined-out zones. The FD of the shot gathers varies between 60 and 140 

Hz (Figure 4.9d, e and f) while the normal moveout velocity of the reflected 

energy varies between 800 - 1000 m/s (R1) and 1200 -1800 m/s (R2) (Figure 4.9).  

 

Figure 4.9: Seismic raw data indicating different seismic events. (a), (b) and (c) 

represent a single shot gather along L01, L02 and L03, respectively. (d), (e) and 

(f) shows the amplitude versus frequency spectra of the respective shot gathers. 
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Here, D – direct wave, r1 – first refracted wave, r2 – second refracted wave, R1 – 

probably the first reflected wave, R2 – probably the second reflected wave, A – 

air wave, S – surface wave, M – multiple reflection arrival of R2 and Mo – 

probably a monochromatic noise. 

The seismic reflection method is governed by the Zoeppritz equation and acoustic 

impedance (the product of density and velocity, ρ and V, respectively) contrast 

that exist between two different geological boundaries [(ρ2V2 – ρ1V1)/ [(ρ2V2 + 

ρ1V1)] (Sheriff and Geldart 1995; Yilmaz 2001). The Zoeppritz equation describes 

the partition of seismic wave energy at an interface of two lithological units and 

relates the amplitude of an incident P-wave to the reflected and refracted P- and S-

wave at a given plane boundary of an incident angle (Sheriff, and Geldart 1995). 

The ability of a lithological boundary to produce significant reflection event 

depends entirely on the reflection coefficient (Rc) between two geological units, 

which is governed by the acoustic impedance contrast between these units. A 

geological interface can only generate a reflection event if the reflection 

coefficient at the boundary is at least 6% (0.06) (Sheriff and Geldart 1995; Yilmaz 

2001; Narayan 2012).  

Based on an approximated average velocity (Va) of about 900 m/s (for R1) and 

1400 m/s (for R2) with average FD of 100 Hz, the average horizontal resolution 

(the radius of the Fresnel zone (Fz) = 0.5 x Va x (To/FD) 1 /2) for the P-wave 

reflectors at 20 ms and 40 ms To are estimated to be 6 m and 14 m, respectively. 

Since the CMP sampling was 0.75 - 1 m, based on the deployed acquisition 

parameter (shot and receiver spacing, see Table 4.2), the horizontal sampling will 

be about 8 - 14 points per Fresnel zone above 40 ms two-way time. The vertical 

resolution of the data can be estimated using 1/4 wavelength criterion (Widess, 

1973). Taking the average P-wave velocity of R1 and R2, the approximated 

dominant wavelength (λD = Va/ FD) of 9 m and 14 m, respectively, which 

indicates that the best possible vertical resolution is about 2 - 4 m. However, 

thinner features can still be detected in the seismic section provided there is a high 

enough acoustic impedance contrast (Manzi et al., 2014; Narayan, 2012).  
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4.4.1.3.   Data processing and results 

4.4.1.3.1. Refraction seismic 

The basic principle in the refraction seismic method depends on the analysis of 

the first-arrival compressional head wave in the seismic shot gathers. In this study, 

I use an advanced seismic refraction analysis technique in ReflexW software 

(Sandmeier 2018) to analyse and generate the refraction tomogram (RT). The 

technique incorporates the Simultaneous Iterative Reconstruction Technique 

(SIRT) algorithm. The SIRT algorithm automatically adapts synthetic travel time 

data (the calculated travel time) to the observed data sets (the picked travel time). 

However, the information obtained from the acquisition geometry, the calculated 

apparent velocity from the raw data and physical property lab measurement of 

borehole core provided the initial input model for the final tomographic inversion.  

The spatial limit of the starting model is 0 - 50 m for the vertical extent with a 0.5 

m bin size. The minimum and maximum velocity values are set at 400 and 6500 

m/s, respectively. The inversion was based on an iteration model (obtained after 

50 iterations) with a defined data variance of 0.01 (misfit), permissible threshold 

of 0.001 and 50 % maximum defined change of the input model.  Variations in 

shallow subsurface along all three survey lines can be seen in the tomographic 

results (Figure 4.10a, b and c).  From the tomograms, we qualitatively observe 

that the velocity of the top layer (blue) is about 400-800 m/s at 0 - 10 m depth. 

The velocity of the second layer (green, the transition zone) is about 1200 - 2500 

m/s at about 8 – 20 m depth, while the velocity of the Archaean sandstone 

bedrock typically varies from 3500 - 5500 m/s and can reach up to 6500 m/s (red 

to magenta). 
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Figure 4.10: Refraction tomography results. (a), (b) and (c) represent velocity 

model along L01, L02 and L03, respectively. Note, the contour lines represent 

velocity isoline of different velocity values shown in different colour band, and 

LVL is low velocity layer, while BV is bedrock velocity. 

4.4.1.3.2. Reflection seismic 

The processing workflow (using ReflexW software package) is listed in Table 4.3. 

These include: geometry setup; trace edits and normalizations; frequency and 

velocity bandpass filtering; deconvolutions before stacking; elevation, weathering 
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and automatic residual statics; standard CMP analyses; careful refraction muting; 

stacking; migration; time-to-depth conversion and deconvolutions and time-

varying bandpass filter after migration.  

During geometry setup, all traces and shots were placed in their correct positions. 

Traces were normalized with respect to the maximum amplitude of the entire shot 

gather. High-amplitude noise and dead traces were removed. Traces were 

normalized to correct for spherical divergence effects. However, near-surface 

source-generated noise still affected the shot gathers. Therefore, we carefully 

separated direct and refracted P-waves, and surface waves from shallow 

reflections. Such phase recognition and separation are a difficult task in shallow 

2D seismic surveys (Steeples et al. 1997; Spitzer et al. 2003). Spiking-

deconvolution of 40 ms filter length with 5 % white noise provided the best 

results in improving the vertical resolution and compressing the signal wavelet of 

the seismic data; it also enhanced the frequency bandwidth (Figure 4.11) (Cary, 

2006). The data were subjected to 3rd order Butterworth (95 – 250 Hz) bandpass 

frequency filter to eliminate the dominant surface wave (ground roll) (Figure 

4.11d, e and f). The remaining steeply dipping events (such as the airwave) were 

further attenuated by applying 450 m/s low cut velocity filter (FK filter). Careful 

top muting was applied to remove direct and refracted arrivals before sorting the 

filtered data into CMP gathers for velocity analysis. Automatic gain control 

(AGC, 50 ms window length) was applied to correct for energy loss at depth with 

a subsequent 100 ms time cut (Figure 4.11g, h and i).  

Velocity analysis was carried out on CMP gathers using interactive semblance 

and constant velocity stack analysis (Yilmaz 1987 and 2001). The optimal final 

velocity was based on the best alignment of normal-moveout (NMO) corrected 

velocity and quality of the stacked section with 45% automatic stretch mute. The 

final stacking velocity was used for NMO correction and these gathers were 

stacked together at the zero-offset to generate the final stacked seismic section 

after an automatic residual static correction (Figure 4.12a, c, and e). The random 

noise was suppressed with a time-varying bandpass filter (90 – 250 Hz) before 

and after migration.  
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Elevation and weathering statics were carefully applied to correct for the effect of 

topographic variations and near-surface velocity heterogeneity. Static correction 

proved to be important due to variable overburden thickness and high-velocity 

contrast at the base of the weathered layer with bedrock P-wave velocity reaching 

up to 3500-5500 m/s. Post-stack Kirchhoff time migration was applied to collapse 

the diffracted energy and correctly position the dipping events (Gray et al., 2001). 

The stacked time-migrated seismic sections shown in Figure 4.12b, d, and f were 

converted into depth sections using the stacking velocities, which were guided by 

the borehole constraints and laboratory physical property measurements.  

Table 4.3: Reflection seismic data processing sequence and parameters. 

Sequence Parameter 

Trace Edit Removing dead traces 

Amplitude scaling 0 - 250 ms 

Spiking deconvolution 250 ms autocorrelation length, 60 ms filter length  

and 10% white noise 

Bandpass frequency filter 95 - 250 Hz, 3rd order Butterworth 

Trace normalization with respect to the maximum amplitude of the entire shot 

gather 

F-k filter Bandpass 450 - 100000 m/s velocity range, with 5 m/s taper 

width. 

Time cut 100 ms 

Top mute Removing the direct and refraction arrivals 

CMP sorting/Velocity analysis Interactive velocity analysis (semblance and constant velocity 

stack)  

NMO correction/Stacking Velocity ranges from 800 - 3500 m/s 

Static/elevation correction Surface-consistent statics 

Bandpass frequency filtering 100 - 250 Hz, 3rd order Butterworth 

Kirchoff-Migration/Time-depth 

conversion 

Using stacking velocity 

Bandpass-frequency 

filter/Deconvolution 

90 - 250 Hz, 3rd order Butterworth  

Automatic Gain Control (AGC) 100 ms (40 ms window length) 

 



111 
 

 

Figure 4.11: Reflection processing steps along L01, L02 and L03. (a), (b) and (c) 

illustrate after trace editing and amplitude scale. (d), (e), and (f) illustrate after 

deconvolution and bandpass frequency filtering. (g), (h) and (i) illustrate after 

velocity bandpass filtering, top muting and time cut. (j), (k) and (l) represent the 

frequency spectrum obtained after subsequent filtering along the respective lines. 

Note, the arrow SA indicates the surface wave moveout, R1 – probable first 

reflector and R2 – probable second reflector. 

The processed seismic sections are shown in Figure 4.12a, c and e. The horizontal 

axis on the sections shows distance along the surface and the vertical axis is the 

two-way travel-time. The datum level for the seismic section along lines L02 and 

L03 varies between 1725 - 1730 m above the sea level. However, the surface 

topography varies with a maximum range of 4 – 5 m. The topography along line 

L01 was approximately flat with less than 1 m variation in elevation and the 

datum level was 1730 m above the sea level. The measured P-wave velocity of the 
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weathered layer and upper Archaean sandstone bedrock correlated with our CMP 

velocity analysis. These velocities range from 800-1200 m/s within the weathered 

layer to 1400-3000 m/s beneath the bedrock-overburden contact. The seismic 

sections show several reflections. A strong reflection is observed at the two-way 

time of about 15 – 20 ms between depth ranges of 14 –25 m (Figure 4.12a and b). 

A gently dipping coherent reflection was also observed between 20 – 60 ms two-

way time along line L02 and L03 with intermittent reflections between 50 – 100 

ms two-way time (Figure 4.12c and e). In line L01, a semi-continuous coherent 

reflection was observed at 40 – 50 ms two-way time at depth of 50 – 65 m. 

Intermittent strong reflections were also noted at depths of 75, 100 and 130 m 

along line L01. 
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Figure 4.12: Stacked reflection seismic along L01, L02 and L03. (a), (c) and (e) 

represent the final stacked time sections. (b), (d), and (f) represent time-depth 

migrated sections after post-stack processing and static correction. R1 and R2 are 

the first and second reflectors, respectively. 
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4.4.2. Electrical resistivity method 

4.4.2.1.Data acquisition 

Resistivity data were acquired using the ARES Resistivity meter instrument with 

48 planted steel electrodes connected to coaxial electrical cable (Figure 4.8). 

Three electrical resistivity profiles were collected along the seismic profiles 

(Figure 4.8). The electrical resistivity method measures the apparent resistivity of 

the subsurface by injecting a direct electrical current into the ground using two 

electrodes and measures the potential difference using another two electrodes at 

various chosen spacing and distances from the current source (Keller and 

Frischknecht, 1996). For optimum horizontal and vertical resolutions, 

Schlumberger and dipole-dipole arrays were chosen with electrode spacing of 5 m 

(line L01 and L03) and 3 m (line L02) L02 (Dahlin and Zhou, 2004). As a rule of 

thumb, the maximum depth of penetration is about the total spread-length divided 

by three-five depending on the ground conductivity (Keller and Frischknecht, 

1996; Loke and Barker, 1996; Loke et al., 2013).  

4.4.2.2.    Data processing and results 

The measured apparent resistivity data were pre-processed to remove outliers 

before running inversions. Data were inverted by means of 2D inverse modelling 

software (RES2DIV) that uses the Loke and Barker inversion method. The 

software applies a quasi-Newton technique to reduce the numerical calculations 

(Loke and Barker 1996) and ultimately produces a 2D resistivity model that 

satisfies the measured data in the form of a pseudo-section. This method is highly 

suitable where both strong lateral resistivity and depth variations occur, such as in 

karstic and mine areas (Leucci 2004; Dahlin and Zhou 2004; Martinez-Moreno et 

al. 2014; Festa et al. 2016) (Figure 4.13). Moderate horizontal and minimum 

vertical flatness inversion procedure was chosen since the inversion procedure is 

smoothness-restricted (Loke and Barker, 1996; Loke et al., 2013). The goodness 

of the fit is expressed in terms of the relative root mean square (RMS) error. The 

resistivity tomography models were produced after 10 iterations with an RMS 

error of 2.3, 1.9 and 2.9 in lines L01, L02 and L03, respectively. A maximum 
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investigation depth of about 49, 24 and 52 m were achieved with maximum offset 

distance of 235 m at 5 m electrode spacing for lines L01 and L03, and 141 m at 3 

m electrode spacing along line L02.  

 

Figure 4.13: Colour-coded electrical resistivity tomography results along L01, 

L02 and L03. (a), (c) and (e) are the Dipole-dipole array measurement in each 

respective line. Subfigures (b), (d) and (f) are the Schlumberger array 

measurement along each respective line. 
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     Interpretation 

The interpreted reflection seismic section, refraction tomogram (RT) and 

electrical resistivity tomogram (ERT) are shown in Figure 4.14-16a, b and c, 

respectively. L02 and L03, which trend NW – SE in the investigated area, are 

approximately parallel to each other and perpendicular to the line L01 (trending E 

– W). The aim was to obtain the subsurface image of the mined area along the 

survey profiles. The geophysical datasets were constrained with borehole logs and 

experimentally-determined physical properties of borehole cores. The seismic 

sections were characterised by significant reflection events across the survey 

profiles due to the acoustic impedance contrasts at the lithological interfaces. 

Geological structures such as faults, joint and fractures were observed on the 

seismic sections (Figure 4.14-16 a) and correlated with the refraction and 

resistivity tomograms (Figure 4.14-16 b and c). The refraction and resistivity 

tomograms exhibit different colour bands which were carefully constrained and 

interpreted as different material responses. The dipole-dipole array of the 

resistivity tomogram was preferably used to compare with the refraction 

tomogram and reflection seismic section, as it is capable to better resolves lateral 

contrasts and isolated bodies (cavities and tunnels) as show in Figure 4.14-16 

(Dahlin and Zhou, 2004). 

4.5.1.   2D reflection seismic 

Based on borehole data (BH1, BH2, BH3 and BH4 (Figure 4.4)) and synthetic 

seismograms (Figure 4.17), the strong reflection (R1) observed at 8 – 20 m depth 

was interpreted as the boundary between the weathered layer and the bedrock, 

which responds distinctively to different degrees of weathering and erosion. The 

reflection (R2), which dips at 26o – 30o on L02 and L03 (Figure 4.15a - Figure 

4.16 a) and strikes horizontally on profile L01 (Figure 4.14a) is considered to 

emanates from the interface between the stope and the host Archaean sandstone. 

The intermittent and diffuse reflections (CB), about 40m depth most likely 

originate from the intercalated conglomerate bands.   
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The discontinuity in the amplitude of the reflection (R2) is ascribed to voids or the 

presence of mine pillars, or as a result of velocity artefacts due to large velocity 

changes in the near-subsurface. Reflection truncations were observed between 

distances 35 – 140 m along L03 and slump structure (SS) at distance 50 – 145 m 

(Figure 4.16a). This chaotic reflection exhibits a discontinuous amplitude 

reflection character, which could also be due to the presence of pillars and tunnels 

cutting across the profile. The old mine maps indicate a tunnel between distances 

70 – 140 m. 

4.5.2.    Refraction and resistivity tomography  

A low velocity (400 – 1900 m/s) and low resistivity region (150 – 800 Ωm) 

between distances 50 – 110 m at 12 – 30 m depth are observed along L01 (Figure 

4.14b and c).  Since this region is low in both resistivity and velocity, it is likely 

water-saturated.  Hence, we interpret this region to be a backfilled and water-

saturated region and a potential zone for subsurface erosion during water table 

fluctuation. The low resistivity values (200 – 1500 Ωm) towards the west between 

distances 115 – 130 m at 13 – 18 m depths along profile L01 are likely water 

ingress pathways from the pit and trenches seen on the surface, which is a 

favourable location for subsurface erosion. The high resistivity (1500 – 8000 Ωm) 

material at depth of about 28 m below is comparable with the strong reflection 

(R2) at approximately 30 – 32 m depth and unresolved depth in refraction 

tomography (RT) (due to poor vertical penetration and resolution). 
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Figure 4.14: (a) Interpreted reflection seismic section along L01 showing the 

delineated interfaces; (b) interpreted refraction tomogram superimposed on the 

stretched-scale reflection seismic section, indicating some structural boundaries; 

(c) interpreted electrical resistivity tomogram superimposed on the stretched-scale 

reflection seismic section, indicating the mined-out zones. Note, R1 and R2 are 

the first and second reflectors, respectively, CB – indicates the conglomerate band 

reflector. 
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Comparably, on L02, the high resistivity regions (UM) between distance 80 and 

130 correspond with the high-velocity zone (UM) observed on the refraction 

tomogram between distances 70 – 110 m and 130 – 143, respectively, at 6 – 18 m 

depth (Figure 4.15b and c). This area is interpreted as an unmined surface block 

that is currently under planning for an open cast pit mining due to its variable Au 

reefs grade near surface. The lower resistivity and velocity values at distance 0 – 

70 m coincide with the loose material used to cover the mined stope entrances in 

the area. The low resistivity and velocity values across distances 35 – 55 m are 

likely due to water ingress from water-filled trenches located approximately at the 

45 m position along the profile. This region could be a possibly fluid migration 

path into the mined-out regions and therefore maybe subjected to subsurface 

erosion.   
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Figure 4.15: (a) Interpreted reflection seismic section along L02 showing the 

delineated interfaces; (b) interpreted refraction tomogram superimposed on the 

stretched-scale reflection seismic section, indicating some structural boundaries; 

(c) interpreted electrical resistivity tomogram superimposed on the stretched-scale 

reflection seismic section, indicating the mined-out zones. Note, R1 and R2 are 

the first and second reflectors, respectively, CB – indicates the conglomerate band 

reflector, UM- unmined surface block. 

In addition, RT and ERT are comparable in resolving probably a saturated filled 

mine gallery/weak zone and cavity between surface distances of 30 – 110 m and 
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80 – 150 m, respectively on L03 (Figure 4.16b and c). The weak and saturated-

filled mine-out zone revealed velocity variation between 400 – 2000 m/s, and 

resistivity values of 100 – 1500 Ωm. The cavity/tunnel region revealed 

anomalously high resistivity values of ~ 11000 Ωm, with a P-wave velocity of 

about 400 – 2500 m/s. This high resistivity and low velocity zone correspond at 

the same position of the slump structure observed on the reflection seismic 

section, which could also cause the zone of chaotic reflections (Figure 4.16), 

could also produce the chaotic reflections notice in the region. Hence, this region 

could be a potential hotspot for subsidence or sinkhole collapse. The low 

resistivity (80 – 500 Ωm) zone at distance 40 -90 m with 20 m maximum depth in 

the ERT section is probably a result of water inundation seen on the surface along 

the profile, which could also act as a fluid migration path into the underground 

mined gallery. Furthermore, the low-resistivity values (280 – 900 Ωm) observed 

at distances 120 – 170 m on ERT and RT section correspond with a low-velocity 

zone on the refraction tomogram at the same position. This area could be another 

potential fluid migration path into the stopes because of water ingress from the 

surface and could further enhance the erosion of cavities. From the ERT and 

refraction tomography results, I infer the velocity of the bedrock to be about 3500 

– 5800 m/s and resistivity of about 2500 – 5000 Ωm.  
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Figure 4.16: (a) Interpreted reflection seismic section along L03 showing the 

delineated interfaces. (b) Interpreted refraction tomogram superimposed on the 

stretched-scale reflection seismic section, indicating some structural boundaries. 

(c) Interpreted electrical resistivity tomogram superimposed on the stretched-scale 

reflection seismic section, indicating the mine-out zones. Note, R1 and R2 are the 

first and second reflectors, respectively, CB – indicates the conglomerate band 

reflector, SS – slump structure. 
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 Discussion 

In summary, by integrating and cross-referencing the reflection seismic with RT 

and ERT sections, it is possible to map the interfaces of subsurface structures such 

as cavities and mined-out zones. The RT and ERT provided an improved 

resolution of the near-subsurface image above 30 m relative to that of the 

reflection method alone, and allowed the detection and estimation of the geometry 

of isolated fissures. The ambiguity in the interpretation of seismic refraction 

(voids filled with air or other materials) was detected and resolved using 

integrated geophysical methods. Hence, it is advantageous to integrate different 

but complementary and highly task-appropriate geophysical techniques. The ERT 

sections provide the best constraint on water-saturation, cavity and water 

pathways, while the RT sections provide the best constraint on the subsurface 

material competence. 

Complementary to RT and ERT, the reflection seismic sections highlight possible 

material interfaces and provide deeper investigation depth. The borehole logs 

provide ground truth evidence and correlation between different geophysical 

responses on the seismic section (Figure 4.17). The synthetic seismogram 

correlates very well with the borehole lithology and further constrains the final 

model (Figure 4.17). Figure 4.18 provides a 3D picture of near-surface using the 

reflection seismic characteristics of compressional wave arrival to map the 

subsurface architecture such as the mined-out zone – surrounding rock-interface 

and bedrock – overburden contact. The slump structure (SS) encountered across 

distances 30 – 120m at ~ 90 -110 m depth, dipping towards the southeast could be 

attributed to variations in the depositional structure or post-depositional 

deformation (Figure 4.16a). This feature could not be resolved by RT and ERT 

due to their shallow resolving depths.  However, the refraction and electrical 

resistivity tomograms reveal probable saturated and weathered material at depths 

of about 5 – 20 m with velocity and resistivity value of about 400 – 2500 m/s and 

100 – 2800 Ωm, respectively. The Archaean Central Rand Group (CRG) 

sandstone/quartzite velocity and resistivity may be as high as 6500 m/s and 5000 

Ωm, respectively, as per the RT and ERT sections.  
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Figure 4.17: Borehole logs correlated and superimposed on the interpreted 

reflection seismic section indicating the mined-out Boulder Reef and material 

interfaces. Note, R1 and R2 are the first and second reflectors, respectively, CB – 

indicates the conglomerate band reflector. Note the jointing, fracturing and 

layering pattern of the Central Rand Group sandstone on the exposed sidewall of 

an open cast pit on the photograph. Borehole and synthetic seismogram 

superimposed on the seismic section (oriented west-east) indicate the bedrock-

overburden contact and mined-out regions. The blue and white dotted lines 

indicate linear fractures/jointed pattern.  
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Figure 4.18: 3D correlation of the reflection seismic sections along L01, L02 and 

L03. The photographs indicate the profile directions. the dipping and strike 

direction of the layers. KPR-Kimberly Reef Package and UM-unmined region. 
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 Conclusion and recommendation 

Surface reflection/refraction seismic and electrical resistivity techniques were 

used to study the subsurface architectures in a historic shallow gold mine. The 

large material differences between the top weathered layer with that of the 

Witwatersrand sandstone, and the country rock with the stope cause high-

amplitude coherent primary reflections induced by an active source 

(sledgehammer). The unwanted noise was removed using a standard reflection 

seismic processing procedure to generate reliable seismic sections. These sections 

were jointly interpreted with results of other geophysical methods (seismic 

refraction and electrical resistivity method) and borehole logs around the vicinity 

of the study area. Physical property measurements (velocity and density) were 

performed on the borehole cores. These values were used to generate a synthetic 

seismogram, which was used to constrain the final model 

The refraction tomography (RT) results were compared with the electrical 

resistivity tomography (ERT) sections, which were acquired along the same 

profile. Their joint interpretation provides enhanced delineation of the shallow 

mined-out areas, the bedrock-overburden contact, cavity, weak zones and micro-

geological structures. Moreover, the reflection seismic method supports the 

interpreted bedrock-overburden contact and the mined-out interface with the 

Archaean sandstone and quartzite rocks of the Central Rand Group. Hence, the 

southward dipping coherent reflection (R2) are interpreted as the stopes created to 

mine the high Au-grade Boulder Reef. The interrupted coherent reflections (CB) 

are interpreted to be the intermittent conglomerate bands.  

Finally, an exact geometry (widths and thicknesses) of the subsurface structures 

could not be resolved due to the relatively low-frequency and low-energy source, 

coupled with the limited imaging capability of 2D data. However, the 

approximate geometries of the mined-out zones, cavities and the bedrock-

overburden contact, as well as some structural boundaries in the area, were 

successfully obtained. The complementary RT and ERT sections provided 

comparably better subsurface images and resolutions than the reflection seismic 

sections above 30 m depth. Nonetheless, a 3D acquisition technique with a high-



127 
 

energy source and denser receiver and shot spacing should be able to resolve the 

thicknesses of the mined-out regions adequately and provide further knowledge of 

the subsurface architecture in the area. Therefore, the integration of reflection 

seismic, refraction and electrical resistivity methods were successful in mapping 

potentially-hazardous shallow subsurface structures in the study area and is a 

viable basis for other similar subsurface characterization studies.  
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CHAPTER 5 

5.0  Geophysical site investigation of the Archaean-Palaeoproterozoic 

Transvaal Basin architecture near Boons-Magaliesburg-Hekpoort and its 

implication for hydrogeological prospecting and engineering 

Abstract 

The Transvaal basin has been well studied, both stratigraphically and structurally, 

using surface geological mapping and borehole logs drilled within the basin. In 

this study, 2D reflection seismic and aeromagnetic data were used to investigate 

the structure of the Transvaal Basin in the Boons-Magaliesburg-Hekpoort region, 

about 100 km northwest of Johannesburg. The implications for hydrogeological 

prospecting and engineering applications were emphasized. The geophysical 

datasets were constrained using geological and borehole information in the area. 

Several faults in the area were identified and characterised, notably the 

Rustenburg fault. The Rustenburg fault was modelled and interpreted as a normal 

planar fault. The faults were associated with subordinate antithetic and synthetic 

faults, and heterogeneous fracture systems.  Palaeo-karst, palaeo-slope, dykes and 

folded features were also mapped. Intrusive lineaments (such as dykes/sills) and 

structures (such as faults, fractures, and slump features) were observed on the total 

magnetic intensity map as short and long wavelength magnetic field anomalies, 

respectively. Fault zones provide a path for fluid migration, fractured zones are 

potential aquifers, and dykes form groundwater compartments. The study 

provides information for hydrogeological prospecting, environmental and 

infrastructural planning, and further reconstruction of the subsurface geology and 

tectonic model in the study area. 
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 Introduction 

Geophysical methods have been used extensively to image the geological 

architecture of South Africa, both in 2D and 3D (Durrheim et al., 1991; Tinker et 

al., 2002; Manzi et al., 2012a and b; Malehmir et al., 2014; Onyebueke et al., 

2018; Isiaka et al., 2018). Variations in physical properties, such as density, 

acoustic velocity, magnetic susceptibility, and electrical resistivity produce 

geophysical responses that provide an important measure of geological structure. 

Joint interpretation of several geophysical datasets reduces the ambiguity that 

often exists when inverting a single dataset. Many researchers have integrated 

reflection seismic data with other datasets, such as potential field, geoelectric and 

ground penetrating radar (GPR) to characterise karst features (Oosthuizen and 

Richardson, 2011; Burberry et al., 2016), for hydrogeological prospecting and 

engineering investigations (Onyebueke et al., 2018; Isiaka et al., 2018; McDowell 

et al., 2002; Scheiber-Enslin and Manzi, 2018), and for regional survey, mineral 

prospecting and orebody distribution mapping (Durrheim et al., 1991; Tinker et 

al., 2002; Webb et al., 2004; Scheiber-Enslin et al., 2016). Moreover, legacy 

reflection seismic data are valuable assets because they can be interpreted and 

reprocessed using modern techniques to yield new insights (e.g. academic 

research, mining safety, and optimal resource recovery and basin model 

reconstruction) (Eaton et al., 2003; Malehmir et al., 2012 Manzi et al., 2012a and 

b; Malehmir et al., 2014; Isiaka et al., 2017, Manzi et al., 2019). 

The Transvaal Basin and Supergroup have been well studied, both 

stratigraphically and structurally, using surface geological mapping and borehole 

information (Figure 5.1 and Figure 5.2) (Catuneanu and Eriksson, 1999 and 2002; 

Eriksson et al., 2001, 2006; Eriksson and Reczko, 1995). Barnard (2000) 

investigated the hydrological and hydrogeological characteristics of the Transvaal 

Supergroup in greater detail using borehole information.  

In this study, legacy post-stack time-migrated 2D reflection seismic data were 

post-stack denoised and interpreted together with magnetic, borehole, and surface 

geological mapping data. The aim of the study is to delineate Transvaal 
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Supergroup structures in the Boons-Magaliesburg-Hekpoort region, about 100 km 

northwest of Johannesburg, and insights into hydrogeological prospecting and 

engineering applications. Post-stack seismic denoising and attributes such as the 

curvelet transform (Shukla et al., 2014) and structurally-oriented dip filter were 

applied to enhance the geological structures (DUG Insight software (v.4.5), 

2018a). The tilt and vertical first derivatives of magnetic field were used to 

improve and constrain the near-surface anomalies on the aeromagnetic field map 

(Stettler et al., 1999). The legacy aeromagnetic data was also used to enhance the 

discernibility of near-surface geological structures (such as faults, dykes, sills and 

Archaean granitic basement) that cannot be readily observed on the 2D seismic 

data. Integrating these geophysical datasets for site investigation delineate the 

extent and geometries of structures and improves the understanding of the 

surface-subsurface geology. 

The need to investigate these kinds of sites in detail has several objectives. One of 

the most pertinent is resource identification and mapping. Much of the surface of 

study area is occupied by agricultural lands, nature reserves, mining sites and 

residential facilities, all of which critically depend on the availability of fresh 

water resources. The demand and search for groundwater resources in the South 

African hard rock terrain has increased during the past decades (Onyebueke et al., 

2018; Barnard, 2000), and the need for groundwater prospecting using all 

available datasets becomes necessary (NWA, 1998).  

The study area is mostly covered by dolostone of the Malmani Subgroup of the 

Chuniespoort Group, and siliciclastic, shale and intrusive rocks of the Pretoria 

Group. The aquifer geometry in the dolostone formation usually depends on the 

process of dolomitization and stratigraphic architecture. The process of 

dolomitization increases the crystal and pore sizes, and therefore enhances the 

permeability and porosity of the dolomitised layer. Layer permeability and 

porosity are also enhanced by fracturing. 

The aquifer units in the study area are thought to be compartmentalized by dykes. 

These create physical barriers that could limit the groundwater flow between 

compartments. Dykes are also of concern to engineering structures due to the 
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swelling characteristics of the soil produced by weathered intrusive rocks 

(Barnard, 2000; Altchenko et al., 2017). Currently, there is still uncertainty 

regarding the existence, locations and interactions of these compartments, and 

extent of the aquifer. The hydrogeological attributes, such as groundwater 

occurrence and drainage patterns, are similar in many of the geological units. For 

instance, the secondary permeability that is developed along faults, dyke contacts, 

bedding planes and lithological contacts permits groundwater movement, recharge 

and withdrawal in many of these geological structures.  

Thus, faults, fractured and karst zones typically represent both an exploitable 

water resource and potential hazard for infrastructure and mining engineering.  

High quality information of the surface-subsurface obtained through integrated 

approaches are valuable resources for agriculture, environmental planning and 

conservation, infrastructural planning and development. In particular, the results 

will assist with the hydrological characterisation of geological structures (such as 

fault, joints, fractured and shear zones and aquifer geometry) and re-evaluation of 

the regional tectonic model in the area. 

 Site location and geology 

The study area lies within the ca. 2500 Ma Transvaal Basin (Eriksson et al., 

1995), northwest of the ca. 2700 Ma Witwatersrand Basin and southwest of the 

ca. 2050 Ma Bushveld Igneous Complex (Figure 5.1).  
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Figure 5.1: Geology of the study area with seismic lines. Index on the left is the 

formation stratigraphy at the Bh1-X1 location. Insert shows the location of the 

Transvaal Basin (the borehole and geology information were sourced and 

modified from the South Africa geological map from the Council for Geosciences 

(CGS)) (Eriksson and Reczko, 1995 and 1998; Eriksson et al., 1995). The dashed 

red line section of the RF shows probable extension of the fault at depth. 
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The Transvaal Supergroup is preserved in two basins, viz. the Transvaal and 

Griqualand Basins, which are separated by the Vryburg arch (Cheney, 1996; 

Moore et al., 2001). In the study area, the Transvaal Supergroup rocks dip ~20-

37° north and lie unconformably upon the ca. 2600 Ma Ventersdorp Supergroup 

or on Archaean basement rocks (Catuneanu and Eriksson, 1999; Basson, 2019).  

Four main lithostratigraphical sequences are found in the study area: 

i. The Black Reef Formation (BRF), at the base of the Transvaal 

Supergroup, consists predominantly of clastic sedimentary rocks (Eriksson 

et al., 1995). 

ii. The Chuniespoort Group (CG), which is represented by dolostone and 

chert rocks of the Malmani Subgroup and the banded ironstones of the 

Penge Formation, overlies the BRF. 

iii. The Pretoria Group, which overlies the CG, includes clastic sedimentary 

and volcanic rocks. The clastic sediments include sandstone, quartzite, 

mudrock, shale, carbonate, breccia, conglomerate and diamictite members 

of the Rooihoogte, Timeball Hill, Boshoek, Dwaalheuwel, Strubenkop, 

Daspoort and Silverton Formations. The main volcanic sequence is the 

andesite of the Hekpoort Formation. Many dykes and sills occur, 

especially in the Silverton Formation. The sandstone-mudrock lenses and 

interbedded quartzites of the Magaliesberg Formation lie at the top of the 

Pretoria Group (Catuneanu and Eriksson, 1999) (Figure 5.1 and Figure 

5.2). 

iv. The clastic sediments and volcanic rocks of the Rooiberg Group end the 

Transvaal Basin and marks the beginning of the Bushveld Igneous 

Complex (Catuneanu and Eriksson, 1999 and 2002)  

The sedimentation of the Transvaal Basin was controlled by cycles of extensional 

rift, and thermal and mechanical subsidence, accompanied by fault-related 

continental sedimentary deposits, which were separated by stages of uplift, rifting 
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and glacio-eustatic base level fall (Catuneanu and Eriksson, 1999 and 2002; 

Eriksson et al., 2001 and 2006; Eriksson and Reczko, 1995). The surface geology 

transverses by the legacy 2D reflection seismic lines is predominantly carbonate 

rocks of Malmani Subgroup, clastic sedimentary rocks of Rooihoogte-Timeball 

Hill Formation, volcanic rocks of the Hekpoort Formation, sandstone of the 

Strubenkop Formation, siliciclastic rocks of the Daspoort Formation, and diabase 

dykes, clastic and carbonate rocks of the Silverton Formation (Figure 5.1 and 

Figure 5.2). 

 

Figure 5.2: The average formation stratigraphy of the Transvaal Supergroup 

(modified from Erikson et al., 1995; Amstrong et al., 1991). 
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 Tectonic and structural impact on the sedimentation in the Transvaal 

Basin 

The activation of Archaean strike-slip faults in an extensional graben system 

resulted in the accumulation of bimodal volcanic rocks and fault-related alluvial-

fluvial sedimentary sequences systems that characterise the basal Protobasinal 

rocks (Stanistreet and McCarthy, 1991; Eriksson and Reczko, 1995). Els et al. 

(1995) and Hilliard and McCourt (1995) argued that northward-directed 

compressive deformation, the Johannesburg Dome and the palaeo-drainage divide 

in the Klerksdorp area provide evidence of the northward tilting of the southern 

part of the Kaapvaal Craton. This tectonic regime caused a northerly palaeo-slope 

and fluvial infilling of the palaeo-floor topography and eventual deposition of 

Black Reef Formation (Eriksson and Reczko, 1995).  

The chemical sedimentary facies that characterise the Chuniespoort Group and the 

absence of clastic sedimentation is further evidence of tectonic stability (Eriksson 

and Reczko, 1995 and 1998). Clendenin (1989) and Eriksson et al. (1995) view 

the Chuniespoort Group as the last stage of the late Archaean successor basins 

that formed on the Kaapvaal Craton due to thermal subsidence. The subsidence is 

caused by Ventersdorp age fault-modulated systems. The Chuniespoort Group 

also underwent thermal-induced flexural subsidence during this period.  

Eriksson and Reczko (1995) proposed that the uplift and erosional loss of 

Chuniespoort rocks towards the south and southeast of the Timeball Hill 

Formation along the Johannesburg Dome and the Klerksdorp linear trend could be 

attributed to a possible zone of compressional uplift during the deposition of the 

Black Reef Formation, which caused the lacustrine basin deposition of the 

Duitschland Formation in the southeast. The preservation of the Malmani 

Subgroup and Penge iron Formation of the Chuniespoort Group and absence of 

large-scale faulting toward the south of the Transvaal Basin suggested that the 

Duitschland Formation was the result of a localised flexural subsidence feature 

rather than being a fault-related deposition, and could also be attributed to a linear 

uplifted zone that is preserved in the present-day Rand anticline (Eriksson and 

Reczko, 1995).  
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The tectonic process proposed to have taken place during the Pretoria Group era 

was dominated by thermal subsidence, followed by subordinate mechanical 

subsidence. This could have caused the large thick suspended mudrock deposits of 

the Timeball Hill and Silverton Formations (Eriksson and Reczko, 1995). 

Moreover, the extensive volcanic units and alluvial-fluvial sandstone deposits of 

the Rooihoogte, Boshoek and Dwaalheuwel Formations provide evidence of an 

intracratonic rift tectonic basin (Eriksson and Reczko, 1995). Allen and Allen 

(1990) in a general discussion of the basin evolution, postulate a continuum 

between intracratonic sag-basins and intracratonic rift-basins, where thermal 

subsidence initially predominated, followed by subordinate fault-modulated 

mechanical subsidence and localised rifting. Klein and Hsui (1987) and Clendenin 

(1989) suggest that the basin could be related to continental tectonic break-up 

influenced by the thermal subsidence, followed by minor mechanical subsidence.  

Eriksson et al, (1995) concluded that no syn-depositional faults were thought to be 

related to the thickening of lava units seen in the Pretoria Group succession and 

no evidence of faulting was related to this volcanism. The relative absence of 

pyroclastic materials suggested a quiet extrusive fissure eruption supported by a 

dominant thermal subsidence relative to the mechanical subsidence during the 

deposition of the Hekpoort Formation. In addition, the Pretoria Group 

sedimentation was succeeded by the vast Rooiberg Group felsic lava eruption, 

which is suggested to have resulted in rapid uplift and tectonic instability during 

the immature feldspathic deposition of the post Magaliesberg units. This event 

was caused by rapid thermal doming of the Rooiberg magmas erupting through 

the crust (Eriksson et al., 1995). The Transvaal Basin was intruded by the 

Bushveld Igneous Complex, at about 2.06 Ga, which to a limited extent, caused 

classical contact metamorphism by forming hornfels in fine siliciclastic rocks 

(Martini et al., 1995).  

 Hydrogeological potential and its structural implications 

The groundwater movement in the area is mostly controlled by geological 

structures (faults, fractures, fissures, joints and shear zones), and magmatic 

intrusions such as dykes and sills. The groundwater is stored in either confined or 
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unconfined aquifers whose storage capacity and permeability depends on the 

geological formation. Rainwater and significant underground water flow 

(demonstrated by high-yielding springs at low surface elevation) recharge the 

aquifers, while the geological structures control the water migration and drainage 

pathways. Hence, the aquifer characteristics in the Black Reef Formation are 

determined mainly by the direction of groundwater movement between the 

formation and the overlying dolostone of the Malmani Subgroup of the 

Chuniespoort Group (Figure 5.3). The groundwater gradient tends to be steeper in 

the quartzite then the dolostone, owing to the poor transmissive characteristics of 

the quartzite rock (Barnard, 2000). 

The dolostone of the Malmani Subgroup represents one of the most significant 

sources of groundwater in South Africa due to the high storage capacity of the 

aquifer formations, which alternate between chert-rich and chert-poor (Barnard, 

2000). These aquifers within the dolostone formation are named karst aquifers, 

compartmentalised in the region by dykes and sills (Figure 5.3). The karst systems 

are produced by secondary porosities that were generated during the 

dolomitisation process of carbonate rocks (limestone), further enhanced largely by 

carbonic acid or acidic rainwater infiltration and migration through planes of 

weakness such as bedding planes, fractures, joints and fault-related structures. 

These dissolved carbonate minerals are moved away in solution, resulting in the 

formation of cavities in the subsurface. Gradually, residual permeable deposits 

such as wads, silica, iron and manganese oxides filled these cavities leading to 

subsidence and sinkholes.  

The chemical weathering and dissolution processes in the dolostone formation are 

known as karstification, which provides the major aquifer characteristic of the 

Chuniespoort Group (Barnard, 2000; Altchenko et al., 2017). The weathering, and 

high storage capacity and permeability of the formation aquifer is controlled 

lithostratigraphically. Therefore, it is composed of an extensive cover of residual 

debris underlain by heterogeneous karstified dolostone aquifer (Barnard, 2000). 

Fractures, faults and weathered shear zones and bedding planes extend to a 

considerable depth in non-karstified dolostone in the study area.  
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The Pretoria Group aquifers favour weathered shale, brecciated or jointed zones, 

especially the contact zone between the intrusive diabase sheets and shales. The 

water-bearing properties of the shale formations in Timeball Hill, Rooihoogte and 

Silverton formations are more favourable than those of the quartzites due to their 

considerable susceptibility to weathering. The aquifer in the Hekpoort Formation 

is associated with the weathered region of andesitic rock along the adjacent 

overlying and underlying shale formation contacts and in the vicinity of fractures, 

faults and jointed planes. Generally, intrusive dykes and sills provide low 

permeability and impermeable rocks that serve as barriers to the fluid migration. 

 

Figure 5.3: A map showing the dolostone formation of the Chuniespoort Group, 

and compartments created by dyke intrusions and the study area location 

(modified after Barnard, 2000). 

 Engineering implications and mineral potential of Transvaal Basin 

Sinkholes and subsidence caused by the dissolution of dolostone pose a danger to 

infrastructures. Moreover, the expansive characteristic of Silverton shale and 

collapsible characteristics of residual Magaliesberg quartzites also raise a 

significant concern for road construction.  

The economic potential of Transvaal Basin includes significant gold 

mineralisation in the Black Reef Formation, limestone and dolostone aggregates 
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of the Chuniespoort Group, and iron and manganese (80% of world reserve) in the 

Pretoria Group. 

 Methodology 

5.6.1. Reflection seismics 

Reflection seismic methods provide a high-resolution image of the subsurface and 

information about the physical properties of rocks (density and seismic velocity). 

Like any other geophysical methods, reflection seismics has its limitations and 

advantages. The ability to resolve subtle geological structures and thin layers 

depend on the dominant frequency and wavelength, the acquisition geometry and 

the signal-to-noise ratio of the field data. The acquisition and processing depend 

on the geological properties and target structures, and site conditions. The 2D 

reflection seismic data are quite challenging to interpret, especially in geologically 

complex terrains, and when the data were acquired along crooked lines. 

Furthermore, the ability of an interface to generate a clear reflection event 

depends on the reflection coefficient (Rc), which is governed by the acoustic 

impedance (Z) contrast. A general rule of thumb is that, for a geological boundary 

to produce a significant reflection, the reflection coefficient should be at least 6% 

(Rc ≥ 0.06) (Yilmaz, 2001; Salisbury et al., 2003).  

5.6.1.1. Data acquisition, processing and analysis 

In the 1980s, the South Africa mining industries opened new frontiers in gold 

mineral exploration by using the reflection seismic to map the continuity of the 

gold-bearing reefs and structures of the Witwatersrand Supergroup, as well as 

exploring for extensions of the Witwatersrand Basin in South Africa and 

Botswana. The 2D reflection seismic lines used in this study were among ~ 16000 

line-km of 2D reflection seismic data acquired during the project (Kostlin et al., 

2015).  

The reflection seismic data were acquired and processed by the Anglo American, 

Geophysics Department, between 1987 – 1988 (Pretorius et al., 1994; Pretorius et 

al., 2003). The data were collected with a SERCEL SN368-CS2502 instrument 
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using 120 channels of active geophones (SM4 10 Hz) with 50 m shot and receiver 

station interval. Table 5.1 summarises the acquisition parameters. The location of 

the lines is shown in the Figure 5.1a. The sampling interval of 4 ms and listening 

time of 6s were enough to map the entire Transvaal Supergroup overlying the 

older rock formations. A field pre-processing anti-aliasing filter with a low-cut 

frequency of 8 Hz at 12 dB/oct and 62.5 Hz at 72 dB/oct high-cut frequency 

resulted in a dominant frequency of 35 – 65 Hz. 

Table 5.1: Seismic data acquisition parameters. 

Item Parameters 

Line OK-200 OK-206 OK-207 OK-208 OK-209 OK-210 OK-211 

Line azimuth SW-NE NW-
NE 

NW-SE NW-SE SE-NW S-N W-E 

Profile length (~km) 24 34 23 33 11.5 26 39 

Instrument SERCEL SN368, CS52502 
Geophone SM4-10 Hz 

Source 4 vibroseis truck in single file, 12.5 m spacing, 1.56 move-up 

Vertical stack 8 upsweeps, 18s long with 0.5 Cos taper (with frequency of 8 – 60 Hz) 
Numbers of channel 120 

Receiver spacing (m) 50 

Source spacing (m) 50 

Listening/Recording 

length(s)  

6/24 

Sampling interval 

(ms) 

4  

Max CMP fold 60 
File format SEG-D 

Polarity  SEG 

Pre-amp gain 27 

 

All the datasets passed through the same standard processing workflow, which 

includes field pre-processing to post-stack time migration.  The main processing 

steps were geometry correction, trace editing, amplitude normalization, minimum 

phase conversion of the data, linear denoising, first-break picking, refraction 

static, elevation and residual static corrections, velocity analysis, muting, Normal-

Moveout Correction (NMO), Dip-Moveout Correction (DMO) and stacking. Post-

stack processing steps included deconvolution, amplitude recovery, and Kirchhoff 

time migration (Kostlin et al., 2015; Pretorius et al., 1994; Pretorius et al., 2003). 



149 
 

The elevation was corrected to a 1400 m datum. A refraction seismic survey was 

conducted independently along each profile to obtain an adequate estimate of the 

depth and velocity of the overburden and weathered zone. The overburden, 

weathered and fresh bedrock velocities vary from 350 – 1100 m/s, 1500 – 3500 

m/s and 5000 – 7000 m/s, respectively. The average overburden thickness varies 

between 5 and 15 m. Average velocities of ~600 m/s and ~5500 were estimated 

for the overburden and the refractor units, respectively and this was used to make 

static correction. The literature review from the History of Geophysics in South 

Africa reviewed by De Beer in 2015 (Durrheim, 2015, pp. 237 – 245; Kostlin et 

al., 2015, pp. 388 – 411 and De Wet 2015, pp. 423 - 436), Campbell (2011) and 

Molezzi et al. (2019) stated that the average velocities of the various bedrock units 

in the investigated area range from 5500 – 6800 m/s as determined using vertical 

seismic profiling (VSP), which correlate reasonably with the velocities obtained 

using refraction seismic during the data acquisition (Pretorius et al., 2003; 

Molezzi et al., 2019). More details on the seismic design, acquisition and 

processing parameters applied on these 2D seismic profiles are published by 

Pretorius et al. (1994) and (2003).  

The vertical resolution of the data can be estimated using the 1/4 wavelength 

criterion (Widess, 1973). Based on the average velocity (Va) range within the 

bedrock (2500 – 6800 m/s) and dominant frequency (FD) of 40 Hz, the resolvable 

thickness will approximately range from 15 – 42 m (the dominant wavelength (λD) 

= Va/ FD). Moreover, the application of the reflection seismic method to the 

exploration of a hard rock environment was traditionally limited to mapping 

large-scale geological features with vertical and horizontal resolution greater than 

25m and 100 m, respectively. However, many researchers have adopted newer 

and more advanced post-processing techniques and high-density acquisition 

geometries to improve the resolution of subtle geological structures (to less than 

~10 m) (Manzi et al., 2012a and b; Manzi et al., 2014; Scheiber-Enslin and Manzi, 

2018). The Transvaal rocks show small velocity changes between successive 

formations, owing to extensive compaction and metamorphism. Therefore, the 

reflections from the interfaces between various units (dolostone, shalestone, 

quartzite, mudstone, andesite and diabase sills) are due to density contrasts rather 



150 
 

than velocity contrasts (Campbell, 2011; De Beer, 2015 (Durrheim, 2015, pp. 237 

– 245; Kostlin et al., 2015, pp. 388 – 411 and De Wet 2015, pp. 423 - 436); 

Molezzi et al., 2019).  

5.6.2. Magnetic 

To adequately interpret and understand the surface-subsurface geology of the 

study area, we combined aeromagnetic data with the reflection seismic data 

(Figure 5.4). The aeromagnetic data were acquired with ~1 km line spacing, 100 -

150 m flight height and a sampling interval of ~60 m by Council for Geoscience, 

South Africa (Campbell, 2011; Stettler et al., 1999).  

 

Figure 5.4: Total magnetic intensity (TMI) map and superimposed position of the 

seismic lines. 

 Results 

5.7.1. Seismic reflection denoising 

The reflection seismic data (Figure 5.5a and Figure 5.6a) was denoised using the 

post-stack curvelet transform (Shukla et al., 2014; von Ketelhodt et al., 2019) and 
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2D structurally-oriented dip filter (Dug-Insight-4.5, 2018b) to enhance major and 

subtle structures, as well as the interface boundaries.  

Curvelet transformation removes noise while preserving the edges of the 

geological structures. It uses a multiscale and geometrical analysis of the spectrum 

to achieve the optimal rate of convergence by simple thresholding (Figure 5.5b 

and Figure 5.6b). The curvelet transformation removed the random seismic noise, 

but also introduced a significant coherent linear noise in the data, which could be 

misinterpreted as geological features if not carefully considered.  

The Structurally-Oriented Filter (SOF) smooths along structural planes as defined 

by a dip field. It is an effective technique to remove incoherent noise and improve 

the continuity of the reflected events without flattening across dipping planes 

(Dug-Insight, 2018a) (Figure 5.5c and Figure 5.6c ). The SOF also minimised the 

random noise in the reflection seismic section without introducing linear noise 

that seem like subsurface structures, and generally improved the detectability of 

the smaller features. In this study, the SOF provides better result of the reflection 

seismic image and was further used for the interpretation. 
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Figure 5.5: Application of post-processing filters to seismic line AA’ (a) 

Undenoised migrated data and (b) Denoised data after application of curvelet 

transformation and (c) Denoised data after application of structurally-oriented dip 

filter. Note 1000 ms TWT ~ 3000 m, using an average bedrock velocity of 6000 

m/s. 
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Figure 5.6: Application of post-processing filters to seismic line FF’ (a) 

Undenoised migrated data and (b) Denoised data after application of curvelet 

transformation and (c) Denoised data after application of structurally-oriented dip 

filter. Note 1000 ms TWT ~ 3000 m, using an average bedrock velocity of 6000 

m/s. 
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5.7.2. Tilt and gradient of the magnetic field 

The tilt and first vertical derivative maps (Cooper and Cowan, 2008) were 

calculated from the total magnetic field data (Figure 5.7a and b). Derivatives tend 

to sharpen the edges of geological anomalies and enhance shallow features while 

tilt determines the boundary of the source anomalies, it can also resolve deep and 

shallow sources (Cooper and Cowan, 2008). The filtered total magnetic field 

intensity (TMI) data enable more detailed mapping of structural features 

compared to surface geological mapping.  

 

Figure 5.7: Magnetic field after calculating (a) Vertical and (b) Tilt derivative 

Seismic lines are superimposed on the maps. 
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  Interpretations 

5.8.1. Magnetic 

The aeromagnetic data enable broad-scale geological interpretation of the survey 

area. Figure 5.8 shows the interpretation based on the first vertical derivative of 

TMI.  The short-wavelength anomalies in the area towards the southeast quadrant 

are caused by strongly magnetic rocks in the Archaean granitic-greenstone 

basement (AGB) and the west-east trending lineaments are interpreted as dykes. 

Dykes and sills have been interpreted as pre- and syn-Bushveld intrusions 

(Cawthorn et al., 1981 and Campbell, 2011). The long-wavelength anomalies in 

the map are caused by sediment-fills, palaeo-karst system, slump-filled features 

(PKF), faults, fractured and weathered zones along the dyke lineaments. The 

feature ECCG in Figure 5.8 is interpreted as contact between the Chuniespoort 

Group with the AGB and Black Reef Formation, a potential water storage region.  
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Figure 5.8: Interpreted first vertical derivative of the magnetic field anomalies 

map and superimposed seismic lines and geological map of the study area. FCF – 

fractured contact features, PKF – possible karst features, ECCG – Erosional 

contact along CG boundaries (in this map the weathered/fracture interface is with 

Black Reef formation and Archaean granite), AGB – Archaean Granite Basement. 

The dashed white lines show the west–east dyke lineaments. The dashed red line 

section of the RF shows probable extension of the fault at depth. 
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5.8.2. 2D seismic reflection interpretation 

The interpretation was made based on the seismic reflection character seen on the 

seismic sections (Figure 5.9 - Figure 5.14). The main objective of using the 2D 

seismic section was to delineate and characterise the lithostratigraphic continuities 

and structural features such as faults, joint contacts and fracture zones, which are 

critical for hydrogeological prospecting and geotechnical planning. DUG Insight 

software (v.4.5, 2018) was used for seismic visualisation, interpretation and 

analysis. Geological structures such as faults and fractures were recognised as an 

offset in the reflection coherency/continuity and chaotic/diffuse reflection 

characteristic, respectively. The delineated geological structures were identified 

and interpreted based on known geology and previous research (Eriksson et al., 

1995; Bumby, 1998; Basson, 2019). A combination of both the surface geology 

and borehole logs extracted from the Council for Geosciences, South Africa 

database and published research papers (Eriksson and Reczko, 1995, Catuneanu 

and Eriksson, 1999; Eriksson et al., 2001; Basson, 2019) were used to constrain 

the delineated geological horizons.  

The seismic sections shown in Figure 5.9 and Figure 5.10 are characterised by 

strong seismic reflections from ~ 100 m to 6 km depth due to appreciable acoustic 

impedance contrasts at the geological boundaries. A constant velocity of 6000 m/s 

was used to do the time-depth conversion. The main lithostratigraphic units 

mapped in the seismic reflection sections are the Chuniespoort and Pretoria 

Groups of the Transvaal Basin. The prominent reflectors are the unconformable 

erosional karst interface between the Malmani dolostone formation of the 

Chuniespoort Group and the basal shale and conglomerate formation of the 

Timeball Hill/ Rooihoogte Formation of the Pretoria Group (H2), the boundary 

between siliciclastic rock of the Timeball Hill and Hekpoort andesite Formation 

(H3). Other noticeable reflection events are the interface between the Hekpoort 

Formation and clastic sediments of the Strubenkop Formation (H4), the 

Strubenkop and Daspoort interface (H5), and the Silverton shale and Daspoort 

sandstone formation boundary (H6). Other reflection events are interbedded shale 

and quartzite layers within the Timeball Hill and Silverton Formation. The 
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interface between the Chuniespoort and the underlying Black Reef Formation and 

older rock formations (H1) delineated on the seismic sections was poorly 

constrained due to lack of clear reflection coherency within the contact zone and 

ground truth evidence (Figure 5.9 and Figure 5.10).  

 

Figure 5.9: Uninterpreted 3D visualization of the 2D seismic section looking 300 

northeast, plunging southwest for better orientation view. The faded black lines 

are XY grid in UTM coordinate system. 
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Figure 5.10:  (a) interpreted 3D visualization of the 2D seismic section looking 

30° northwest, plunging southwest for better orientation view, showing the 

imaged geological structures and mapped Rustenburg fault plane. (b) imbedded 

geological map that was used to constrain the interpretations. The faded black 

lines are XY grid in UTM coordinate system. The dashed red line section of the 

RF shows probable extension of the fault. This figure is vertically exaggerated. 

Further interpretation of the seismic sections were given based on the structural 

features observed on the NW-trending upthrown block and SE-trending 

downthrow block of the Rustenburg Fault (RF) (Figure 5.10).  

5.8.2.1.  Delineated geological features 

The NNW-trending Rustenburg Fault (RF) is a major fault in the area (Bumby et 

al., 1998; Basson, 2019). This fault was previously reported by Bumby et al. 

(1998) and Basson (2019) as a right-lateral fault with surface displacement of 
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about 10 km.  In the study area, this fault intersected three seismic sections 

(profile AA’, CC’ and FF’) out of seven sections used in this study (Figure 5.9 - 

Figure 5.14). The RF crosscuts line FF’ across CMP-728; the fault plane is 

subvertical on this profile and dips ~ 50 SE. Its exhibits minor reverse dip of ~50 

NW across profile AA’ at CMP-500 and dip ~600 SE across CMP- 1317 – 1380 

on line CC’ (Figure 5.11).  

 

Figure 5.11: Structural interpretations across profile AA’, CC’ and FF’ 

highlighting some geological features on the downthrow block of the Rustenburg 

fault (RF). (a) Interpreted 3D view of the three seismic sections, looking 300 

northeast, plunging southeast for adequate orientation view (b) 2D presentation of 

interpreted profile FF’ for better clarity of the mapped structures. Note: Sf – 

sigmoidal listric fault and MS – monoclinal structure. The dashed red line section 

of the RF shows probable extension of the fault at depth. 
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The seismic sections revealed new details of the RF (Figure 5.10 - Figure 5.14). 

The fault-throw is ~ 400 m, while the lateral displacement of contacts on the 

surface geological map is ~5 km, calculated across the Timeball Hill/Rooihoogte, 

Hekpoort, Strubenkop and Daspoort formations (Figure 5.10 and Figure 5.11). 

The RF clearly offsets the entire Pretoria Group, indicating that activity continued 

into post-Pretoria Group times. The extension of the fault into the Malmani 

Formation dolostones cannot be seen because of its transparent reflection 

character (Figure 5.12). Multiple subordinate antithetic and synthetic faults are 

associated with the RF. A rollover anticlinal structure is apparent on the footwall-

side of the fault, and a synclinal feature (relative to the regional palaeo slope) is 

apparent on the hangingwall-side (Figure 5.11 and Figure 5.13). A sigmoidal-

shaped fault that forms a conjugate structure with the RF is imaged on lines AA’ 

and FF’ (Figure 5.11b and Figure 5.13b).  

Fractures and weathered zones can be detected within the seismic data as they 

result in scattering of the acoustic energy resulting diffuse portions of the 

reflectors. The fault zone on the seismic section exhibits a heterogenous fractured 

pattern and ductile-brittle shear deformation, a potential zone for hydrogeological 

prospecting (Gibson et al., 1999) (Figure 5.13).  

 

Figure 5.12: Reflection seismic section across line EE’ showing the unreflective, 

scattering and dispersive characteristic of a seismic survey on the dolostone 

formation of the Chuniespoort Group. 
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Moreover, the downthrow block of the RF, revealed a macroscopic monoclinal 

structure (MS) across the Pretoria Group formations. This structure, is distinct on 

profile CC’ and FF’ (Figure 5.10 and Figure 5.11). The MS exhibits undulated, 

faulted, gentle NW-dipping horizons, that trend ~ 30° NW along the seismic 

sections (CC’, DD’ and FF’) (Figure 5.11 and Figure 5.13). The age of the 

deformation could be constrained to post-Pretoria Group. The fault systems on 

this block consist of NW and SE-trending listric and planar normal faults, 

associated with minor synthetic and antithetic faults. These minor faults form a 

distinct flower-like structure and half grabens on the hangingwall (Figure 5.13).  

Across profile BB’, the normal faults form a system of en-echelon faults (Figure 

5.14).  The unreflecting part of the Timeball Hill/ Rooihoogte formation across 

CMP 850 – 1300 (BB’) is attributed to a combined fracture and faulted system 

initiated by dykes and sills emplacement as clearly shown on the magnetic map at 

the same position (Figure 5.8).  
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Figure 5.13: Interpreted seismic sections across profile AA’, CC’, DD’ and FF’ 

highlighting structural features on the upthrown block of the RF. (a) presentation 

of the interpreted 3D view of the seismic section trending-north, plunging 

southward. (b) 2D presentation of the interpreted profile AA’ for better clarity. 

Note: CFf – listric fault feature cutting across line CC’ and FF’, PKF – possible 

karst feature. The dashed red line section of the RF shows probable extension of 

the fault at depth. 

Furthermore, a localised depression/slump feature, is seismically imaged across 

line AA’ and CC’. It is well defined on profile AA’ on the upthrown block of the 

RF (Figure 5.13 and Figure 5.14).  The length of this feature is ~5 km. It is 

bounded by drag faults and centred on a normal fault with subordinate antithetic 

and synthetic faults. The outer southeast section of the profile is crosscut and 
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offset by set of normal faults that formed half grabens across section AA’ and 

GG’ (Figure 5.13 and Figure 5.14). Several other offsets are mapped across the 

Pretoria Group and interpreted in the seismic sections.  

When considered closely, the footwall of the RF seems like an uplifted block. 

However, in a regional scale view, it forms a horst and graben with the 

hangingwall block, bounded by RF, and CFf - towards the SE flank (Figure 5.13 

and Figure 5.14). These structures exhibit an extensional tectonic deformation 

type, followed by fault-modulated subsidence. These structures can be interpreted 

as syn- to post-Pretoria Group deposition structures.  

The chaotic to strong reflections observed at the unconformable interface between 

the chemical platform deposit of the Chuniespoort Group and the overlying 

siliciclastic sediments of the Pretoria Group are attributed to an erosional surface 

and palaeo-karst-filled sediments of the basal Rooihoogte Formation of the 

Pretoria Group. 
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Figure 5.14: Interpreted seismic sections across profile BB’ CC’, DD’, GG’ and 

FF’ highlighting the extensional faults and palaeo-slope features. (a) presentation 

of the interpreted 3D view of the seismic sections looking 90° east, plunging 

southwest. (b) 2D presentation of the interpreted profile CC’ and DD’ for better 

clarity. Note: CFf – listric fault cutting across line CC’ and FF’, PKF – possible 

karst feature. The dashed red line section of the RF shows probable extension of 

the fault at depth. The index map on the top-right is the geology of the study area. 

 Discussion 

The Chuniespoort Group (CG) and Pretoria Group (PG) cover most of the surface 

in the study areas (Figure 5.1). Intrusive diabase dykes appear as east-west 

lineaments on the TMI map (Figure 5.4). The chemical platform deposit of the 

CG underlies the sedimentary succession of the PG. The deposition of the PG 

strata is attributed to two major rifting events (ca. 2.1 Ga) and subsequent thermal 



166 
 

subsidence caused by thermal cooling and densification of the lithosphere (Allen 

and Allen, 1990; Eriksson and Reczko, 1995; Catuneanu and Eriksson, 1999; 

Eriksson et al., 2006). The regional northwest-tilting of the Pretoria Group, as 

observed in the reflection seismic section, is attributed to the first stage of 

intracratonic rift-basin (Eriksson and Reczko, 1995) during the Pretoria Group 

deposition.  

The NNW-trending Rustenburg fault (RF) is interpreted on the seismic sections as 

a normal planar fault, with the upthrown block to the west. The deformation 

mechanism of the RF and the reason for a thicker accumulation of the 

Magaliesberg Formation on the hangingwall side of the fault is contentious. 

Bumby et al. (1998) and Basson (2019) both describe the RF as a right-lateral 

fault. Basson (2019) attributes it to post-Bushveld Complex deformation (~1900-

1700 Ma), while Bumby et al., (1998) and Bumby (1997) suggested syn-Pretoria 

Group and pre- to post-Bushveld deformation. Bumby et al. (1998) and Bumby 

(1997) propose that the faulting may have started during Pretoria Group 

deposition and been reactivated by NW-SE trending compressive stress field (𝛔1) 

(Hartzer 1995; Du Plessis and Walraven, 1995). This 𝛔1 caused the NNW-

trending lateral displacement of the RF. Hence, they proposed two phenomena 

that could have result in thicker Magaliesberg Formation towards the downthrow 

block; (a) creation of a second-order basin by syn-sedimentary normal faulting 

that formed the RF, with downthrown to east, causing deepening of the first-order 

sedimentary basin, or (b) thickening due to thrusting (by 𝛔1), which could have 

cause the lateral displacement of the RF, seen on the surface geological map.  

Bumby et al. (1998) and Bumby (1997) later concluded that the second scenario is 

more feasible due to equal peak elevation of the Rustenburg Nature Reserve 

anticline and Olifantspoort anticline, positioned on the opposite ends of the RF. 

Eriksson and Reczko (1995) and Bumby et al. (1997) also reported that the 

Pretoria Group sediments in the vicinity of the RF were pre-susceptible to tectonic 

disturbance. 

Seismic profiles AA’, CC’ and FF’ reveals about 400 m vertical displacement 

across the RF and considerable changes in the thickness of strata (Figure 5.10, 
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Figure 5.13 and Figure 5.14). Simple kinematic modelling of fault movement and 

subsequent erosion (Figure 5.15) suggest that the displacement along the RF was 

not just simply strike-slip but has had a significant normal component. 

Peneplanation of shallowly-dipping faulted strata will create the appearance of 

such strike-slip movement (Figure 5.15c and Figure 5.16). Therefore, we interpret 

the RF to be a normal fault that was reactivated in a compressive stress field 

(which caused the bulk of the strike-slip displacement) (Hartzer 1995; Du Plessis 

and Walraven, 1995). This is in accord with the first scenario (involving syn-

sedimentary normal faulting) proposed by Bumby (1997 and 1998) (Figure 5.10 

and Figure 5.15).  
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Figure 5.15: 3D modelling of the Rustenburg fault (RF) to demonstrate the 

normal displacement and strike-slip surface appearance (a) Assumed initial 

sediment deposits (b) Development of the NNW-trending normal displacement (c) 

Eventual surface peneplanation within the fault zone. 
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Figure 5.16: Magnetic intensity profiles and surface elevations across the seismic 

sections showing uneven topography due to erosion (a) Line AA’ (b) BB’ (c) CC 

(d) DD’ (e) GG’ and (f) FF’ (The elevation information was sourced from Google 

Earth Pro @ 2018 Google Image Landsat/Copernicus). 
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Furthermore, the total thickness of the Pretoria Group formations in the 

downthrown and upthrown blocks were similar, about 3 km. The downthrown 

block has a thicker Hekpoort andesite unit. This could suggest an intracratonic 

sag-basin due to localised subsidence. The outcropping Silverton Formation 

(across profile AA’, CC’ and FF’) about 100 m thicker on the downthrown side of 

the RF. This could be due to deposition on the downthrown side of the RF during 

the subsidence, or subsequent erosion of the upthrown block. 

The units within the PG are characterised by planar normal faults that form a 

series of en-echelon fault, drag fault, and horst and graben structures. Smaller 

antithetic and synthetic fault structures were observed mainly on the Hekpoort, 

Strubenkop, Daspoort and Silverton formations. These complex deformation 

structures that formed a breakaway planar normal fault system as discerned on the 

seismic sections confirmed that the sediments were initially deposited under an 

extensional tectonic environment accompanied by fault-modulated subsidence. 

These assertions support the tectonic model by Eriksson and Reczko (1995), 

Catuneanu and Eriksson (1999) and Eriksson et al. (2001) in the area. Besides, it 

is apparent that some of these faults are syn- and post-depositional Pretoria Group 

deformations, therefore supporting the hypothesis of Bumby et al., (1998). It is 

possible that the brittle deformed zones associated with the mapped seismic 

structures could probably contain more small-scale faults and fractures that are 

not possible to image seismically. It is also observed that dyke intrusions 

contributed to the heterogeneous fractures and minor fault systems in the area. 

These fault systems observed in the study area are related to the same kind of 

structures discussed in Basson (2019), Molezzi et al. (2019) and Manzi et al. 

(2018).  

The geometry and placement of intrusive rocks were constrained using the 

magnetic profile along the seismic sections and TMI map of the area (Figure 5.16 

and Figure 5.17). The regional TMI provides evidence for several EW-trending 

dykes. These intrusions exhibit high magnetic anomaly (Figure 5.8). Moreover, 

the sediment-filled regions, faults, fractured zones and probably palaeo-karst 

regions were seen on the filtered magnetic maps as negative field anomalies, and 
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as a flood channel and deformed zone on the Google Earth map (Figure 5.18). 

These features coincide with the delineated depressed sections, faults and 

fractured zones on the seismic lines.  

 Implications for hydrogeology and engineering 

The regional palaeo-slope observed on the seismic sections provides indication of 

groundwater flow direction and monitoring in the area. The chaotic and diffuse 

reflection events, suspected to be an evidence of fractured, weathered and fault 

related deformations, are distinct on the seismic sections across the Pretoria Group 

formations. These zones of chaotic and diffused reflection are possible migration 

pathway where underground water movement and storage can take place due to 

high porosity and permeability of the zone (Figure 5.10). Weathered, fractured, 

and karst are general targets for hydrogeological prospecting for high yield 

groundwater boreholes (Barnard, 2000; Onyebueke et al., 2018). Faulted zones 

are concern to engineering structures.  

The observed zones of diffuse reflection in the Timeball Hill Formation, Hekpoort 

and Silverton formations (Profile AA’, CC’ and FF’) adjacent to the RF boundary 

are suspected to be weathered, fractured or faulted zones. These regions are 

potential targets for near-surface hydrogeological prospecting (Figure 5.17). The 

Daspoort sandstone and Silverton shale formations and the Chuniespoort Group 

dolostone are the most productive aquifer horizons in the area (Barnard, 2000). 

The groundwater in these region favours mostly the weathered, fractured, faulted 

and jointed zones, and the contact between the shale, sandstone, dykes and sills. 

These formations are observed across profile AA’ and FF’, where they are 

crosscut and offset by several fault and dyke lineaments (Figure 5.17b). The depth 

range of these formations across the profiles varied from 0 – 1800 m. The 

delineated slump features within the horizons are bounded by faults and fractured 

system, which can provide pathways for groundwater migration and have high 

storage potential.  

The intrusive features in the study area were identified on the TMI map. Dykes 

and sills influence groundwater flow and storage pattern by providing 
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impermeable rock barriers that could impede further groundwater migration and 

consequently store water near the contacts (Figure 5.17). Another significance of 

these structures in the study area is the palaeo-compartments they create within 

the formations. These palaeo-partitions could improve the storage capacity of 

groundwater water within the compartments. Therefore, understanding and 

delineating the appropriate geometries and positions of these features will assist in 

estimating the hydrogeological characteristic of the aquifer horizon, and likely 

will reduce the cost of groundwater exploration by constraining the appropriate 

locations for drilling. 

However, the expansive and characteristics of the weathered intrusive rocks 

provides concern for infrastructural planning and design. A thorough study of the 

fault system in the area can aid planning for infrastructural development. The 

information regarding the RF geometry will also provide information for further 

tectonic and geological model reconstruction in the area. Hence, the importance of 

using geophysical methods such as seismics and magnetics to locate drilling 

targets and obtaining subsurface images cannot be over-emphasised. 
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Figure 5.17: 3D visualization of the seismic sections indicating the position of 

some of the mapped features on the TMI map (a) approximate Timeball 

Hill/Rooihoogte (H1) horizon and (b) approximate Strubenkop (H5) horizon. The 

index on the center right is the interpreted first vertical derivative of the TMI map. 

ECCG indicate the erosional contact with Chuniespoort Group, PNGW the 

possible near-surface groundwater and the dashed white lines indicate the 

intrusive lineaments. 
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Figure 5.18: Total magnetic intensity map superimposed on the Google Earth 

map to show the relationship of the delineated structural zones and their surface 

structures (such as flood channels and deformed regions). The red arrows point to 

the delineated fault zones and observed surface features. 

 Conclusion 

Legacy 2D reflection seismic and aeromagnetic data were integrated to map and 

characterise the subsurface architecture and discuss its implications for 

hydrogeological prospecting and engineering. The geophysical datasets were 

constrained using surface geological maps and borehole logs. In addition, post-

stack denoising filters were applied to enhance geological structures and 

formation boundaries. Tilt and first vertical derivatives of the magnetic field were 

also utilised to improve the clarity of the near-surface and long wavelength 

magnetic field anomalies.  

The Rustenburg fault was delineated and interpreted from the seismic reflection 

sections as a normal planar fault with vertical displacement of ~400 m. The fault 

systems form a series of horst-and-graben and half-graben structures. The faults 

are predominantly normal planar and listric faults, with associated antithetic and 

synthetic faults. These structures exhibit complex features and brittle-ductile 



175 
 

shear-type of deformation associated with a heterogenous fractured system. They 

are interpreted to have formed in an extensional basin-rift environment, 

accompanied by fault-modulated subsidence.  

Folds and palaeo-karst features were also identified. The palaeo-slope observed 

on the seismic sections provides groundwater flow directions and monitoring in 

the area. The palaeo-compartment can assist in predicting successful high yield 

groundwater boreholes while the slump and possible karst feature will create high 

groundwater storage potential in the area. The faulted and fractured regions 

provide information regarding the secondary porosity and permeability of the 

zones. 

Many of the interpretations presented in this study could not have been possible 

without the multi-disciplinary, integrated approach. Further enhancements to our 

approach are still very possible. For instance, our 2D seismic dataset may be 

replaced by a 3D seismic dataset to better compensate for crooked survey lines, 

allow adequate structural geometry calculation, and provide a better 3D view of 

the delineated structures and generally increase interpretation confidence. This 

shows that comprehensive analysis of the 3D seismic data will be important for 

detecting the geological complexity within the area and vital for tectonic model 

reconstruction. Further reprocessing of the legacy 2D seismic data with modern 

algorithms, will also provide higher quality information.  
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CHAPTER 6 

6.0 Assessment of the site effect at South African National Seismograph 

Network stations using the HVSR technique 

Abstract 

The analysis of seismic noise to characterize the site response is a widely accepted 

geophysical tool for microzonation and seismic hazard assessment. This study 

determines the site effect at the stations of the South Africa National Seismograph 

Network using the horizontal to vertical spectral ratio (HVSR) of the ambient 

seismic noise. The aim was to assess the stability and reliability of the HVSR 

parameters and their possible application to microzonation of cities and building 

sites of critical infrastructure.  The stability of the site response parameters was 

investigated by considering different times-of-day and seasons, as well as the 

sensitivity to the selection of the processing parameters. The results show that the 

fundamental natural frequency of the near-surface low-velocity-layer (LVL) was 

essentially the same in all the analyzed time windows, irrespective of the time-of-

day or season, while the H/V amplitude varied slightly with the recording 

duration. The analysis was performed in accordance with the recommendations of 

the SESAME 2004 team. The HVSR-estimated predominant frequency was 

deemed to be a reliable and stable representation of the fundamental resonance 

frequency of the ground motion. Furthermore, the estimated values were used to 

approximate the thickness of the LVL and the vulnerability to liquefaction index 

at the stations that satisfied the criteria for a clear H/V peak. The shape of the H/V 

curve provides information regarding the surface geological characteristics at the 

seismological stations. We conclude that the HVSR technique using microtremor 

signals is a reliable, cheap and easy-to-use geophysical technique that can 

complement other geophysical methods for microzonation and seismic hazard 

assessment in South Africa. 
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 Introduction 

Seismological studies show that the Earth’s surface is never quiet (Kanai, 1957). 

The constant vibration of the ground surface is caused by atmospheric 

disturbances, tectonics, and human activities. Such micro vibrations are called 

‘microtremors’ or ‘ambient noise’ with amplitude and frequency range of 0.1 to 

10 microns and 0.1 to 20 Hz, respectively (Kanai, 1957). The use of microtremor 

characteristics (especially the predominant frequency F0 and amplification 

amplitude A0) has become a widely used technique for site effect and 

microzonation studies due to their simple relationship with local geological 

conditions, easy data acquisition, and ability to record data without strict spatial 

and time constraints at a very low cost (Kwak at al., 2017; Ansary and Rahman, 

2013; Bonilla, 1992; Nakamura, 1989). The predominant frequency of the 

microtremor signal is considered to be the natural resonance frequency of the 

near-surface low velocity layer (LVL) that amplifies the ground motion   produced 

by an earthquake. This phenomenon is called the site effect. 

These techniques have been used to estimate the site effect characteristics, such as 

numerical simulation (Lachet and Bard, 1994), Standard Spectral Ratio (SSR) 

(Aki, 1957) and various empirical techniques. The empirical methods use seismic 

noise records to estimate the site effect response of the LVL. The technique 

involves either relating the horizontal component of a sediment site to the 

horizontal component of a rock site (Reference method (Bonilla, 1992)) or 

relating the horizontal to the vertical component at the same site (Non-reference 

method (Nogoshi and Igarashi, 1971; Nakamura, 1989)). The use of the 

horizontal-to-vertical spectral ratio (HVSR) techniques in site response analysis 

attracted considerable attention after the earthquakes in Mexico (1985) (Bonilla, 

1992), California (Loma Prieta earthquake 1989) and Chi-Chi, Taiwan earthquake 

(1999), where the ground response calculated with HVSR method correlated well 

with the observed earthquake strong ground motion. Although the theoretical 

background is still debated, the technique has proven to be reliable and credible 

for site effect characterization and microzonation studies (SESAME 2004; Suarez 

et al., 2012). The HVSR technique has been applied successfully in large cities 
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and highly populated areas to characterize earthquake engineering parameters 

such as the amplification factor and resonant frequency (e.g. Suarez et al., 2012; 

Talha Qadri et al., 2015).  

South Africa is located on the southern intraplate region of the African plate, 

bounded by the southwest Indian Ocean ridge and South Atlantic Ocean ridge. 

Natural seismicity is mainly concentrated along branches of the active continental 

East African Rift System that extend through Mozambique and along the 

Zululand coast, and into Botswana. Clusters of seismicity are also found in the 

Koffiefontein area of the Free State province, and the northern and western Cape 

(Kijko and Cichowicz, 2006, see Figure 6.1a). The largest natural earthquakes that 

have been reported in South Africa are the Ceres-Tulbagh ML6.3 earthquake that 

occurred on 29 September 1969 in the Western Cape, causing severe damage in 

the towns of Tulbagh and Wolseley (Singh et al., 2009).  The MW7.0 earthquake 

that occurred on 23 February 2006 in the Manica province, Mozambique caused 

alarm as far away as Durban (about 1700 km apart) (Fenton and Bommer, 2006) 

in South Africa. However, most seismicity in South Africa is due to deep gold 

mining activities (Figure 6.1a). These mining activities induce strain energy on 

the mine pillars and abutments. The accumulated pressure may be suddenly 

released by failure of intact rock or slip on pre-existing faults. This causes strong 

vibrations in the rocks, which are felt on the surface as a tremor or earthquake 

(Durrheim et al., 2007; Saunders et al., 2007). Mining-related earthquakes that 

caused damage to surface structures include (a) an ML4.7 event that occurred near 

Carletonville on 7 March 1992, causing damage as far away as (~ 80 km apart) 

and Pretoria (~140 km apart) (Singh et al., 2009); (b) a ML5.3 event in Klerksdorp 

(Stilfontein) on 9 March 2005, which damaged many buildings and mining 

infrastructure (Durrheim et al., 2007); and (c) a ML5.5 event in Orkney on 5 

August 2014, which caused considerable damage in the town of Khumo (~150 km 

apart) (Midzi et al., 2015). Both natural and mining-related earthquakes have 

posed a considerable hazard (Figure 6.1b), and the distribution of the damage 

caused by earthquakes was clearly affected by site effect phenomena.  
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South Africa has many large cities with high population density and giant 

engineering infrastructures, but with limited knowledge of the site effect 

characteristics.  In this study, the HVSR technique using microtremor signals, 

recorded by the permanent seismic station that comprises the South African 

National Seismograph Network (SANSN), was used to determine the site effect 

characteristics with the aim of developing a ‘reference grid’ for more detailed 

local studies. Broadband data covering a long period of time was readily 

available. The Geopsy software package produced by the European SESAME 

research project group (http://www.geopsy.org/) was used to calculate the HVSR 

curves and evaluate the effect of the choices in processing parameters on the H/V 

values. The thickness of the near-surface LVL was calculated using the formula 

derived by Parolai et al. (2002) and Ibs-von Seht and Wohlenberg (1999), and the 

vulnerability to liquefaction index at some seismological stations was calculated 

using the Nakamura (2000) equation (Kg= A0
2/ F0).  In summary, this is a pilot 

study that seeks to demonstrate how the HVSR method can be used to estimate 

the site effect in South Africa. A set of HVSR curves that are typical of different 

geological terrains has been produced and interpreted, with the aim of illustrating 

how they can be used for microzonation studies in major cities. This information 

will assist city planners, earthquake and structural engineers in planning and 

designing a sophisticated earthquake resistant structure. 

http://www.geopsy.org/
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Figure 6.1: (a) Seismicity of Southern Africa. Note > 95% are mining related 

seismicity (Ogasarawa et al., 2009). (b) Map of current seismic hazard for South 

Africa. Expected peak ground acceleration (PGA, in g) with a 10% probability of 

being exceeded at least once in a 50 years period (Esterhuyse et al., 2014, 

modified by Kijko et al., 2016).  
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 Methodology  

The HVSR method, also called the Quasi-transfer spectrum (QTS) or Nakamura 

(1989) technique, was used to estimate the fundamental natural frequency and 

amplification of multiply-reflected vertically incident shear waves produced by 

microtremors in the near-surface low velocity layer, without considering any 

reference site. 

According to Nakamura (2000), the amplification factor can be related to the 

shear wave spectra of the horizontal (SHs) and vertical (SVs) components of the 

ground motion recorded at the surface as follows (Figure 6.2). 

                         SHs(f) = Ahs * Hb(f) +  Hs(f)                                     (6.1a) 

                         SVs(f) = Avs * Vb(f) +  Vs(f)                                      (6.1b) 

where Hs(f) and Vs(f) are the horizontal and vertical spectral components of 

Rayleigh waves propagating along the ground surface, respectively; Hb(f) and 

Vb(f) are the recorded horizontal and vertical spectral components on the 

basement underlying the sedimentary basin; Ahs and Avs are the amplification 

factor of the horizontal and vertical components of the vertically incident body 

wave registered on the soil surface, and * indicate convolutional process. The 

amplification factor of horizontal (Ahb) and vertical (Avb) component of the 

seismic motion recorded on the basement under the basin (Figure 6.2) are as 

follow; 

                                                     hb  =
SHs(f)

Hb(f) 
     (6.2a) 

                                                     vb  =
SVs(f)

Vb(f)
                    (6.2b) 

At the ground surface, where the frequency of the horizontal component received 

large amplification and Avs ≈ 1. Thus, SVs(f) ≌ Vb(f) if it is assumed that there is 

no Rayleigh wave contribution. Since a microtremor produces body and surface 

waves, the Rayleigh wave effect can be calculated using Avb. Therefore, if SVs(f) 

is greater than Vs(f), it is regarded as the effect of surface waves. Then the 
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modified effect of the amplification on the horizontal component against the effect 

of Rayleigh wave can now be estimated using the compensated  hb
∗ : 

                                               hb
∗ =

Ahb

Avb
=

SHs(f)

SVs(f)

Hb(f)

Vb(f)

=
QTS
Hb(f)

Vb(f)

   (6.3) 

Therefore, the Quasi-transfer spectrum (QTS) is expressed: 

                                        QTS =  
SHs(f)

SVs(f)
                            (6.4) 

Following Nakamura (2000), the horizontal to vertical spectral ratio at the 

basement rock is approximately equal to unity (Hb(f) Vb(f)⁄ ≈ 1). 

The thickness (h) of the sedimentary cover or weathered layer above the bedrock 

can now be related to the fundamental frequency (F0) where there is a significant 

impedance contrast (>2.5) between the soil column and the bedrock; F0 = Vs 4 ⁄  

(Nakamura, 1989; Parolai et al., 2002), where Vs is the average shear wave 

velocity of the low-velocity layer. ‘h’ is related to the depth to the basement. A 

low F0 is associated with deeper depth and a high F0 is associated with shallow 

depth. In addition, the mathematical expressions derived by Ibs-von Seht and 

Wohlenberg (1999) and Parolai et al. (2002) were utilized to estimate the 

thickness of the column. Ibs-von Seht and Wohlenberg (1999) used the 

fundamental frequency of the noise measurements close to boreholes in Lower 

Rhine Embayment (Germany) to fit a nonlinear regression model, as stated in 

equation (6.5).   

                                                     h=afr
b                                          (6.5) 

where a and b are the correlation coefficients.  

They show that the resonance frequency (fr) of a soil layer is directly associated to 

its thickness (h) through the nonlinear regression model in equation (6.6). 

                                                     h=96fr
-1.388                                                    (6.6) 
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Parolai et al. (2002) used the same mathematical expression in equation (6.5) in 

the basin with a deeper depth to the bedrock in Cologne area (Germany) to 

emerge with equation (6.7). 

                                                    h=108fr
-1.551                                                   (6.7) 

Furthermore, the vulnerability index (Kg) is an indicator of liquefaction potential 

of a sedimentary deposit of a specific site. The vulnerability index values beneath 

the seismic stations were calculated in this study using the Nakamura (1997) 

equation: 

                                            Kg= A0
2 / F0                                                                                         (6.8) 

where Kg is the vulnerability index, A0 is the amplification factor and F0 is the 

fundamental frequency. A high Kg value (above 10) is a sign of significant 

potential for liquefaction, while low Kg values (below 10) indicate no or little 

liquefaction potential (Nakamura, 1997).  

 

Figure 6.2: A typical geological structure used by Nakamura (2000) to explain 

the horizontal to vertical spectral ratio (HVSR) technique. Note SSR – standard 
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spectral ratio technique, Hr(f) and Vr(f) are the horizontal and vertical spectral 

components recorded on exposed bedrock rock, Hb(f) and Vb(f) are the horizontal 

and vertical spectral components on the basement that is covered by sediments, 

SHs(f) and SVs(f) are the spectral components recorded on the surface over the 

sedimentary column. 

 Data acquisition  

The microtremor data used in this study was extracted from 24 South African 

National Seismograph Network (SANSN) and AfricaArray network stations 

distributed across the country (Figure 6.3). The stations were equipped with a mix 

of broadband, short and extended short period seismometers mounted with the 

Global Positioning System (GPS) for timing (Table 6.1). Figure 6.3 shows the 

distribution of seismological stations over geological map of the country. Figure 

6.4 shows an example photo of one of the stations. The seismic stations record 

continuously at a sampling rate of 100 Hz. A year-long (2015) continuous record 

was extracted for each station through the IRIS DMC website. 
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Figure 6.3: Geological map of South Africa and location of seismological 

stations. (Copyright© Council for Geoscience, South Africa, All Right Reserved. 

First published by the Government printer, 1978). 

 

Figure 6.4: Example of seismometer used in the seismological stations. 
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Table 6.1: Network station coordinates and instruments 

Station Town 

(Code) 

Latitude 

(Deg Min) 

Longitude 

(Deg Min) 

Elevation 

(Meters) 

Instrument  

Belfast (BFT) -25°41.20'S 30°02.60'E 1868 EARS Micro 24-bit Digital recorder with a 
Guralp CMG-40T extended short-period 

seismometer 

Calvinia 

(CVN) 

-31°27.00'S 19°45.70'E 1050 EARS Omega 24-bit Digital recorder with a 

Geotech Instruments KS2000 broadband 

seismometer. 

Ceres (CER) -33°21.70’S 19°17.60’E 472 EARS Micro 24-bit Digital recorder with a 

Geotech Instruments KS2000 broadband 

seismometer. 

Elim (ELIM) -34°35.80’S 19°44.70’E 472 EARS Micro 24-bit Digital recorder with a 

Guralp CMG-40T extended short-period 

seismometer 

Grahamstown 

(GRM) 

-33°18.80'S 26°30.50'E 610 EARS Micro 24-bit Digital recorder with a 

Geotech Instruments KS2000 broadband 

seismometer. 

Gariep Dam 

(HVD) 

-30°36.30'S 25°29.80'E 1433 EARS Micro 24-bit Digital recorder with a 

Guralp CMG-40T extended short-period 
seismometer 

Komaggas 

(KOMG) 

-24°47.94’S 17°29.02’E 299 EARS Omega 24-bit Digital recorder with a 

Guralp CMG-40T extended short-period 

seismometer 

Kokstad 

(KSD) 

-30°32.46’S 29°25.00’E 1350 EARS Micro 24-bit Digital recorder with a 

Geotech Instruments KS2000 broadband 

seismometer. 

Koster (KSR) -25°51.10’S 26°53.83’E 1623 EARS Omega 24-bit Digital recorder with a 

Guralp CMG-40T extended short-period 

seismometer 

Lephalale 

(LEPH) 

-23°38.98’S 27°44.81’E 840 Stand Alone Quake Seismometer with a 

Guralp CMG-40T extended short-period 

seismometer 

Matjiesfontein 

(MATJ) 

-33o15.84’S 20o32.87’E 1054 EARS Omega 24-bit Digital recorder with a 

Guralp CMG-40T extended short-period 

seismometer. 

Mopani 
(MOPA) 

-23o31.04’S 31o23.39’E 362 EARS Micro 24-bit Digital recorder with a 
Guralp CMG-40T extended short-period 

seismometer. 

Mussina 

(MASN) 

-22o26.92’S 30o01.42’E 600 EARS Micro 24-bit Digital recorder with a 

Geotech Instruments KS2000 broadband 

seismometer. 

Newcastle 

(NWCL) 

-27o44.15’S 29o53.51’E 1215 EARS Omega 18-bit Digital dial-up event 

recorder with a short-period Mark 

Products L4-C seismometer. 

Prieska (PKA) -29o40.20’S 22o45.40’E 960 EARS Omega 24-bit Digital recorder with a 

Guralp CMG-40T extended short-period 

seismometer 

Pongola 

(POGA) 

-27°22.19'S 31°36.70'E 290 EARS Micro 24-bit Digital recorder with a 

Geotech Instruments KS2000 broadband 

seismometer. 

Parys (PRYS) -26o55.78’S 27o27.99’E 1403 EARS Omega 24-bit Digital recorder with a 

Guralp CMG-40T extended short-period 

seismometer. 

Sunshine 

Coast (ROSN) 

-34o06.23’S 24o32.40’E 110 KS2000 Earth data low gain 

Silverton 

(SLR) 

-25°44.10'S 28°16.90'E 1348 Nanometrics Calisto Europa with a 

Streckeisen STS-2 broadband seismometer. 

Senekal (SEK) -28o32.30’S 27o62.50’E 1486 CMG-40T Earth data low gain 
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 Surface geological characteristics of the seismic stations 

The twenty-four AfricaArray and South African National Seismological Network 

(SANSN) stations used in this study were deployed across the nine-province of 

South Africa, located in different geological supergroups (Figure 6.3 and Figure 

6.4). Brief explanations of the surface geology are discussed in Table 6.2 using 

the station codes (Truswell, 1977; Viljoen and Reimold, 1999; McCarthy and 

Rubidge, 2005; Fourie et al., 2007; Chinoda et al., 2009): 

Table 6.2: Brief explanation of the surface geology and location of the stations 

Stations 

Province 

 Surface geology 

 
BFT 

Mpumalanga 

The surface geology of the site is characterised by the sedimentary rock of the Ecca 

Group of the Karoo Supergroup, predominantly argillaceous layers of carbonaceous 

shales, arenaceous sandstones, and siltstones (Johnson et al., 2006). 

CVNA 
Northern Cape 

Characterised by Permian sandstone and shale of the Ecca Group, underlain by 
diamictite shale of the Dwyka Group of the Karoo Supergroup. 

CER 

Western Cape 

Weathered rocks of Bokkeveld Group of the Cape Supergroup consist mostly of 

siltstones and shale. 

ELIM 

Western Cape 

The surface geology consists of weathered rocks of the Cape Supergroup. 

GRHM 

Eastern Cape 

Consists of younger sediments and alteration deposits, underlain by sandstone, shale, 

gneisses and granites of the Bokkeveld Group of the Cape Supergroup. 

HVD 

Free State 

Dominated by purple and blue-gray mudstone and green shale, underlain by 

interbedded sandstone and siltstone of the Adelaide Subgroup of the Beaufort Group 

of the Karoo Supergroup. 

KOMG 

Northern Cape 

The surface geology is characterized by weathered rocks of the underlying 

Proterozoic crystalline basement of the Namaqua Metamorphic Province (Viljoen 

and Reimold, 1999). 

KSTD 

Kwazula-Natal 

The surface geology consists of mainly weathered sedimentary rocks from the 

underlying sandstone and mudstone of the eastern Beaufort Group of the Karoo 

Supergroup (Viljoen and Reimold, 1999). 

Schweizer-

Reneke 

(SWZ) 

-27°10.90'S 25°19.50'E 1342 EARS Omega 24-bit Digital recorder with a 

Guralp CMG-40T extended short-period 

seismometer. 

Somerset-East 

(SOE) 

-32°42.70'S 25°33.70'E 820 EARS Omega 18-bit Digital dial-up event 

recorder with a Mark Products L4-3D three-

component short-period seismometer. 

Upington 

(UPI) 

-28°21.71'S 21°15.16'E 845 EARS Omega 24-bit Digital recorder with a 

Geotech Instruments KS2000 broadband 

seismometer. 

Western deep 

levels mine 

(WDLM) 

-26o25.38’S 27o36.49’E 1680 EARS Omega 24-bit Digital recorder with a 

Guralp CMG-3T extended short-period, low 

gain seismometer. 
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KSR 

North West 

The surface geology is made of weathered rocks from the underlying Pretoria Group 

of the Transvaal Supergroup consists of interbedded quartzite, andesite, shale and 

banded ironstone formation (Viljoen and Reimold, 1999). 

LEPH 

Limpopo 

Characterised by sediments of the Karoo Supergroup overlaying the volcanic rocks of 

the Kaapvaal Craton. 

MATJ 

Western Cape 

The surface geology consists of dry light brown sandstones, gravels in a sandy 

matrix, weathered bedded shale and mudstones underlain by the unweathered rock of 

the same group (Fourie et al., 2007). 

MOPA 

Limpopo 

Characterised by alluvium and superficial deposits underlain by high-grade 

metamorphic rocks (ortho and paragneisses) of the Kaapvaal craton. 

MSNA 

Limpopo 

The surface geology is characterized by the central zone of Limpopo Mobile Belt 

which is regarded as the transboundary location of supercrustal rocks, due to collision 
between Kaapvaal and Zimbabwe craton (Chinoda et al., 2009). Consist of Bulai 

gneisses. 

NWCL 
KwaZulu-Natal 

Characterised by consolidated sedimentary layers of the Ecca Group, overlying the 
Dwyka Group of the Karoo Supergroup (Hunter, 1991). 

POGA 

KwaZulu-Natal 

Melmoth Basement Arch which belongs to the upper sedimentary Mozaan Group of 

the Pongola Supergroup. The surface geology is dominated by arenaceous sediments 

and minor argillaceous sedimentary layers. 

PKA 

Northern Cape 

The surface geology is characterized by calcrete outcrops on the Dwyka Group of the 

Karoo Supergroup. 

PRYS 

Free State 

Situated on the Vredefort impact Dome (Vredefort impact crater) close to the Vaal 

River. The surface geology is characterized by the weathered rocks Archaean granite 

and gneiss. 

ROSN 

Eastern Cape 

The surface geology consists of predominantly weathered sandstones and mudstones 

of the Bokkeveld Group of the Palaeo-phanerozoic Cape Supergroup. 

SEK 

Free State 

The area is characterised by underlying Adelaide and Tarkastad Subgroups of the 

Beaufort Group of the Karoo Supergroup. The surface geology is made up of the 

weathered underlying rocks; consist of grey mudstone, dark-grey shale, siltstone and 
sandstone. 

SLR 

Gauteng 

The surface geology consists of quartzites and mudstone of the Pretoria Group 

sediments of the Transvaal Supergroup. 

SOE 

Eastern Cape 

Predominantly sandstone, siltstone and mudstones of the Adelaide Subgroup of the 

Beaufort Group of the Karoo Supergroup. 

SWZ 

North West 

The surface geology is characterised by the sequence of alluvial gravel units and 

colluvium of the Platberg Group of the Ventersdorp Supergroup. 

UPI 

North west 

Characterised by the windblown red-brown structureless sand of the Gordonia 

Subgroup of the Kalahari Group, underlain by metamorphosed sediments of the 

Namaqualand metamorphic province. 

WDLM 

Gauteng 

Characterised by weathered rock of the Archaean age Witwatersrand Supergroup 

within the Kaapvaal craton, consists of thick interbedded argillaceous and arenaceous 

sedimentary rocks. 

 Data processing and analysis 

The recorded microtremor signals were transformed from binary to miniSEED 

format and processed using the Geopsy software (http://wwwgeopsy.org), 

developed by the European research project group (SESAME, 2004). 
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Generally, seismic noise due to industrial facilities and/or heavy traffic noise 

poses a serious problem in microtremor signal processing, which can result in the 

wrong estimation of parameters. To avoid inclusion of such transient signals into 

processing, the data is windowed before computing the H/V spectral ratio of the 

microtremor signal. An automatic window selection mode with anti-triggering on 

the raw data was activated within the Geopsy software package (Figure 6.5a). 

After the automatic window selection, the windows that still contained non-

stationary noise were manually removed. The removal of these transients 

improved the clarity of the H/V curve, thereby lowering the standard deviation 

error. During the automatic window selection, a minimum of 25 and maximum of 

99 windows were selected. The time length of each window varies from 30s to 

120s with 10% window overlap over 3 to 5 hours of ambient noise record (Figure 

6.5a). 

 

Figure 6.5: Microtremor signal processing. (a) Automatic window selection on 

the 3-component seismometer noise record, (b) Example of HVSR result (H/V 

curve) with 79 noise windows for MOPA station. 

 

The H/V curve in Figure 6.5b shows the average H/V curve (solid black line); the 

dashed lines indicate the standard deviation of the H/V amplitude (A0) curve, 

while the vertical gray band indicates the standard deviation of the peak 

frequency. The dominant frequency is the value at the H/V peak between the gray 

areas, and the amplification amplitude is the corresponding spectral value of the 

peak frequency. The coloured curves represent the individual H/V curve for each 
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selected noise window. The calculated output of the HVSR curve was sampled 

between 0.2 to 20 Hz, with 0.2 Hz high pass filter.  

By means of the software the Fourier spectrum of each dataset within a time 

window ‘w’ at site ‘s’ were calculated for both horizontal and vertical component. 

The frequency spectrum was tapered with 5% Cosine function before computing 

the average Fourier spectrum of each noise component (the horizontal (SHs
s ) and 

vertical (SVs
s )) (equation 11 and 12, respectively). This was done in order to avoid 

unanticipated discontinuities which may influence the Fourier spectrum result. 

The calculated Fourier spectra were smoothed using the Konno and Ohmachi 

(1998) logarithmic function with 20/40 coefficient of bandwidth along with 5% 

Cosine taper width in order to overcome the numerical instabilities. The 

instrumental effects were removed using singular DC suppression. 

Computation of the horizontal to vertical spectral ratio and standard deviation was 

carried out as shown in the following equations: 

For the horizontal Fourier spectrum: 

North component:              Ns(f) =
1

n
∑  𝑛

 
 

N 
w 𝑠(f) ,                                        (6.9) 

    East component:                        Es(f) =
1

n
∑  𝑛

 
 

E 
w 𝑠(f) ,                              (6.10) 

where n is a number of the selected windows, and ( N 
w 𝑠), and ( E 

w 𝑠) are the north 

and east horizontal component, respectively. 

The quadratic mean of the Fourier spectra of the both horizontal component at site 

‘s’ is giving by: 

                                      SHs
s (f) = √

(Ns) 2 (f)+ (Es) 2 (f)

2
  .                                  (6.11) 

The average vertical Fourier spectrum:    

                                             SVs
s (f) =

1

n
∑     

n
V 

w s ,                                          (6.12) 

where ( V 
w s) is the vertical component. 
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Thus, the resulting spectral amplitude ratio (HVSR) at site ‘s’ is giving by: 

                                             HVSR(f) =
𝑆𝐻𝑠

𝑠 (𝑓)

𝑆𝑉𝑠
𝑠 (𝑓)

= QTS                                   (6.13) 

The standard deviation (σ) at site ‘s’ is giving by:                              

               σs(f) = √[
1

n−1
∑ ( wHVSRs(f) − HVSR (f)) 2n

s=1 ]                           (6.14) 

The HVSR result obtained with equation (6.13) is independent of the path and 

source of the seismic signal. However, the shape of the H/V curve represents the 

site response between the input ground motion at the base rock and the surface. 

The actual information extracted from the H/V curve is the predominant 

frequency, which is equivalent to the fundamental natural frequency (F0) of the 

top low-velocity-layer. The fundamental natural frequency corresponds to the 

peak of the H/V curve, while the corresponding spectral value is the amplification 

amplitude (A0). The H/V amplitude is considered to be an indication of the 

impedance contrast and lower-bound of the actual site amplification factor. 

Presently, there is a serious argument whether the H/V ratio amplitude represents 

the actual site amplification factor (Nakamura, 1989; SESAME, 2004). The 

sharpness of the H/V peak increases the reliability of its value. Clear high H/V 

peaks are associated with large velocity contrasts between the top weathered layer 

and the bedrock.  

SESAME (2004) guidelines were considered during the processing steps in order 

to ascertain the reliability of the obtained results (Table 6.3). The stability of the 

H/V parameters was tested by analyzing different times-of-day and seasons (Table 

6.4). 
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Table 6.3: Criteria for a reliable H/V curve and clear H/V peak (SESAME, 2004). 

Criteria for a reliable H/V curve WL = window length 

i 

 

ii 

 

iii 

f0 > 10/WL 

and 

nc (f0) > 200 

and 

𝛔A(f) < 2 for 0.5f0 <f< 2f0 if f0 >0.5Hz 

or 

𝛔A(f) < 3 for 0.5f0 <f< 2f0 if f0 >0.5Hz 

nw = number of windows selected for the average H/V curve 

nc = Iw x nw x f0 = number of significant cycles 

f = current frequency 

fsensor = sensor cut-off frequency 

f0 = H/V peak frequency 

𝛔f  = standard deviation of H/V peak frequency (f0 ± 𝛔f) 

 

Criteria for a clear H/V peak 

(at least 5 out of 6 criteria fulfilled) 

ε (f0) = threshold value for the stability condition 𝛔f < ε (f0) 

A0 = H/V peak amplitude at frequency f0 

AH/V(f) = H/V curve amplitude at frequency f 

i 
 

ii 

 

iii 

 

iv 

 

v 

 

vi 

ⱻ f’ ϵ [f0/4, f0] | AH/V(f’) < A0/2 

 

ⱻ f+ ϵ [f0, 4f0] | AH/V(f+) < A0/2 

 

A0 > 2 

 

fpeak [AH/V(f) ± 𝛔A(f)] = f0 ± 5% 

 

𝛔f < ε (f0) 

 

𝛔A(f0) < θ (f0) 

f’ = frequency between f0/4 and f0 for which AH/V(f’) < A0/2 

f+ = frequency between f0 and 4f0 for which AH/V(f+) < A0/2 

𝛔A(f) = “                  ”  f AH/V(f), 𝛔A(f) is the factor 

by which the mean AH/V(f) curve should be multiplied or 

divided 

𝛔logH/V(f) = standard deviation of logAH/V(f), 𝛔logA(f) is an 

absolute value which should be added or subtracted from the 

mean logAH/V(f) curve 

θ(f0) =threshold value for the stability condition 𝛔A(f)<θ(f0) 

Vs,av = average S-wave velocity of the total deposits 

Vs,surf  = S-wave velocity of the surface layer 

h = depth to bedrock 

hmin = lower-bound estimate of h  
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Table 6.4: Tabular display of the stability analysis of the H/V parameters of the 

seismological stations. Broadband - BB, Short period - SP and Extended short 

period - ESP seismometer. Note: empty cells show unavailability of data. 

Station Code 

(instrument)  

Winter season Summer 

season 

Average 

F0(Hz) 

Winter 

season 

Summer 

season 

Average 

A0 

 

Night   Day  Night   Day   Night Day Night Day 

F0(Hz) F0(Hz) A0 A0 

BFT (ESP) 3.74    3.74 1.22    1.22 

CER (BB) 6.42 8.67 8.43 8.34 8.00 1.47 1.49 1.51 1.47 1.48 

CVNA (BB) 1.85 1.94 1.93 1.99 1.93 1.16 1.30 1.25 1.28 1.23 

ELIM (SP) 7.91 7.72 7.40 7.42 7.61 1.47 1.89 1.45 1.68 1.62 

GRHM (BB) 1.88 2.18 2.13 2.13 2.08 0.99 1.04 1.05 1.00 1.02 

HVD (ESP) 0.58 0.41 0.54 0.56 0.52 1.10 1.31 1.10 1.04 1.14 

KOMG (ESP) 0.43 0.56 0.64 0.51 0.54 1.66 1.81 1.56 1.80 1.71 

KSR (ESP) 0.40 0.40 0.43 0.56 0.45 1.35 1.30 1.36 1.37 1.35 

KSTD (BB) 1.61 1.51 1.87 1.48 1.62 1.47 1.47 1.40 1.48 1.46 

LEPH (ESP) - - 7.74 - 7.74 - - 1.22 - 1.22 

MATJ (BB) 18.93 18.1 18.68 16.7 18.1 1.49 1.42 1.53 2.12 1.64 

MOPA(SP) 1.33 1.32 1.28 1.27 1.30 2.77 3.04 3.07 3.05 3.00 

MSNA (BB) - - 5.49 4.44 4.97 1.33 1.32 1.33 1.35 1.33 

NWCL (SP) 1.52 1.62 I.63 1.51 1.57 1.55 1.50 1.44 1.36 1.46 

PKA (ESP) - - - - - 1.27 1.20 1.40 1.40 1.32 

POGA (BB) 6.20 8.41 8.30 7.57 7.62 1.32 1.25 1.34 1.20 1.28 

PRYS (ESP) 1.64 2.10 1.70 1.89 1.83 1.89 2.45 2.40 2.41 2.30 

ROSN (SP) - 9.47 9.23 9.54 9.41 - 2.43 2.76 4.27 3.13 

SEK (ESP) 3.88 3.85 - - 3.87 1.56 1.82 - - 1.69 

SLR (BB) 5.85 6.47 6.13 5.75 6.05 1.44 1.61 1.57 1.62 1.56 

SOE (ESP) - - - - - 1.21 1.41 1.28 1.35 1.25 

SWZ (ESP) 5.90 5.70 5.50 5.60 5.68 1,41 1.42 1.40 1.46 1.42 

UPI (BB) 0.97 1.02 0.92 0.85 0.94 2.30 2.30 2.20 2.20 2.25 

WDLM (BB) 1.52 1.52 1.67 1.62 1.58 1.50 1.68 2.00 2.60 2.00 

 

 Influence of parameters involved in signal processing 

In this section, the influences of various parameters used in microtremor signal 

processing were examined.  

6.6.1. Window length (WL) variation 

The alteration of the window length was inspected to check the minimum window 

length required to obtain a reliable H/V curve. Analyses of four different window 

lengths were performed.  Figure 6.6 shows the results obtained with 10s, 40s, 60s 
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and 120s window length, UPI station is presented as an example. Comparing the 

H/V curves, it can be observed that short window length (10s as observed in the 

data) could result in inadequate sampling of low frequency values within the 

Fourier spectra considering the hatched areas shown in the Figure 6.6a and Figure 

6.6b. This could result in a wrong estimation of predominant frequency and 

amplification amplitude. Thus, considering the analysis performed in this study, it 

is recommended to use at least 30 s window lengths for adequate spectrum 

frequency representation. 

 

Figure 6.6: Variation of window length. (a) WL = 10s; (b) WL =40s; (c) WL 

=60s; (d) WL =120. 95 different noise windows were selected and averaged. The 

hatched area shows the underrepresented frequency spectrum. 
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6.6.2. Variation in percentage of overlap 

The effect of varying the percentage of overlap between the selected noise 

windows is shown in Figure 6.7. Testing were conducted using 0, 10, 20, and 50% 

window length overlap, and WDLM station as an example. Comparing the H/V 

curves in Figure 6.7, it appears that variation in the percentage of overlap has little 

effect on the H/V parameters. However, it is recommended to use a certain 

percentage of overlap in order to obtain enough windows for adequate average 

(SESAME recommends at least 10 % window length overlap). 

 

Figure 6.7: Variation of percentage overlaps between windows. (a) 0% overlaps 

(b) 10% overlap (c) for 20% overlap (d) 50% overlap (36 different noise windows 

were calculated in each the following analysis using the WDLM station). 
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6.6.3. Varying the percentage of cosine taper width along with the 

smoothing function 

Here different percentages of Cosine taper were tested so as to observe its effect 

on the H/V parameters during signal processing.  Four different percentage values 

(0%, 0.5%, 5% and 50%) were used.  The results of the PRYS station are shown 

in Figure 6.8.  Comparing the H/V curves in Figure 6.8, it was observed that the 

percentage of Cosine taper can have a significant effect on H/V parameters. Thus, 

one should be very careful when selecting the value to use, because applying 

small values can totally change the shape of the H/V curve, and cause 

misinterpretation of H/V parameters as shown in Figure 6.8a and b. It is advisable 

to use appreciable values (above 1%); since the observed results revealed that 

small values (less than 1%) can truncate the signal. 

 

Figure 6.8: Varying the percentage of Cosine taper width. (a) 0% taper width; (b) 

0.5% taper width; (c) 5% taper width; (d) 50% taper width (30 different noise 

windows were calculated in each analysis for PRYS station). 
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6.6.4. Variation of smoothing constant (b) 

The variation of the coefficient (smoothing constant “b”) was carried out, in order 

to observe its effect on the H/V characteristics as shown in Figure 8 (using MOPA 

station sample). Comparing the H/V curves in Figure 6.9, it shows that the 

smoothing constant value has a significant effect, not only on the H/V peak ratio, 

but also on the predominant frequency of the microtremor signal. Therefore, 

considering the appropriate b-value, there seems to be a balance between the two 

H/V parameters (A0 and F0); a smaller b-value is better when acquiring a linear 

relationship between the A0 and velocity contrasts, while a larger b-value is 

preferred when reducing the shift in F0 towards the right side of the H/V curve as 

revealed in the Figure 6.9 (Konno and Ohmachi., 1998). However, it is 

recommended to apply a reasonable value (20-40) when processing H/V spectral 

signals. In this study, a b-value of either 20 or 40 was applied, considering the 

effect of non-stationary transients on the signal. In the case where a serious 

transient was noticed, b = 20 was applied, while b = 40 was applied to signals free 

of transients. 
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Figure 6.9: Variation of smoothing constant (b). (a) No smoothing; (b) b = 10; (c) 

b = 20 (d) b = 40 (79 different noise windows were calculated in each analysis 

using MOPA station). 

 Results and interpretation 

The analysis of the HVSR curve at the 24 SANSN (Figure 6.10, Figure 6.11) has 

been computed. Table 6.4 and Table 6.5 show the results of the stability and 

reliability analysis of the H/V calculation, respectively. One-year microtremor 

noise window length was analysed. Table 6.6 shows the results of the low-

velocity-layer thickness and vulnerability index for liquefaction approximated for 

stations that satisfied the clarity criteria of the SESAME project. 

Generally, interpretation was based on the shape of the H/V curve as follows: 
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i. A clear H/V peak was found at seven stations (GRHM, KOMG, KSTD, 

MOPA, PRYS, UPI, and WDLM) (Figure 6.10a). The clarity of the peak can 

be interpreted as an evidence of significant velocity contrast between the top 

layer and the bedrock.  These results also revealed that the stations that were 

situated on the alluvial sand, superficial deposit and highly weathered surface 

(MOPA, PRYS, UPI, and WDLM) were characterised by low peak frequency 

values ranging from 0.94 to 1.83 Hz, reflecting the effect of sediment 

thickness with H/V amplitude range of 2.20 to 3.13. These stations satisfied 

the criteria for a clear H/V peak and may likely amplify the ground motion 

during earthquake events. 

ii. A double H/V peak was found at three stations (BFT, CVNA and NWCL) 

(Figure 6.10b). These stations revealed two H/V peaks with general low H/V 

amplitude (A0 < 1.5) and peak frequency at 3.75, 1.95 and 1.57 Hz, 

respectively. The second peaks represent other natural resonance frequencies 

(the shallowest subsoil interface). These spectra could be interpreted as an 

indication of two successive hard geological formations with significant 

impedance contrast between the successive boundaries. 

iii. A broad peak and plateau-like curve was found at four stations (HVD, LEPH, 

POGA and ROSN) (Figure 6.10c). These stations were placed in the mountain 

valley/rolling hill terrains, yielding a broad peak (LEPH and POGA) and 

plateau-like H/V curves (HVD and ROSN) with predominant frequency range 

of 6 to 10 Hz and 0.3 to 1.5 Hz, respectively. There H/V amplitudes were 

generally less than 1.30. 

iv. A flat H/V with sign of no amplification was found at seven stations (CER, 

ELIM, KSR, PKA, SLR, SOE and SWZ) (Figure 6.10d). These stations were 

installed in a hard rock formation. They show a flat H/V curves with general 

low amplification amplitude range (A0 < 1.5), which is expected from a rock 

site.  

v. Finally, a spurious H/V peak was found at three stations (MATJ, MSNA and 

SEK). The evidence of spurious H/V peaks was confirmed in the Fourier 
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amplitude spectra of these stations (Figure 6.11). The analysis of Fourier 

frequency spectra provided insight into the distribution of energy over the 

analysed frequency range. The spurious peak could be due to a transient signal 

of industrial origin or other anthropogenic sources. These peaks were not 

considered as the true peak of the H/V curve. Note, for someone to be aware 

of this false peak, the transient spike should occur at the same particular peak 

frequency in the Fourier spectrum of all the three components. 

Considering the H/V curves in Figure 6.10, the H/V characteristics from the 

stations that satisfied the criteria for a clear H/V peaks were further used to 

estimate the thickness and vulnerability index for liquefaction of the sedimentary 

cover. The mathematical model used in these approximations may not be the 

appropriate model for all the investigated sites since the background nature of the 

wavefield varies in different sites. However, the estimated vulnerability index was 

considered low when compared with the values Nakamura (1997 and 2000) 

estimated for the region affected by the 1989 Loma Prieta earthquake in 

California. 
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Figure 6.10: Amplitudes of H/V ratio as a function of predominant frequencies. 

(a) Stations with clear H/V curves, (b) station with double H/V peaks, (c) stations 

with broad peak/plateau-like curve and (d) stations with flat H/V curves. 
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Figure 6.11: Examples of spurious peaks due to non-stationary transients on the 

microtremor signals. (a), (b) and (c) are the H/V curve for MATJ, MSNA and 

SEK stations, respectively; (d), (e) and (f) are the respective frequency spectra of 

the three components of the seismometer (each curve represent E, N or Z 

component); and (g), (h) and (i) are the respective azimuth versus frequency of the 

power spectral density (note the transient spike on the frequency spectrum of all 

the three components occur at the same frequency value). 
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Table 6.5: Reliability of the predominant frequency as defined by SESAME 

(2004) guidelines (Nw-number of windows, WL-window length, nc-number of 

significant cycles and σA-standard deviation error for amplification) 

Station 

Code 

Average 

F0(Hz) 

Average 

A0 

Nw WL F0 

>10/WL 

nc> 200 σA(f)< 2 comment 

BFT 3.74 1.22 16 35 0.29 2094 ±0.19 Reliable 

CER 8.00 1.48 24 60 0.17 11520 ±0.17 Reliable 

CVNA 1.93 1.23 53 60 0.17 6137 ±0.18 Reliable 

ELIM 7.61 1.62 122 120 0.08 111410 ±0.35 Reliable 

GRHM 2.08 1.02 77 60 0.17 9610 ±0.15 Reliable 

HVD 0.52 1.14 26 30 0.33 406 ±0.34 Reliable 

KOMG 0.54 1.71 90 120 0.08 5832 ±0.26 Reliable 

KSR 0.45 1.35 28 50 0.20 630 ±0.31 Reliable 

KSTD 1.62 1.46 24 60 0.17 2333 ±0.15 Reliable 

LEPH 7.74 1.22 59 60 0.17 27400 ±0.10 Reliable 

MATJ 18.1 1.64 99 120 0.08 215028 ±0.32 Reliable 

MOPA 1.30 3.00 79 100 0.10 10270 ±0.45 Reliable 

MSNA 4.97 1.33 95 100 0.10 47215 ±0.28 Reliable 

NWCL 1.57 1.46 29 60 0.17 2732 ±0.15 Reliable 

PKA - 1.32 53 75 - - ±0.26 Flat curve 

POGA 7.62 1.28 40 60 0.17 18288 ±0.19 Reliable 

PRYS 1.83 2.30 30 40 0.25 2196 ±0.57 Reliable 

ROSN 9.41 3.13 40 60 0.17 2196 ±0.86 Reliable 

SEK 3.87 1.69 44 60 0.17 10217 ±0.30 Reliable 

SLR 6.05 1.56 38 50 0.20 11495 ±0.22 Reliable 

SOE - 1.25 20 30 - - ±0.16 Flat curve 

SWZ 5.68 1.42 59 75 0.13 25134 ±0.20 Reliable 

UPI 0.94 2.25 95 120 0.08 10716 ±0.41 Reliable 

WDLM 1.58 2.00 36 60 0.17 3413 ±0.36 Reliable 

 

Table 6.6: Approximate sediment thickness and vulnerability index (Kg)  

Station 

code 

F0 (Hz) A0 h=96fr
-1.388 (m) h=108fr

-1.551 (m) Kg= A0
2 / F0 

MOPA 1.30 3.00 71.9 66.7 6.92 

PRYS 1.82 2.30 42.7 41.8 2.9 

UPI 0.94 2.25 118.9 104.6 5.4 

WDLM 1.58 2.00 53.1 50.9 2.53 

 

 

 

 



212 
 

 Discussion and conclusion 

The use of horizontal to vertical spectral ratio (HVSR) technique to analyse 

microtremor signals has proven to be an effective tool to characterise the site 

effect for microzonation and seismic hazard assessment, irrespective of the debate 

concerning the theoretical background. In this study we aimed to estimate and 

investigate the stability and reliability of the local site effect characteristics at 24 

permanent seismological stations in South Africa. The stability and reliability 

analysis of the H/V spectral ratio parameters (predominant frequency and 

amplification amplitude) of the recorded data shows that the estimated results 

were reliable and stable (Table 6.4 and Table 6.5). The results showed that the 

predominant frequency (F0) was not affected by the time-of-day or season, while 

the H/V ratio is slightly affected by the time-of-day when the signal was recorded. 

Hence, the calculated predominant frequency can be used to estimate the 

fundamental resonance frequency value of the top low-velocity-layer (typically 

weathered rock or sedimentary cover), while the amplification of the H/V ratio 

yields the lower bound of the actual site amplification factor. Additionally, it was 

observed that the geological conditions were the prominent factor responsible for 

the variation in the H/V spectral ratio. The effect of processing parameters such as 

window length, smoothing constant, percentage of window overlap, and Cosine 

taper function were studied, while the effect due to instrumental type was not 

achieved in this study because only one type of instrument were used to record 

signals at each site. 

Generally, considering the results from all the seismic stations, it was found that 

the fundamental resonance frequency of the top low-velocity-layer was in the 

range 0.4 – 18 Hz, and the H/V amplitude of the microtremor signal varied from 1 

to 3 (Table 6.5). Picozzi et al. (2009) and Talha Qadri et al. (2015) have also used 

this technique successfully to estimate site effects in Istanbul, Turkey, and Fateh 

Jang, Pakistan, respectively.  Moreover, the results further revealed that seven 

stations placed on weathered surfaces or soil columns displayed spectral peaks 

that satisfied the criteria for a clear H/V peak. These sites could be subjected to 

ground motion amplification during an earthquake. Furthermore, the stations 
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placed on solid bedrock revealed a flat H/V curve, while the stations located on 

the valley/rolling hill terrain revealed broad peak/plateau-like curves.  

Table 6.6 shows the estimated sediment thickness (h) and vulnerability index (Kg) 

for liquefaction of those stations that satisfied the clear H/V peak criteria, 

although the Kg values were generally lower than 7, showing that there is no risk 

of liquefaction in those sites, when it is compared with Nakamura’s (1997) result. 

However, the shape of H/V curves revealed the surface geological characteristics 

of the station sites. Figure 6.12 shows the site effect response characteristics of the 

seismological stations superimposed on the seismic hazard map of South Africa. 

The black circles indicate the fundamental frequency, while the red stars represent 

the different range of the H/V amplitude. From Figure 6.12, it is noted that some 

stations (UPI, MOPA, PRYS and WDLM), which could be subjected to 

amplification during earthquake ground motion, are located in regions with higher 

seismic hazard. Therefore, dense data acquisition in these regions is recommended 

and other geophysical techniques such as seismic refraction and multichannel 

analysis of surface wave (MASW) should be conducted. These complementary 

geophysical methods will provide an integrated approach in estimating the 

appropriate thickness and shear wave velocities of the sedimentary cover or 

weathered layers in the sites. Finally, the HVSR technique using microtremor 

signals can provide a fast, cheap and complementary geophysical method to 

determine site effect characteristic for microzonation and seismic hazard 

assessment of cities in South Africa. 
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Figure 6.12: Site characteristics of the seismological stations placed on the map 

of current seismic hazard for South Africa. Expected peak ground acceleration 

(PGA, in g) with a 10% probability of being exceeded at least once in a 50-year 

period (Esterhuyse et al. 2014, modified by Kijko et al. 2016).   
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CHAPTER 7 

7.0  General conclusions and recommendations 

Integrated geophysical site investigations were employed at different locations in 

South Africa, to support various infrastructural and environmental development 

by providing necessary near-surface images and associated physical properties. 

The presented case studies in this thesis clearly demonstrate that an integrated 

geophysical approach improves the subsurface structural model when compared 

to an individual geophysical method. The various integrated approaches minimize 

the ambiguities associated with the geophysical dataset’s interpretation, due to 

complementary capabilities and characteristics of each method. The interpretation 

was constrained with borehole and surface geological mapping information. I 

showed that the high-resolution reflection and/or refraction seismic method, when 

compared with other geophysical techniques (resistivity tomography, MASW, and 

magnetic method), are powerful tools for imaging near-subsurface architectures 

for hydrogeological prospecting, engineering and infrastructural development. In 

addition, I also demonstrated that microtremor signal characteristics (dominant 

frequency and spectral amplitude ratio) are stable and reliable to be used in site 

effect assessment for microzonation study in the area. 

In chapter 3, high-resolution shallow reflection seismic method was integrated 

with refraction tomography, MASW and ERT, and constrained with borehole log 

information for hydrogeological prospecting in the Nylsvley Nature Reserve, 

South Africa. The result revealed that the depth to the bedrock and the weathered 

rock surface in the area were ~3 – 5 m and ~8 – 12 m, respectively, with P-wave 

velocities of ~1200 – 2500 m/s and 2800 – 6000 m/s, respectively. Thus, the 

interface within the intra-alluvium layer was interpreted as the groundwater table 

in the area. This study also showed that the bedrock undulation observed in the 

results (reflection section, refraction, and electrical resistivity tomogram) were 

associated with fractured/weathered zones, and was attributed to the fluid storage 

and migration pathways in the survey area. Hence, it was suggested that the 

saturated alluvium deposit base (sand/gravel) combined with the 
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fractured/weathered bedrock surface, constrained with MASW results, represent 

the hydrostratigraphic units in the area with an estimated thickness of about 18 – 

38 m. The results and assertion confirmed the previous geological and 

environmental research conducted in the area, which suggested that the 

fractured/weathered zone within the bedrock surface is responsible for 

groundwater movement and storage in the area (Higgins et al., 1996, Tooth et al., 

2002). 

I recommended that the thickest undulated weathered/fractured zone in the survey 

area as the highest prospect location for a high yield groundwater borehole. 

Furthermore, I also recommend further geophysical investigation and geological 

(mainly drilling) investigation at the prospecting locations for underground water 

supply in the reserve. 

A similar integrated geophysical approach was discussed in chapter 4.  By using 

complementary geophysical methods approach, I was able to improve the 

mapping resolution of the subsurface features (mine-out, stopes, and weak zones) 

and estimate the geometry of the underlying features for environmental planning 

and site reclamation. The near-surface rocks of the Johannesburg Subgroup in the 

survey area revealed high-velocity and resistivity variations of about 400 – 2500 

m/s and 60 – 2300 Ωm, respectively at depths 10 and 20 m. Although, some of 

these variations were attributed to the subsurface structure irregularities associated 

with mining environment. The bedrock velocities and resistivities vary from ~ 

3500 to 6500 m/s and from 200 to 8000 Ωm, respectively. Moreover, the 

integration of high-resolution reflection seismics integrated with the refraction 

seismic and ERT, showed the delineation of the shallow mined-out areas and the 

bedrock-overburden contacts. The complementary RT and ERT sections 

comparatively improved near-surface images and detection resolution above 30 m 

in depth, while the reflection seismic provided high-resolution subsurface imaging 

down to about 100 m 

Finally, the exact geometry of the subsurface structures could not be resolved due 

to the relatively low source frequency and energy, coupled with limited imaging 

capability of 2D data sets. Therefore, I recommend that further site 
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characterisations in this area should incorporate a 3D reflection seismic technique 

with a high-energy source, and denser receiver and shot spacing.  It is hope that 

this will assist in resolving the thicknesses of the mined-out regions and further 

provide knowledge of the subsurface architecture in the area for infrastructural 

and environmental development. 

Chapter 5 presented the results obtained from the interpretation of legacy 2D 

reflection seismic and magnetic field datasets for site investigation of the 

Archaean-Paleoproterozoic Transvaal Basin architecture, providing insights into 

hydrogeological prospecting and engineering application. Post-stack denoising 

techniques were applied to enhance and identify subsurface structures and 

formation boundaries. In addition, potential field processing methods, such as tilt 

and first vertical derivatives of the magnetic field, were also utilized to improve 

the quality of the magnetic data by delineating near-surface and long wavelength 

magnetic field anomalies. The integrated geophysical datasets were constrained 

with surface geological maps and borehole logs in mapping different formation 

boundaries. The geometry of the Rustenburg Fault (RF) previously mapped by the 

geologists was estimated, and the new features were observed and discussed. The 

RF new features were interpreted and modelled as a normal fault with the 

upthrown side on the NW and downthrown side on the SE. The vertical 

displacements were estimated at ~ 400 m and the surface lateral displacement is ~ 

5 km.   

The newly mapped subsurface deformation features such as faults systems formed 

a series of horst and graben, and half-graben structures, as well as a slump and 

palaeo-karst features associated with general heterogenous fractured system. The 

faults were predominantly normal faults with variable dips due to their association 

with antithetic and synthetic subtle faults. These structures exhibit complex 

features and a brittle shear-type of deformation, which could have occurred under 

extensional tectonic environment (Schreurs et al., 2002). Thus, validating 

Eriksson and Reczko (1995), Catuneanu and Eriksson (1999) and Eriksson et al. 

(2001) research report in the area. It was also observed that the dykes/sills 

provided palaeo-partitions within the rock formation.  These compartments could 
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serve as a fluid storage zone in the area, coupled with the fractured and weathered 

undulated surface. The fault planes, erosional formation boundaries, joints and 

fractured zones were also observed for possible fluid migration pathways and 

storage.  

Base on the limitations of my study, I recommended a 3D seismic interpretation 

and further reprocessing of the legacy 2D seismic data with modern algorithms. 

This will enhance structural discernibility and better understanding of the 3D 

geometries of these delineated geological features, as well as reconstruction of the 

subsurface geology and tectonic model in the survey area. 

Chapter 6 showcased a study of an assessment of the site effect at the 

seismological network stations in South Africa using the continuous microtremor 

records. The research was a pilot project to assess the stability and reliability of 

the microtremor signal using the HVSR technique in the study area. The analysis 

employed the Nakamura (1989) method. The analysis confirmed that the 

microtremor characteristics of the network stations were stable and reliable. The 

technique is an inexpensive, fast, and reliable method that can be used to 

approximate the predominant frequency and spectral amplitude ratio of the 

ambient signal. The estimated microtremor characteristics were further used to 

assess the site effect at these network stations. This valuable information is 

required for any seismic hazard assessments and microzonation studies, as part of 

a comprehensive site characterisation of the survey area. Furthermore, the 

estimated dominant frequency of those stations that satisfied all the stability and 

reliability criteria of SESAME (2004) report was used to approximate the 

thickness of the low-velocity layer and the vulnerability index for liquefaction 

potential of those stations. It was also observed that some stations with high signal 

amplitudes and predominant frequencies could be subjected to ground motion 

amplification during seismic events.  

Hence, I recommended an increase in the number of stations point around the 

stations that were seen to be susceptible to earthquake ground motion 

amplification and further microzonation study of the area. 
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Appendix 1 

Frequency spectrum and HVSR curve of the individual stations 
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